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Malignant Hyperthermia and  
Muscle-Related Disorders
JIE ZHOU • DIPTIMAN BOSE • PAUL D. ALLEN • ISAAC N. PESSAH

K e y  P o i n t s

 •  Malignant hyperthermia (MH) is an anesthetic-related disorder of increased skeletal 
muscle metabolism. It is an inherited condition in an autosomal dominant pattern.

 •  Skeletal muscle accounts for approximately 40% of body weight; its increased 
metabolism therefore has a profound effect on whole-body metabolism.

 •  Signs of MH, including tachycardia, increased end-tidal carbon dioxide (CO2), 
muscle rigidity, and increased temperature, are related to increased metabolism.

 •  The abnormal function of the skeletal muscle ryanodine receptor (RyR1) in 
MH-susceptible (MHS) individuals is associated with abnormal intracellular calcium 
handling, which is controlled by compensatory mechanisms within the cell when it 
is not exposed to triggering agents.

 •  Loss of compensatory control of intracellular calcium on exposure to triggering 
agents or heat stress leads to marked metabolic stimulation within the cell to provide 
extra adenosine triphosphate to drive the calcium pumps that restore calcium to its 
reservoirs (e.g., sarcoplasmic reticulum, mitochondria, extracellular fluid).

 •  Dantrolene significantly attenuates myoplasmic calcium (Ca2+) concentrations and 
thereby allows restoration of normal metabolism, with a reversal of the signs of 
metabolic stimulation.

 •  MH is inherited; one RyR1 mutation accounts for all porcine MH, whereas more 
than 210 mutations in RyR1 and 4 mutations in CaV1.1 account for human MH.

 •  Evaluation of persons susceptible to MH includes contracture of a skeletal muscle 
biopsy specimen with halothane and caffeine and evaluation of DNA to identify 
mutations. Only DNA testing is needed to evaluate swine MH.

 •  Future MH goals include advancements of genetic evaluations in North American and 
European medical programs and stronger finances to support genetic studies, the 
identification of the mode of action of dantrolene, a determination of the immediate 
cause of triggering MH, and the development of effective, noninvasive tests for MHS.

 •  Whereas the risk for an MH mutation in patients with Duchenne muscular 
dystrophy (DMD) and Becker muscular dystrophy (BMD) is similar to those in the 
general population, the incidence of MH-like anesthetic events has been reported 
to be 0.002 with DMD and 0.00036 with BMD.

 •  Dystrophin, along with dystrophin-associated glycoproteins, is involved in 
sarcolemmal stability. Mutations in this gene that cause an absence or truncation 
of dystrophin are responsible for DMD and BMD.

 •  Succinylcholine is contraindicated in patients with DMD or BMD because of the 
risk of rhabdomyolysis and hyperkalemia as a result of their unstable sarcolemmal 
membrane.

 •  Most complications in patients with myotonic dystrophy are pulmonary related 
that result from hypotonia, chronic aspiration of gastric contents, and central and 
peripheral hypoventilation.

 •  There is no evidence of increased risk of MH in patients with sodium channel 
pathology.

 •  Some of these neuromuscular disorders are also discussed in Chapter 42. A 
comparison of both of these discussions should provide an in-depth knowledge of 
these rather rare but important diseases for anesthesia.
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PART IV: Anesthesia Management1288
Malignant hyperthermia (MH) is one of the most devas-
tating anesthesia-related complications. This fulminant 
syndrome is elicited by the administration of triggering 
anesthetic agents, such as a volatile anesthetic or a depo-
larizing neuromuscular blocking agent. MH has been and 
continues to be a life-threatening complication of anesthe-
sia if the diagnosis is not promptly made and treatment 
is not begun in a timely fashion. Unlike other disorders 
described in this chapter, MH has virtually no character-
istic phenotype before exposure to the triggering agent 
and is truly an example of the interaction of genes and the 
environment. Also covered in this chapter are some of the 
neuromuscular disorders, although rarely encountered in 
a routine anesthetic practice. This group of disorders chal-
lenges both perioperative management and intensive care. 
They affect the normal function of the peripheral nerves, 
the neuromuscular junction, and/or muscles. Although 
such diseases are thought to be rare, the number of patients 
that a clinician may encounter is increasing because of bet-
ter medical care, increasing longevity, and possibly other 
unidentified factors. Neuromuscular disorders have a sig-
nificant potential to interact with an improper anesthetic 
plan, and all affected patients require special perioperative 
attention for anesthetic management. In this area, the 
armamentarium of invasive and noninvasive diagnostic 
tools is being developed, especially in genetics.

MALIGNANT HYPERTHERMIA

MH is a pharmacogenetic clinical syndrome that, in its 
classic form, occurs during anesthesia with a volatile halo-
genated alkane such as halothane and/or the administra-
tion of the depolarizing muscle relaxant succinylcholine. 
The fulminant MH episode observed clinically produces  
rapidly increasing body temperature (by as much as 1° C  
in 5 minutes) and extreme acidosis as a result of an 
acute loss of control of intracellular calcium levels and 
compensatory uncontrolled increases in skeletal muscle 
metabolism that may proceed to severe rhabdomyolysis. 
Although MH was initially associated with a mortality rate 
of 60%, earlier diagnosis and the use of dantrolene have 
reduced the mortality to less than 1.4%.1 Current cases of 
MH are restricted in severity because of diagnostic aware-
ness, early detection through end-expired carbon dioxide 
(CO2), the use of less potent anesthetic triggers, and the 
administration of drugs that attenuate the progression of 
the fulminant episode. The incidence of fulminant MH 
was reported to be 1 case per 62,000 anesthetics adminis-
tered when triggering agents were not used, but the num-
ber of suspected cases was 1 case per 4500 anesthetics 
administered when triggering agents were administered.2 
The prevalence of MH events in Japan was calculated to 
be between 1:60,000 to 1:73,000.3,4 However, the preva-
lence of MH mutations within kindred known to trans-
mit MH-susceptibility (MHS) mutations may be as high 
as 1:2000.5 Males appear to be more susceptible to devel-
oping a clinical MH episode than females.3,6 A gender 
difference in MHS has also recently been demonstrated 
in knock-in mice expressing human MH mutation RyR1-
T4825I.7 The pediatric population accounts for 52.1% of 
all MH reactions.8,9
Between 50% and 80% of genotyped patients who 
have had a clinical MH syndrome and a positive muscle 
biopsy have had their disease linked to 1 of more than 
210 mutations in the type 1 ryanodine receptor (RyR1; 
sarcoplasmic reticulum [SR] Ca2+ release channel) gene 
and 4 mutations in the pore subunit of the slow inactivat-
ing L-type Ca2+ channel CaV1.1 (dihydropyridine receptor 
[DHPR]).10 The genetics of MH and the related abnormal 
function of RyR1, the DHPR, and associated proteins are 
being investigated at the molecular biologic level, with a 
porcine model and several new mouse models providing 
intricate details about the cause of the disorder. Parallel 
studies in humans are limited by scarce material for sci-
entific study and are complicated by the fact that phe-
notypes within a genotype vary as a result of sex, age, 
genetic, epigenetic, and environmental modifiers.

Public education and communication in the United 
States are provided by Malignant Hyperthermia Associa-
tion of the United States (MHAUS, 11 E. State Street, P.O. 
Box 1069, Sherburne, NY 13460-1069; telephone: 1-607-
674-7901; fax: 1-607-674-7910; e-mail: info@mhaus.org; 
website: http://www.mhaus.org), and by emergency con-
sultation with the MH Hotline (1-800-MHHYPER or 1-800-
644-9737). The North American Malignant Hyperthermia 
Registry (NAMHR), a professional subsidiary of MHAUS, 
collates findings from muscle biopsy centers in Canada and 
the United States and provides access to specific patient 
data through the hotline or its director, Dr. Barbara W. 
Brandom (NAMHR, Room 7449, Department of Anesthesi-
ology, Children’s Hospital, University of Pittsburgh, 3705 
Fifth Avenue at DeSoto St., Pittsburgh, PA 15213-2583; 
telephone: 1-888-274-7899; fax: 1-412-692-8658; e-mail: 
bwb@pitt.edu; website: https://www.mhreg.org).

HISTORY

Between 1915 and 1925, one family experienced three 
anesthetic-induced MH deaths with rigidity and hyper-
thermia and was puzzled for decades regarding the cause 
of these deaths.11,12 MHS was eventually confirmed in 
three descendants by in vitro muscle biopsy tests.11 In 
1929, Ombrédanne described anesthesia-induced postop-
erative hyperthermia and pallor in children accompanied 
by significant mortality but did not detect any familial 
relationships.13 Critical worldwide attention to MH began 
in 1960 when Denborough and Lovell reported a 21-year-
old Australian with an open leg fracture who was more 
anxious about anesthesia than about surgery because 10 
of his relatives died during or after anesthesia.14 Den-
borough and Lovell initially anesthetized him with the 
then-new agent halothane, halted it when signs of MH 
appeared, successfully treated the symptoms, aborted 
the syndrome, and subsequently used spinal anesthesia. 
Further evaluations by George Locher in Wausau, Wis-
consin, and Beverly Britt in Toronto, Canada, led to the 
discovery that the risk for MH was indeed familial.15 The 
cause of the syndrome was also found to be the result of 
skeletal muscle involvement rather than central loss of 
temperature control by the recognition of increased mus-
cle metabolism or muscle rigidity early in the syndrome, 
low-threshold contracture responses, and elevated cre-
atine kinase (CK) values.16

mailto:info@mhaus.org
http://www.mhaus.org
mailto:bwb@pitt.edu
https://www.mhreg.org
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Interestingly, a similar syndrome was discovered in 
swine inbred with breeding patterns designed to produce 
a rapid growth rate and superior muscle development 
(e.g., Landrace, Piétrain, Duroc, and Poland China). Por-
cine stress syndrome,17 which is associated with increased 
metabolism, acidosis, rigidity, fever, and death from rapid 
deterioration of muscle and results in pale, soft, exudative 
pork,18 can be triggered by any stress, such as separation, 
shipping conditions, weaning, fighting, coitus, or prepa-
ration for slaughter, and had become a significant prob-
lem for meat production. In 1966, Hall and co-workers 
reported that a syndrome that appeared to be identical 
to MH could be induced in stress-susceptible swine by 
the administration of halothane and succinylcholine.19 
The cause of this syndrome in pigs was discovered to be 
a single missense mutation in RYR1, and all susceptible 
swine have the same Arg615Cys mutation in the SR cal-
cium release channel RyR1.20

In 1975, Harrison described the efficacy of dantrolene 
in preventing and treating porcine MH,21 which was rap-
idly confirmed in humans by a multihospital evaluation 
of dantrolene used to treat anesthetic-induced MH epi-
sodes.22 Today, dantrolene still remains the primary phar-
macologic approach for successful MH therapy.

PHYSIOLOGY AND PATHOPHYSIOLOGY OF 
EXCITATION-CONTRACTION COUPLING 
AND MALIGNANT HYPERTHERMIA

MH is a syndrome caused by dysregulation of excitation-
contraction (EC) coupling in skeletal muscle. Normal 
muscle contraction is initiated by nerve impulses arriving 
at the neuromuscular junction (i.e., the motor end plate) 
that trigger the release of acetylcholine from the nerve 
terminal. Acetylcholine activates nicotinic acetylcholine 
receptors (nAChRs), nonselective cation channels located 
alignant Hyperthermia and Muscle-Related Disorders 1289

postsynaptically within the neuromuscular junction, 
which are essential for local depolarization of the muscle 
membrane and for initiating action potentials that rap-
idly propagate along the surface membrane of the mus-
cle. Invaginations of the surface membrane (transverse 
or T tubules) act as conduits to direct action potentials 
rapidly and uniformly deep within the myofibrils where 
they transduce a conformational change in the voltage 
sensor integral to CaV1.1. Conformational changes in 
CaV1.1 are mechanically transmitted to the Ca2+ release 
channels (RyR1) residing in the junctional face of the SR. 
The mechanical coupling of DHPRs and RyR1 channels 
that occurs at specialized junctions (triadic junctions) is 
essential for linking the electrical signals arriving at the 
T tubules with the release of Ca2+ stored within the SR. 
Release of SR Ca2+ causes the free, cytoplasmic (sarco-
plasmic) Ca2+ concentration to increase from 10−7 μM to 
approximately 10−5 μM. The Ca2+ binds to contractile pro-
teins (troponin C and tropomyosin) in the thin filament 
to expose the myosin-binding sites on actin that activate 
the thick filament (myosin) and cause a shortening of 
the muscle fibers (i.e., muscle contraction). The entire 
process is termed excitation-contraction (EC) coupling. 
Intracellular Ca2+ pumps (i.e., sarcoplasmic/endoplas-
mic reticulum Ca2+-adenosine triphosphatase [ATPase] or 
SERCA pumps) rapidly sequester Ca2+ back into the SR 
lumen, and muscle relaxation begins when the Ca2+ con-
centration falls below 10−6 μM and ends when the rest-
ing sarcoplasmic Ca2+ concentration is restored to 10−7 
μM. Because both contraction and relaxation are energy-
related processes that consume adenosine triphosphate 
(ATP), knowing the molecular events that contribute to 
EC coupling and the associated relaxation is essential to 
understanding the cause of MH (Fig. 43-1). Clinical and 
laboratory data from swine and humans indicate that the 
fulminant MH syndrome is associated with a persistent 
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Figure 43-1. Key ion channels involved in neuromuscular transmission and excitation-contraction coupling. Nerve impulses arriving at the 
nerve terminal activate voltage-gated Ca2+ channels (1). The resulting increase in cytoplasmic Ca2+ concentration triggers the exocytosis process 
of acetylcholine. Binding of acetylcholine to postsynaptic nicotinic acetylcholine receptors (nAChRs) activates an integral nonselective cation 
channel that depolarizes the sarcolemma (2). Depolarizing the sarcolemma to threshold activates voltage-gated Na+ channels (3), which initiates 
action potential impulses that propagate deep into the muscle through the transverse tubule system. Within the transverse tubule system, L-type 
voltage-gated Ca2+ channels sense membrane depolarization and undergo a conformational change (4). A physical link between the α1 subunit 
(CaV1.1) of the dihydropyridine receptor (DHPR) and the ryanodine receptor (RyR1) is the means by which the electrical signal is transferred from 
the T tubule to Ca2+ release from the SR (5). (Modified from Alberts B, Bray D, Lewis J, et al: Molecular biology of the cell, ed 3. New York, 1994, 
Garland Press.)
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increase in the concentration of sarcoplasmic Ca2+.23-26 
The increased activity of pumps and exchangers trying 
to correct the increase in sarcoplasmic Ca2+ increases the 
need for ATP, which in turn produces heat. Thus the end 
result is hyperthermia. The rigidity that is frequently 
seen during a fulminant MH episode is the result of the 
inability of the Ca2+ pumps and transporters to reduce the 
unbound sarcoplasmic Ca2+ below the contractile thresh-
old. Dantrolene is therapeutic because it reduces the con-
centration of sarcoplasmic Ca2+. However, the pathway 
by which dantrolene lowers sarcoplasmic Ca2+ is complex 
and still not fully understood.

MALIGNANT HYPERTHERMIA IS THE 
RESULT OF ABNORMAL FUNCTION OF 
MUSCLE CALCIUM RELEASE UNITS

RYANODINE RECEPTORS

Ryanodine receptors (RyRs), which in muscle are synony-
mous with the junctional foot protein/SR calcium release 
channel, are so named because they specifically bind the 
toxic plant alkaloid ryanodine.27,28 Three RyR isoforms 
are encoded by three genes located on human chromo-
somes 19q13.1,29 1q42.1-q43,30 and 15q14-q1531—the 
skeletal (RyR1), cardiac (RyR2), and brain (RyR3) isoforms, 
respectively. Each functional RyR consists of four iden-
tical subunits (∼5000 amino acids each), and each sub-
unit binds with an accessory protein, calstabin 1 (FK506 
12-kDa binding protein [FKBP12]).32-35 The total mass 
of the tetramer exceeds 2 megadaltons and is one of the 
largest known proteins and the largest known channel 
in the mammalian species. Evidence of direct coupling 
of CaV1.1 and RyR1 has been demonstrated by express-
ing chimeric CaV1.1/CaV1.2 complementary DNA (cDNA) 
in dysgenic myotubes that lack constitutive expression 
of CaV1.1.36,37 Such studies have provided compelling 
evidence that the cytoplasmic region between repeats II 
and III (i.e., cytosolic II-III loop) contains a stretch of 46 
amino acids (L720 to Q765) that are essential for engag-
ing bidirectional signaling with RyR1.38

In the past decade, understanding of EC coupling has 
significantly increased by identifying protein-protein 
interactions that regulate both the release and seques-
tration of Ca2+ within skeletal muscle. The elemental 
unit of function has been named the Ca2+ release unit 
(CRU), and it is localized within junctional regions of 
T-tubule and SR membranes.39 The CRU is a macromo-
lecular assembly of interacting proteins that participate 
in tightly regulating EC coupling. RyR1 is a high-conduc-
tance channel that regulates the release of SR Ca2+ and is 
the central component of the CRU. The functional RyR1 
tetramer anchored within the SR membrane physically 
spans the junctional space to interact with tetrads made 
up of four voltage-activated CaV1.1 subunits within the 
T-tubule membrane. This physical interaction engages a 
form of bidirectional signaling that tightly regulates the 
function of both proteins. Moreover, the interaction of 
CaV1.1 and RyR1 does not occur in isolation; rather, this 
interaction is further subjected to regulation by a number 
of proteins localized within the triad junction, including 
Homer 1, which physically binds and functionally cou-
ples target proteins, calstabin 1, triadin, junctin, Mg29, 
junctophilin 1 and 2, calsequestrin, calmodulin, the cat-
alytic and regulatory subunits of protein kinase A, and 
protein phosphatase 1.40-44 It is likely that this list is not 
complete and that the CRU represents a tightly regulated 
macromolecular complex. More importantly, increasing 
experimental evidence suggests that mutations found in 
RyR1 (MHRyR) or CaV1.1 can alter protein-protein interac-
tions in the CRU,45-47 as well as alter the functional fidel-
ity of bidirectional signals.48-52

In the presence of certain chemical substances, MH 
mutations in RyR1 or DHPR cause severe dysregulation 
of RyR1 channel function. This dysregulation can be 
observed in vitro as heightened sensitivity to volatile 
anesthetics, 4-chloro-m-cresol, caffeine, ryanodine, and 
potassium depolarization.53-55 Chemically induced dys-
function of the RyR1 complex appears to be the principal 
cause of triggering uncontrolled skeletal muscle metabolic 
acidosis (aerobic and glycolytic), rigidity, and hyperkale-
mia, but the mechanisms governing the syndrome are 
unclear. The relationship among exertional heat illness, 
exertional rhabdomyolysis, and MHS is also unclear and 
is an area that requires investigation and controlled clini-
cal studies.56

Two essential cations greatly shape the kinetics and 
magnitude of Ca2+ release in response to depolarizing 
triggers: Ca2+ itself and magnesium (Mg2+). The normal 
RyR1 complex responds to Ca2+ in a biphasic manner. 
First, Ca2+ activates the channel in a graded manner 
between 100 nM and 100 μM, whereas higher concentra-
tions inhibit channel activity.57,58 This biphasic action is 
thought to occur via binding of Ca2+ to two classes of 
regulatory sites on RyR1, a high-affinity stimulatory site 
and a low-affinity inhibitory site.42 Mg2+-induced inhi-
bition is the second important physiologic regulator of 
RyR1 activity in skeletal muscle.59,60 Mg2+ inhibits RyR1 
in a cooperative manner (nH ≈ 2; 50% inhibitory con-
centration [IC50] ≈ 650 μM). It is likely that Mg2+ acts by 
competing with Ca2+ at its activator sites and by bind-
ing to yet unidentified low-affinity inhibitory sites.61,62 
Possibly, MH mutations introduce allosteric instabil-
ity into the RyR1 complex, which leads to a reduction 
of inhibition rather than directly altering the binding 
properties of Ca2+ or Mg2+ (or both) at the activator or 
inhibitor sites. Therefore hypersensitivity to pharmaco-
logic agents is likely to be closely tied to altered responses 
to physiologic ligands. However, whether MHS chan-
nels are primarily hyposensitive to inhibition by Mg2+ 
or Ca2+ (or both),63,64 are hypersensitive to activation by 
Ca2+, or exhibit altered sensitivities in both directions to 
both ions seems to be highly dependent on the location 
of the MH mutation.65,66 Studies have also pursued the 
leaky channel hypothesis by examining SR preparations 
from homozygous R615C MHS pigs and heterozygous 
R163C and C512S mice; they observed a significantly 
lower Ca2+ loading capacity (38%, 23%, and 22% lower 
than matched wild-type mice, respectively) primarily 
mediated by the presence of leaky channels that remain 
active even with 100 nM extravesicular Ca2+.67,68 Recent 
studies indicate that the expression of CaV1.1 represses 
the basal activity of the ryanodine-insensitive RyR1 leaky 
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state.50 Importantly, MHS mutations appear to not only 
alter bidirectional signaling during EC coupling51,52 and 
inherent regulation of RyR1 channel functions,65,66 but 
they also weaken negative regulation conferred by CaV1.1 
on the RyR1 Ca2+ leak.48 These recent findings at the 
molecular and cellular level using knock-in MHS mice 
confirm earlier measurements made in MHS muscles, 
myotubes, and myoball preparations and in dyspedic 
myotubes expressing MHRyR1s, all of which have been 
shown to have chronically elevated resting cytoplasmic 
[Ca2+]i.47,54,69

Some experimental evidence suggests that long-range 
interdomain interactions between regions of RyR1 are 
involved in channel regulation by stabilizing protein 
conformations critical for normal channel transitions.70 
A three-dimensional reconstruction of RyR1 by Samso 
and co-workers shows that the RyR1 architecture is 
designed to support long-range allosteric pathways such 
as coupling with CaV1.1 and binding to ligands such as 
calmodulin and FKBP12.71

VOLTAGE-GATED CALCIUM CHANNELS: 
ROLE OF CAV1.1

Although the majority of mutations that confer MHS 
reside in the RyR1 gene, recently three mutations in the 
CACNA1S gene encoding for the CaV1.1 subunit of skel-
etal muscle have been linked to MHS.5,72-74 The R1086H 
mutation in the intracellular loop connecting homolo-
gous repeats III and IV of CaV represent the first MH-
causing mutation so far identified in a protein other 
than RyR1. Physiologic characterization of the mutation 
further demonstrated that sensitivity of RyR1 activity is 
significantly enhanced by membrane depolarization or 
by pharmacologic activators of RyR1 (e.g., caffeine).75 
In addition, Pirone and colleagues have identified an 
MHS-causing Thr-to-Ser mutation at position 1354 in the 
S5-S6 extracellular pore-loop region of the homologous 
repeat IV of CaV1.1 Expression of the T1354S mutation 
also accelerated L-type Ca2+ current kinetics and also con-
tributed to an increase in RyR1-mediated Ca2+ release.74 
The R174W CaV1.1 MH mutation occurs at the innermost 
basic residue of the IS4 voltage-sensing helix, a residue 
conserved among all CaV channels. Unlike the other 
CaV1.1 MHS mutations, R174W ablates the L-type current 
but has no influence on normal EC coupling. Nonethe-
less, R174W-expressing myotubes have a chronic eleva-
tion of free sarcoplasmic resting Ca2+ and an increased 
sensitivity of Ca2+ release to caffeine and halothane, com-
pared with myotubes expressing wild-type CaV1.1.48,76

FACTORS OTHER THAN RYANODINE 
RECEPTOR ABNORMALITIES

Other cellular processes can affect MH episodes. It has 
been demonstrated that concurrent administration of 
nondepolarizing neuromuscular blocking drugs and trig-
gering agents can delay or prevent the onset of clinical 
MH syndrome. Pretreatment of MHS pigs with suffi-
cient nondepolarizing neuromuscular blocking agent to 
abolish completely the muscle twitch elicited by electri-
cal stimulation of the nerve prevented halothane from 
triggering the clinical syndrome for 90 minutes, the lon-
gest time tested.77 However, in the continued presence 
of halothane, when the function of the neuromuscular 
junction was restored by administering the cholinesterase 
inhibitor, neostigmine, clinical MH was immediately trig-
gered. This result suggested a close relationship between 
functional neurochemical transmission within the neu-
romuscular junction or depolarization of the sarcolemma 
(or both) and the clinical syndrome.

Recently, sarcolemmal excitation-coupled Ca2+ entry 
(ECCE) has been shown to be sensitive to the conforma-
tion of the RyR1 and is enhanced by several mutations 
in RyR1, including MH mutations.40,46,78 ECCE appears 
to be an inherent property of CaV1.1 during long or 
repetitive depolarization,79 possibly mediated by shifting 
CaV1.1 to the mode 2–gating conformation. Neverthe-
less, enhanced ECCE in MHS muscle may contribute to  
an increased sensitivity to depolarization and appears to be 
one target for dantrolene’s abrogation of responses to 
both electrical and potassium chloride depolarization.45 
In addition to ECCE, classic store-operated capacitive 
Ca2+ entry pathways similar to the store-operated Ca2+ 
entry (SOCE) observed in nonexcitable cells80 have been 
shown to be present in skeletal muscle81-83 and could be 
more active in MHS muscles as a response to chronic store 
depletion. These SOCE channels have also been suggested 
to be a target for dantrolene.84 Together, these data sug-
gest that MHRyRs or MHCaV1.1 assume a conformation 
that enhances Ca2+ entry via ECCE or SOCE (or both). 
This enhanced entry, when combined with decreased 
sensitivity of MHRyRs to Ca2+ and Mg2+ inhibition, could 
provide cellular conditions that heighten sensitivity to 
triggering agents and perpetuate the fulminant clinical 
MH syndrome.

DANTROLENE

Dantrolene is the only medication that has been shown to 
be effective in reversing the symptoms of MH. Preadmin-
istration of dantrolene will also prevent the development 
of fulminant MH in homozygous pigs or heterozygous MH 
mice when exposed to a triggering stimulus. Dantrolene 
sodium is a hydantoin derivative (1-[[[5-(4-nitrophenyl)-
2-furanyl]methylene]imino]-2,4-imidazolidinedione) 
that does not block neuromuscular transmission but 
causes muscle weakness by direct action on the striated 
muscle cell. The properties of dantrolene have been 
closely correlated with its ability to reduce efflux of Ca2+ 
from the SR in vitro.85 Dantrolene (20 μM) counteracts 
the effect of reduced Mg2+ inhibition in MH-affected 
muscle.86 Dantrolene (20 μM) can inhibit the enhanced 
sensitivity to caffeine observed in MH muscles, and both 
dantrolene and its water-soluble analogue, azumolene (150 
μM), have been shown to reduce depolarization-induced 
release of Ca2+ in both muscle and triadic vesicles.87 The 
idea that dantrolene suppresses SR Ca2+ release as a result 
of direct interactions with RyR1 is somewhat controver-
sial. Paul-Pletzer and associates demonstrated that [3H]
azidodantrolene specifically labels the amino terminus of 
RyR1 defined by the 1400–amino acid residue N-termi-
nal calpain digestion fragment of RyR1.88 More detailed 
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analysis further localized the [3H]azidodantrolene bind-
ing site to a single domain containing the core sequence 
corresponding to amino acid residues 590 through 609 
of RyR1.88 However, to date, no evidence suggests that 
dantrolene has a direct action on single RyR1 channels 
studied in lipid bilayers, even in the presence of FKBP12, 
ATP, and activating concentrations of Ca2+, suggesting 
that dantrolene’s main action is to alter key protein-pro-
tein interactions.

GENETICS

RYR1 mutations have been found in 50% to 80% of 
patients and relatives who are labeled MHS by posi-
tive in vitro contracture tests (IVCTs) and in almost 
all families with central core disease (CCD) and King-
Denborough syndrome. More than 202 missense muta-
tions and 8 deletions associated with MH have thus far 
been detected. Another 29 missense mutations are asso-
ciated with CCD and multiminicore disease in patients 
with unknown MH testing status.10 Interestingly, 40% 
of missense RYR1 mutations occur at CpG dinucleo-
tide sequences. Five other chromosomal loci (17q21-
24, 1q32, 3q13, 7q21-24, and 5p) have been linked to 
families with positive contracture tests and an unusual 
response to anesthesia and have been designated MHS 
loci 2 through 6, respectively. However, of these five, the 
only gene other than RYR1 that has been shown to be 
associated with MH is CACNL1A3 in the MHS3 locus,89 
which codes for CaV1.1 (the α1S-subunit of DHPR). Four 
causative mutations in this gene are linked to less than 
1% of MHS families worldwide. In some of the other loci, 
all genes within the locus have been ruled out as caus-
ing MHS. Hence, for practical reasons, the RYR1 gene 
remains the primary target for current clinical genetic 
analysis.
DISTRIBUTION OF RYR1 MUTATIONS

The missense mutations associated with MHS, CCD, or, 
in some cases both, are dispersed throughout the coding 
region of the RYR1 gene, and all allow transcription of a 
protein that is putatively functional.10,90 Until recently, 
it was thought that most RYR1 mutations were clustered 
in three hot spots: MH/CCD region 1—between amino 
acid residues 35 and 614, MH/CCD region 2—between 
amino acid residues 2163 and 2458 in the sarcoplasmic 
foot region of the protein, and MHS/CCD region 3—
between amino acids 4643 and 4898 in the carboxyl-ter-
minal transmembrane loop or pore region91 (Fig. 43-2). 
It appears that the supposition that hot spots existed was 
simply caused by bias in the sample analysis, inasmuch 
as the missense mutations associated with MH or CCD 
(or both) are scattered over 54 of the 107 exons of RYR1. 
Approximately 41% of reported MH mutations are found 
in multiple families. CCD mutations are predominantly 
found in the C-terminal region of the gene (exons 85 to 
103), and only 10 mutations (17%) have been described 
in more than one family: R4861H (n = 14), V4849I (n = 9), 
I4898T (n = 7), L4824P (n = 4), A4940T (n = 4), G4638D 
(n = 3), R4893W (n = 3), R4861C (n = 2), R4893Q (n = 2), 
and G4899E (n = 2).

The true ethnic distribution of MH and CCD is diffi-
cult to ascertain. MH and CCD have been predominantly 
reported in Western populations, but, more likely than 
not, this predominance is incorrect and the result of the 
manner and frequency in which cases are reported. Some 
mutations appear to be clustered in a given region of the 
world, but the distribution and frequency appear to be 
somewhat population specific. In the United Kingdom, 
69 RYR1 mutations have been discovered, 25 of which 
were found in a single family. G2434R has been found 
in approximately 40% of the 434 mutation-positive MH 
families investigated in the United Kingdom, with the 
Figure 43-2. Schematic repre-
sentation of the triadic junction of 
skeletal muscle shows the junc-
tional foot protein (ryanodine 
[Ry1] receptor) and its associated 
proteins. In skeletal muscle, the 
α1S-subunit of the dihydropyri-
dine receptor (DHPR) participates 
in excitation-contraction cou-
pling. These physical links trans-
mit essential signals across the 
narrow gap of the triadic junction 
that activate the Ry1 receptor 
and release Ca2+ from the sarco-
plasmic reticulum. (Modified from 
Pessah IN, Lynch C III, Gronert GA: 
Complex pharmacology of malig-
nant hyperthermia, Anesthesiology 
84:1275-1279, 1996.)
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next most common mutations being T2206M (10%) and 
G341R (8%). In Switzerland, V2168M and I2336H have 
been the predominant mutations,92 and in Germany, 
R163C (MH and CCD), R614C (MH), T2206M (MH), 
G2434R (MH), and R2454H (MH) have each been detected 
in five or more independent cases.93,94 G341R and R614C 
have been common mutations in France,95 and R614C has 
also been found in several MH families from Italy95 and 
Canada.96 G341R has frequently been found in Belgium.95 
The mutation common to Europe and North America has  
been G2434R, which has occurred in 4% to 7% of Euro-
pean and 5.5% of North American families.97 Single-
family mutations have been the most common mutations 
reported in Japanese, Chinese, Taiwanese, Australian, and 
New Zealand MH families,98-100 but likely, these findings 
may reflect the small number of cases investigated there. 
Because genetic screening in European and North Ameri-
can studies has predominantly targeted only regions 1 and 
2 of the original hot spots in the gene, the absence of RYR1 
mutations in some of the screened population could be 
explained by RYR1 mutations located outside these two 
regions or by involvement of other genes.

INHERITANCE AND PENETRANCE 
OF MALIGNANT HYPERTHERMIA

Inheritance of human MH can no longer be considered to 
be solely autosomal dominant with variable penetrance 
because more than one MH-linked mutation has been 
identified in some probands and families. Six nonconsan-
guineous families harbor at least two RYR1 mutations that 
have both been linked to MHS; and in two families, one is 
an RYR1 mutation and the second is a CaV1.1 mutation.5 
Although MHS homozygosity is common in affected pigs, 
it is rare in the human population and variable in the 
transgenic mouse population. The known MHS homozy-
gous humans appear clinically normal but exhibit stron-
ger responses to caffeine and halothane in IVCTs than 
heterozygous individuals do.101-104 Homozygosity of two 
MH mutations in hot spot 1 leads to perinatal lethality 
in mice.67,68 In humans, double heterozygous individuals 
do not appear to show any additive effect of the second 
mutation on IVCT.5 However, recent development of the 
T4826I-RYR1 knock-in mouse has revealed that an MHS 
mutation within the S4-S5 cytoplasmic linker of RYR1 
confers genotype- and sex-dependent susceptibility to 
pharmacologic and environmental stressors that trigger 
fulminant MH and promote myopathy.7

IN VITRO CONTRACTURE TEST AND 
CAFFEINE HALOTHANE CONTRACTURE TEST

The current gold standard for diagnosis of MH is the halo-
thane and caffeine muscle contracture test, also known 
as the IVCT or the caffeine halothane contracture test 
(CHCT). Two protocols have been developed—the first by 
the European Malignant Hyperthermia Group (EMHG) 
and the second by the North American Malignant Hyper-
thermia Group (NAMHG).9 These two protocols are 
similar but not identical. For the purpose of differentia-
tion, the EMHG protocol is designated as IVCT and the 
NAMHG protocol as CHCT.
For the IVCT, the muscle biopsy is performed on the 
quadriceps (either vastus medialis or vastus lateralis).105,106 
The study consists of three parts: a static caffeine test, a 
static halothane test, and a dynamic halothane test.106 
For the static caffeine test, a stepwise increased concen-
tration (0.5, 1, 1.5, 2, 3, 4, and 32 mmol/L) is applied. 
The lowest concentration of caffeine that produces a 
sustained increase of at least 0.2 g in baseline tension is 
reported as the caffeine threshold. Then the halothane 
threshold is obtained using the same method by exposing 
the muscle to halothane concentrations of 0.5%, 1%, 2%, 
and 3%. The dynamic halothane test is performed with 
the muscle stretched at a constant rate of 4 mm/min to 
achieve a force of approximately 3 g and held at the new 
length for 1 minute after a 3-minute exposure to halo-
thane. For each cycle, halothane concentration will be 
increased from 0.5%, 1%, 2%, to 3%. The concentration 
of halothane that produces a sustained increase of at least 
0.2 g in the muscle tension, compared with the prehalo-
thane control, is defined as the dynamic halothane thresh-
old.106 The IVCT protocol classifies the patients into three 
groups: (1) MHS group with a caffeine threshold at the 
caffeine concentration of 2 mmol or less and a halothane 
threshold of 2% halothane or less; (2) MH normal (MHN) 
group with a caffeine threshold at the caffeine concentra-
tion of 3 mmol or more without a halothane threshold 
at 2% or less; and (3) MH equivocal (MHE) group with all 
results other than the aforementioned.105,106

For CHCT, a muscle biopsy can be taken from the 
following sites in the order of preference: (1) the vastus 
group, (2) the rectus abdominus, and (3) other muscle 
groups under special circumstances.107 Required tests 
include exposure of muscle to 3% halothane alone and 
to incremental caffeine concentrations (0.5, 1, 2, 4, and 8.0 
mmol if the response at 4 mmol is less than 1 g and 32 
mmol) alone. Optional tests include exposure of muscle 
to a combination of both 1% halothane and incremental 
caffeine concentrations and to 2% halothane alone.107 
According to the CHCT protocol, an individual is MHS 
when either of the halothane or the caffeine test is posi-
tive and is MHN when both tests are negative.107

The sensitivity and specificity of IVCT was reported to 
be 99.0% (95% confidence interval [CI] 94.8%-100%) if the 
MHE group is considered susceptible and 93.6% (95% CI 
89.2%-96.5%),106 and of CHCT 97% (95% CI 84%-100%) 
and 78% (95% CI 69%-85%), respectively.108 Recently, 
fluoroquinolones and statins, 3-hydroxy-3-methylgluta-
ryl-coenzyme A (HMG-CoA) reductase inhibitors, were 
found to induce significant contractures in MHS muscle 
bundles but not in MHN muscles.109,110 Ondansetron and 
3,4-methylenedioxymethamphetamine (MDMA) may 
also dose-dependently induce contracture or increase 
the sensitivity of the contractile apparatus to calcium 
in both MHS and MHN fibers.111,112 Modifications to 
the IVCT protocol by adding ryanodine113 or 4-chloro-
m-cresol,114,115 a ryanodine receptor–specific agonist has 
been reported but has not been included in the standard 
protocol. Furthermore, Metterlein and associates studied 
the possibility of replacing halothane with newer volatile 
agents in IVCT. At increasing concentration, except for 
sevoflurane, all newer volatile agents, including enflu-
rane, isoflurane, and desflurane, induced significantly 
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greater contractures in MHS muscle compared with MHN 
bundles. However, within the MHS muscle bundles, halo-
thane produced significantly higher contractures and was 
considered the strongest discriminator for MH using the 
IVCT protocol.116 A direct application of high sevoflu-
rane concentration of 8%, instead of the stepwise appli-
cation, has been shown to induce significantly stronger 
contractures in MHS patients.117 Nevertheless, from the 
retrospective analysis of the Japanese MH database, there 
was no evidence between the severity of MH triggered by 
sevoflurane  and isoflurane or other agents, suggesting sevo-
flurane is not a weak or weaker MH-triggering agent.118

DISCORDANCE BETWEEN GENETIC 
AND CONTRACTURE MALIGNANT 
HYPERTHERMIA TESTING

Discordance between genetic and contracture test results 
has confounded linkage analysis worldwide. Examples 
include patients diagnosed as MHN carrying an RYR1 
mutation associated with MH and patients diagnosed as 
MHS who do not carry the familial RYR1 mutation. Several 
explanations are possible, the most likely being that IVCT 
or CHCT is not clinically precise and that the thresholds 
for IVCT or CHCT are inexact, which would lead to errors 
in determining whether a patient is MHN or MHS. A sec-
ond possibility is variable penetrance with possible allelic 
silencing,119 and a third possibility is that individuals with 
discordance have mutations in other unknown genes or 
modifier genes that affect the function of RYR1 and its 
phenotypic penetrance. The discrepancy between inci-
dence estimates of MH events and prevalence estimates 
also points to possible epigenetic factors at work. Carpen-
ter and colleagues have suggested that the severity of MHS 
may be related to the RYR1 variant and mutation found 
within the highly conserved regions of RYR1 gene.72 The 
rarity of large kindreds with MH makes linkage analysis 
and understanding variability in clinical manifestations 
difficult. Robinson and associates demonstrated with the 
transmission disequilibrium test (TDT) that loci on chro-
mosomes 5 and 7 and, to a lesser extent, loci on chromo-
somes 1 and 7 influence susceptibility to MH.95

GUIDELINES FOR GENETIC SCREENING

In 2000, the European MH group formulated guide-
lines for RYR1 mutation screening with linkage data to 
other loci for some MH families, but all MH investiga-
tors emphasized the vital role of IVCT in the diagnosis of 
MH.120 These guidelines for screening have reduced the 
number of relatives requiring contracture testing without 
increasing the risk of misdiagnosis121,122 and include the 
following: (1) confirmation of MHS in a family member 
(preferably a proband) by IVCT before genetic testing; (2) 
use of 15 RYR1 mutations characterized by in vitro func-
tional assays for the genetic protocol; (3) confirmation 
of MHS and omission of IVCT if a causative mutation is 
detected in a first-degree relative; and (4) need for per-
formance of IVCT before MHN is diagnosed if a familial 
mutation is not detected in a first-degree relative.

Only a small number of MHS families have been 
extensively investigated in North America by phenotyp-
ing, linkage analysis, and screening of specific genes. 
Collaborative protocols over the past several years 
between MH biopsy centers and molecular biologists 
have screened 209 unrelated patients diagnosed as MHS 
for mutations in the RYR1gene (see “Distribution of RYR1 
Mutations”).

A recent consensus meeting agreed to the following: (1) 
limitations of genetic testing include low sensitivity because 
of the diversity of mutations and genes; (2) the RYR1 gene 
is the primary focus for genetic testing, but further stud-
ies are required for a more complete understanding of the 
relationship between mutations and susceptibility; (3) 
guidelines for referral and education are needed to estab-
lish clinical testing in a Clinical Laboratories Improvement 
Act (CLIA)–certified laboratory; and (4) a North American 
MH RYR1 Mutation Panel was not changed from the origi-
nal panel set out in 2002 (Table 43-1).

Larach and co-workers reported a 34.8% morbidity rate 
in 181 patients with MH reported to the NAMHR between 
1987 and 2006.123 The occurrence of MH episodes was 
most frequent in young men (75%), and approximately 
one half of the patients reported having undergone two 
or more unremarkable general anesthetics in the past. In 
a more recent analysis of over 5 million nonbirth-related 
hospital discharges, diseases of the musculoskeletal sys-
tem and connective tissue were significantly associated 
with MH diagnosis in children.124

FULMINANT MALIGNANT HYPERTHERMIA

Fulminant MH is rare. Acute episodes of MH depend on 
four variables: (1) a genetic predisposition, (2) the absence 
of inhibiting factors, (3) the presence of an anesthetic or 
nonanesthetic trigger, and (4) the presence of environ-
mental factors that could potentiate the action of one or 
more of the other three variables.

ANESTHETIC TRIGGERING

Anesthetic drugs that trigger MH include ether, halo-
thane, enflurane, isoflurane, desflurane, sevoflurane, and 
depolarizing muscle relaxants, succinylcholine being the 
only anesthetic drug currently used. Desflurane and sevo-
flurane appear to be less potent triggers than halothane 
and produce a more gradual onset of MH.125,126 The onset 
may be explosive if succinylcholine is used. MHS swine 
were traditionally screened by induction with a volatile 
anesthetic, which led to pronounced hind limb rigidity 
within 5 minutes, frequently sooner.127 Prior exercise, 
even an hour before induction of anesthesia, increased 
the severity and hastened the onset of rigidity in swine.127 
Similarly, in the new knock-in mouse models, the onset 
of limb rigidity after commencing exposure to volatile 
anesthetics was rapid. In addition, several modifying 
factors are more likely to be present in humans than in 
pigs or mice and can alter (or even prevent) the onset 
of clinical MH. Mild hypothermia and the preadminis-
tration of barbiturates, tranquilizers, propofol, or nonde-
polarizing neuromuscular blockers delay or prevent the 
onset of MH25,127-129 in humans who are MHS, thus mak-
ing them respond less predictably than swine or knock-
in mice with MH. Many instances have occurred during 
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TABLE 43-1 FINDINGS OF THE NORTH AMERICAN MALIGNANT HYPERTHERMIA MUTATION PANEL, 2002

Exon Mutation*
RyR1 Amino Acid 
Change

No. of Families in 
North America†

Estimated Incidence 
in Europe (%) Phenotype

6 C487T R163C 2 2-7 MHS, CCD
9 G742A G248R 2 (11) 2 MHS

11 G1021A G341R 1 6-17 MHS
17 C1840T R614C 6 (42) 4-45 MHS
39 C6487T R2163C 2 4 MHS
39 G6488A R2163H 0 1 MHS, CCD
39 G6502A V2168M 1 8 MHS, CCD
40 C6617T T2206M 2 One family MHS
44 Deletion ΔG2347 2 0 MHS
44 G7048A A2350T 1 0 MHS
45 G7303A G2434R 9 (54) 4-10 MHS

45 G7307T R2435H 1 2.5 MHS, CCD
46 G7361A R2454H 4 One family MHS
46 C7372 R2458C 0 4 MHS
46 G7373A R2458H 0 4 MHS

101 G14582A A4861H 0 Multiple families CCD
102 T14693C I4898T 0 Multiple families MHS, CCD

CCD, Central core disease; MHS, malignant hyperthermia susceptibility; RyR1, ryanodine receptor type 1.
*Criteria for the 17 mutations: (1) they occur in more than one family in North America or Europe, and (2) previous testing of a sequence variant shows 

that the mutation is not a polymorphism.
†Data collaboration of the Uniformed Services University of the Health Sciences, Thomas Jefferson University, Wake Forest University, University of Califor-

nia, Davis, and Barrow Neurological Institute. The number in parentheses indicates those also found in Canada (e.g., for exon 45, four families with the 
mutation G2434R were found in Canada).
which fulminant MH has been reported in patients who 
previously tolerated potent triggers without difficulty.130 
The reason this occurs is unknown, but it is likely to be 
related to prior or concurrent administration of drugs 
that prevent or delay the onset of the syndrome, as 
described earlier, or unknown environmental influences 
that help provoke the positive incident. Thus the onset 
of the syndrome in humans is extremely variable both 
in initial symptoms and in the time of onset of the syn-
drome. Its onset is so variable that making the diagnosis 
in the setting of a clinical anesthetic can be quite difficult. 
Although not perfect, the clinical grading scale devel-
oped by Larach and colleagues131 is a useful way for clini-
cians to determine retrospectively whether a patient who 
responds abnormally to anesthesia is in any way likely to 
actually have had a clinical MH episode. However, MH is 
most easily diagnosed prospectively by vigilance, recog-
nizing its signs and symptoms and knowing how to treat 
the syndrome.

The two classic clinical manifestations of fulminant 
MH syndrome may start with one of the following two 
scenarios:

 1.  Rigidity after induction with succinylcholine but suc-
cessful intubation, followed rapidly by the symptoms 
listed after scenario 2

 2.  Normal response to induction of anesthesia and 
uneventful anesthetic course until the onset of the fol-
lowing symptoms:

 •  Unexplained sinus tachycardia or ventricular arrhyth-
mias (or both)

 •  Tachypnea, if spontaneous ventilation is present
 •  Unexplained decrease in oxygen (O2) saturation 

(because of a decrease in venous O2 saturation)
 •  Increase in end-tidal partial pressure of CO2 (Pco2) 

with adequate ventilation and, in most cases, 
unchanged ventilation
 •  Unexpected metabolic and respiratory acidosis
 •  Central venous desaturation
 •  Increase in body temperature above 38.8° C with no 

obvious cause
  

The usually muted onset of MH (scenario 2) is, in most 
cases, quickly detected by the development of tachycar-
dia, increased levels of expired CO2, and muscle rigidity. 
It can be delayed for several reasons and may not be overt 
until the patient is in the recovery room. Once initiated, 
the course of MH can be rapid. When clinical signs such as 
increased expired CO2, muscle rigidity, tachycardia, and 
fever suggest MH, more than one abnormal sign must be 
observed before making the diagnosis, because according 
to a meta-analysis of many reported cases, a single adverse 
sign does not usually indicate MH.131 The mechanism 
by which anesthetics and depolarizing muscle relaxants 
trigger MH is unsolved, but the facts that they are etio-
logic agents and that early diagnosis is critical for success-
ful treatment cannot be ignored. A recent retrospective 
review of the Adverse Metabolic/Musculoskeletal Reactions 
to Anesthesia (AMRA) reports demonstrated that the onset 
of MH has been observed later during desflurane and iso-
flurane anesthesia than during exposure to sevoflurane. 
There has been an increased delay of MH signs to appear 
in the second and third hours of anesthesia than before. 
In MH cases with one unique first sign, the first MH signs 
most often encountered were hypercarbia (30.7%), mas-
seter spasm (24.8%), and sinus tachycardia (21.1%).131a

NONANESTHETIC MALIGNANT 
HYPERTHERMIA

Fulminant MH can be easily triggered in swine subjected 
to environmental stress such as exercise, heat, anoxia, 
apprehension, and excitement (see “History” earlier in 
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this chapter).9,127 Reports of MH-like episodes in humans 
after stressful situations or heat exposure have been 
reported.132-137 Measurement of plasma catecholamine 
levels during exercise showed no differences between MHS 
and normal individuals.138,139 Therefore it is unlikely that 
these responses were provoked by sympathetic overdrive 
or catecholamine surge.140

Wappler and associates reported RYR1 mutations in 3 
of the 12 unrelated patients with exercise-induced rhab-
domyolysis; 10 of the same 12 patients had an abnormal 
contracture response with IVCT.141 One had an equivocal 
response. Increased ambient temperature has been shown 
to trigger fulminant MH in all reported strains of MH 
mice.68,69 An epidemiologic study has shown that exer-
cise-induced symptoms, including rhabdomyolysis, occur 
more frequently in patients who are MHS.141 Further-
more, an Arg401Cys RYR1 mutation was present in three 
cases of exercise-induced rhabdomyolysis.98 Other reports 
are largely anecdotal and relate heat stroke, sudden and 
unexpected death, unusual stress and fatigue, or myalgias 
to possible “awake” MH episodes. Stresses associated with 
these episodes include exercise and environmental expo-
sure to volatile nonanesthetic vapors.134,142,143 MHAUS 
has provided recommendations of adverse effects of heat 
and exercise in relation to MH susceptibility.144

MALIGNANT HYPERTHERMIA–
ASSOCIATED SYNDROMES

MASSETER SPASM (HALOTHANE-
SUCCINYLCHOLINE RIGIDITY)

A masseter spasm or trismus is defined as jaw muscle 
rigidity in association with limb muscle flaccidity after 
the administration of succinylcholine. The masseter and 
lateral pterygoid muscles contain slow tonic fibers that 
can respond to depolarizing neuromuscular blockers with 
a contracture.145,146 This contracture is clinically mani-
fested on exposure to succinylcholine as an increase in 
jaw muscle tone and defined by van der Spek and associ-
ates.147 A spectrum of responses exists: a tight jaw that 
becomes a rigid jaw and then a very rigid jaw (Fig. 43-3). 
This jaw rigidity may occur even after pretreatment with 
a defasciculating dose of a nondepolarizing relaxant. If 
rigidity of other muscles develops in addition to trismus, 
then the association with MH is absolute; anesthesia 
should be halted as soon as possible and treatment of MH 
begun.

However, in more than 80% of patients with trismus 
but no rigidity of other muscles. It is a variant found in 
normal patients. If trismus occurs, then proper moni-
toring should include end-expired CO2; examination 
for pigmenturia; and arterial or venous blood sampling 
for CK, acid-base status, and electrolyte levels, par-
ticularly potassium. Although scientifically unproven, 
it is thought that the initial tightness of the jaw and 
its duration may predict the gravity of the response. 
MHAUS recommends following CK and urine myoglo-
bin for 36 hours with 6-hour intervals.148 Patients with 
masseter spasm should be closely observed for at least 
12 hours.
CORE MYOPATHIES

CCD is a rare hereditary disease and was first reported in 
1956 by Magee and Shy.149 A recent population study in 
northern England revealed a prevalence of 1:250,000.150 
In1971, Engel and colleagues reported a related congenital 
myopathy, multicore disease (MCD).151,152 Subsequently, 
various designations of the terms were reported for the 
variations of the disease, including minicore myopathy 
and multiminicore myopathy.151 Multiminicore disease 
(MmD) is now the most official term for these variations 
sponsored by the European Neuromuscular Centre.151

As mentioned, most CCD cases are due to a dominant 
missense mutation in RYR1. Clinically, patients diagnosed 
with CCD exhibit muscle weakness of a variable degree 
and histologically with central cores in type I skeletal 
muscle fibers.153 MmD is considered a recessively inher-
ited myopathy with severe axial weakness, and respira-
tory, bulbar, and extraocular muscles are commonly 
affected.153 MmD has a heterogenous genetic association 
with recessive mutation in SEPN1 gene on chromosome 
1p36 and in RYR1,153 and in MmD, both type 1 and type 
2 fibers may be affected.151

Serum CK levels in patients with CCD are often nor-
mal but may be elevated 6 to 14 times in rare cases. Mus-
cle ultrasound often demonstrates increased echogenicity 
in the quadriceps muscle with relative sparing of the rec-
tus muscle. A characteristic pattern of selective involve-
ment of muscle on a magnetic resonance image has been 
reported in the patients with typical CCD,151 which seems 
to be distinctive to conditions linked to RYR1 locus.

The relationship between CCD and the MHS is com-
plex. A positive IVCT has been confirmed in many 
patients with CCD, whereas MHS has been excluded in 
others. In consideration of the strong link and potential 
risk, considering all patients with CCD to be at risk for 
MH is advisable, unless the patient has a negative IVCT. 
Although MHS has not been reported in SEPN1-related 
myopathies, applying a nontriggering approach to 
patients with MmD is prudent, considering the potential 
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Figure 43-3. Succinylcholine usually increases jaw muscle tone 
slightly. In some patients, this increase is moderate; in a very few, the 
effect is extreme (i.e., “jaws of steel”). As many as 50% of this latter 
group may be susceptible to malignant hyperthermia (MH). Some-
where in the area of the declining curve is the boundary for the MH 
population.
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risk in RYR1-related MmD. Clinical MH reactions have 
been reported in patients with MmD.154,155

KING-DENBOROUGH SYNDROME

King-Denborough syndrome (KDS) features the dysmor-
phic facial and skeletal abnormalities similar to Noonan 
syndrome and congenital myopathy with proximal mus-
cle weakness.156 Sporadic cases have been reported in the 
literature.157-166 The inheritance pattern of the disease is 
not clear. Elevated baseline CK appears in approximately 
one half of the patients with KDS. A heterozygous A97G 
point mutation in exon 2 of the RYR1, causing a substi-
tution of lysine for glutamine at amino acid residue 33 
(Lys33Glu), has been reported.167 This substitution cre-
ates a major polarity change, from positive to negative, 
in a known hot spot for MH causative mutation. Dowl-
ing and associates recently identified RYR1 mutation in 
three out of the four patients with KDS, which supports 
the hypothesis of its genetic heterogeneity.168 Consider-
ing the strong evidence for MHS in patients with KDS, 
MH triggering agents should be avoided for anesthesia on 
patients with KDS.

DIAGNOSIS IN THE SURGICAL AND 
POSTANESTHESIA CARE UNITS

As stated earlier, fulminant MH is rare, and the early signs 
of clinical MH may be subtle (Box 43-1). These signs must 
be distinguished from other disorders with similar signs 
(Box 43-2).

When the diagnosis is obvious (i.e., fulminant MH or 
succinylcholine-induced rigidity with rapid metabolic 
changes), significant hypermetabolism and heat produc-
tion occur, and little time may be left for specific therapy 
to prevent death or irreversible morbidity. If the syndrome 
begins with slowly increasing end-tidal CO2 (ETCO2), spe-
cific therapy can await a complete clinical workup before 
treatment. In general, MH is not expected to occur when 
no triggers are administered (see “Anesthesia for Suscep-
tible Patients” later in this chapter). However, several 
confirmed fulminant nonanesthetic cases of MH that 
resulted in death have been reported (see “Nonanesthetic 
Malignant Hyperthermia” earlier in this chapter).141

When volatile anesthetics or succinylcholine are used, 
MH should be suspected whenever an unexpected increase 
in ETCO2, undue tachycardia, tachypnea, arrhythmias, 
mottling of the skin, cyanosis, muscle rigidity, sweating, 
increased body temperature, or unstable blood pressure 
develop. If any of these occur, signs of increased metab-
olism, acidosis, or hyperkalemia must be pursued. The 
most common cause for sudden ETCO2 during general 
anesthesia and sedation is hypoventilation. Increased 
minute ventilation should correct the problem.

The analysis of arterial or venous blood gases that dem-
onstrate a mixed respiratory and metabolic acidosis can 
support the diagnosis of MH169; however, the respiratory 
component of acidosis may be predominate in the early 
stage of onset of fulminant MH. O2 and CO2 change more 
significantly in the central venous compartment than in 
arterial blood; therefore end-expired or venous CO2 levels 
more accurately reflect whole-body stores. Venous CO2, 
unless the blood drains an area of increased metabolic 
activity, should have Pco2 levels of only approximately  
5 mm Hg greater than that of expected or measured 
Paco2. In small children, particularly those without oral 
food or fluid for a prolonged period, the base deficit may 
be 5 mEq/L because of their smaller energy stores.

In North America, any patient suspected of having an 
MH episode should be reported to the NAMHR of MHAUS 

Early SignS

Elevated end-tidal carbon dioxide (CO2)
Tachypnea and/or tachycardia
Masseter spasm, if succinylcholine has been used
Generalized muscle rigidity
Mixed metabolic and respiratory acidosis
Profuse sweating
Mottling of skin
Cardiac arrhythmias
Unstable blood pressure

latE SignS

Hyperkalemia
Rapid increase of core body temperature
Elevated creatine phosphokinase levels
Gross myoglobinemia and myoglobinuria
Cardiac arrest
Disseminated intravascular coagulation  

BOX 43-1 Clinical Signs of Malignant 
Hyperthermia

Anaphylactic reaction
Alcohol therapy for limb arteriovenous malformation
Contrast dye injection
Cystinosis
Diabetic coma
Drug toxicity or abuse
Environmental heat gain more than loss
Equipment malfunction with increased carbon dioxide (CO2)
Exercise hyperthermia
Freeman-Sheldon syndrome
Heat stroke
Hyperthyroidism
Hypokalemic periodic paralysis
Hypoventilation or low fresh gas flow
Increased end-tidal carbon dioxide (ETCO2) from laparoscopic 

surgery
Insufficient anesthesia or analgesia (or both)
Intracranial free blood
Malignant neuroleptic syndrome
Muscular (Duchenne and Becker) dystrophies
Myotonias
Osteogenesis imperfecta
Pheochromocytoma
Prader-Willi syndrome
Rhabdomyolysis
Sepsis
Thyroid crisis
Ventilation problems
Wolf-Hirschhorn syndrome  

BOX 43-2 Conditions and Disorders That May 
Mimic Malignant Hyperthermia
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via the AMRA report available from the web site at htt
p://www.mhaus.org/registry/downloads. In addition, 
MHAUS has an emergency MH hotline available in the 
United States at 1-800-644-9737 or outside the United 
States at 1-209-417-3722.

TREATMENT

Acute management for MH can be summarized as follows:

 1.  Discontinue all anesthetic agents and hyperventilate 
with 100% O2 with a fresh flow to at least 10 L/min. With 
increased aerobic metabolism, normal ventilation must 
increase. However, CO2 production is also increased 
because of neutralization of fixed acid by bicarbonate; 
hyperventilation removes this additional CO2.

 2.  Reconstitute dantrolene in sterile water (not saline), 
and administer rapidly (2.5 mg/kg intravenously [IV] 
to a total dose of 10 mg/kg IV) every 5 to 10 minutes 
until the initial symptoms subside.

 3.  Administer bicarbonate (1 to 4 mEq/kg IV) to correct 
the metabolic acidosis with frequent monitoring of 
blood gases and pH.

 4.  Control fever by administering iced fluids, cooling the 
body surface, cooling body cavities with sterile iced 
fluids, and, if necessary, using a heat exchanger with a 
pump oxygenator. Cooling should be halted when the 
temperature approaches 38° C to prevent inadvertent 
hypothermia.

 5.  Monitor urinary output, and establish diuresis if urine 
output is inadequate. Administer bicarbonate to alka-
linize urine to protect the kidney from myoglobinuria-
induced renal failure.

 6.  Blood gases, electrolytes, CK, temperature, arrhythmia, 
muscle tone, and urinary output guide further therapy. 
Hyperkalemia should be treated with bicarbonate, 
glucose, and insulin. Effective doses of dantrolene to 
reverse MH are the most effective way to lower serum 
potassium levels. In severe cases, calcium chloride or 
calcium gluconate may be used.

 7.  Analyze coagulation studies (e.g., international nor-
malized ratio [INR], platelet count, prothrombin time, 
fibrinogen, fibrin split degradation products).

  

Adequate personnel support is critical to the suc-
cessful management of such a crisis. Discontinuation 
of the trigger may be adequate therapy for acute MH 
if the onset is slow or if exposure was brief. Changing 
the breathing circuit and CO2 absorbent can be time 
consuming. However, application of activated charcoal 
filters may rapidly reduce the volatile anesthetic concen-
tration to an acceptable level in less than 2 minutes and 
should be used in the acute situation if they are readily 
available.170

Dantrolene is packaged in 20-mg bottles with sodium 
hydroxide for a pH of 9.5 (otherwise, it will not dissolve) 
and 3 g of mannitol, which converts the hypotonic 
solution to isotonic. The initial dose should be 2.5 mg/
kg dantrolene reconstituted in sterile water and admin-
istered IV. Dantrolene must be reconstituted in sterile 
water rather than salt solutions or it will precipitate. Pre-
warming sterile water may expedite the solubilization 
of dantrolene, compared with water in ambient tem-
perature.171 In 2009, a newer, rapid soluble dantrolene 
became available for IV use. It reconstitutes in approxi-
mately 20 seconds, which is significantly faster than the 
older version.172

In awake, healthy volunteers, the maximum twitch 
depression occurs at a dantrolene dose of 2.4 mg/kg.173 
Therefore it is not surprising that at therapeutic concen-
trations, dantrolene may prolong the need for intuba-
tion and assisted ventilation. Brandom and associates 
reviewed the complications associated with the admin-
istration of dantrolene from 1987 to 2006, using the 
dataset in the NAMHR via the AMRA reports, and found 
that the most frequent complications of dantrolene were 
muscle weakness (21.7%), phlebitis (9%), gastrointesti-
nal upset (4.1%), respiratory failure (3.8%), hyperkalemia 
(3.3%), and excessive secretions (8.2%).174 Considering 
its high pH, administering dantrolene through a large-
bore IV line is advisable, but its administration should 
not be delayed if a large-bore IV line is not already in 
place. Dantrolene interferes with EC coupling of murine 
intestinal smooth muscle cells,175 rat gastric fundus, and 
colon,176 which, in part, explains it gastrointestinal side 
effect. Caution should be used when ondansetron is to be 
used in this setting. As a serotonin antagonist, ondanse-
tron may increase serotonin at the 5-HT2A receptor in the 
presynaptic space. In an individual with MHS, agonism of 
5-HT2A receptor may precipitate MH.177

The clinical course will determine further therapy and 
studies. Dantrolene should probably be repeated at least 
every 10 to 15 hours, since its half-life is at least 10 hours 
in children and adults.173,178 The total dose of dantrolene 
that can be used is up to 30 mg/kg in some patients. 
Recrudescence of MH can approach 50%, usually within 
6½ hours.179,180 When indicated, calcium and cardiac 
glycosides may be safely used and can be lifesaving dur-
ing persistent hyperkalemia. Slow voltage-gated calcium 
channel blockers do not increase porcine survival.181,182 
Rather, a recent study by Migita and co-workers demon-
strated that dihydropyridine (i.e., nifedipine), phenyl-
alkylamine (i.e., verapamil), and benzothiazepine (i.e., 
diltiazem) all led to increased [Ca2+]i in human skeletal 
muscle cells. Interestingly, the potency of such calcium 
release is correlated with the number of binding sites on 
the DHPR; that is, nifedipine > verapamil > diltiazem.183 
Clinical doses of dantrolene were only able to attenuate 
20% of the nifedipine-induced [Ca2+]i surge.183 Current 
recommendations of MHAUS discourage the use of cal-
cium channel blockers in the presence of dantrolene, 
because they can worsen the hyperkalemia, resulting in 
cardiac arrest.148 The administration of magnesium sul-
fate could not prevent the development of MH and did 
not influence the clinical course.184 Permanent neuro-
logic sequelae, such as coma or paralysis, may occur in 
advanced cases, probably because of inadequate cerebral 
oxygenation and perfusion for the increased metabo-
lism and because of the elevated body temperature, aci-
dosis, hypo-osmolality with fluid shifts, and potassium 
release.

For patients with MH who are diagnosed in ambulatory 
surgical centers, guidelines have been recently proposed 
for transferring care to receiving hospital facilities.185 

http://www.mhaus.org/registry/downloads
http://www.mhaus.org/registry/downloads
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Although immediate treatment and onsite stabiliza-
tion of the patient are preferable, several factors need 
to be considered before implementing a transfer plan 
after completing an initial dantrolene treatment, which 
include the capabilities of the available professionals at 
the initial treatment and receiving facilities, the clinical 
best interests of the patient, and the capabilities of the 
transfer team.186

If uncertain at any time, the physician should contact 
the MH Hotline (United States: 1-800-644-9737; outside 
the United States: 1-315-464-7079) to verify treatment 
and report the case to the NAMHR (1-888-274-7899). The 
MHAUS web site (https://medical.mhaus.org) also pro-
vides online support and resources to direct management.

ANESTHESIA FOR SUSCEPTIBLE PATIENTS

Safe anesthetics consist of nitrous oxide, barbiturates, 
etomidate, propofol, opiates, tranquilizers, and nonde-
polarizing neuromuscular blocking drugs. Volatile anes-
thetics and succinylcholine must be avoided at all times, 
even in the presence of dantrolene. Anecdotal reports 
suggest that some patients have experienced a hyper-
metabolic state, despite these precautions, but they have 
always responded favorably to the administration of IV 
dantrolene. Preoperative dantrolene is never needed, 
because the use of nontriggering agents is almost always 
associated with uneventful anesthesia. Regional anesthe-
sia is safe and may be preferred. Amide anesthetics, such 
as lidocaine, were once considered dangerous in suscep-
tible patients because they were thought to induce or 
worsen muscle contractures in vitro as a result of their 
effect of increasing calcium efflux from the SR. Porcine 
and human studies, however, have consistently demon-
strated the lack of danger of amide anesthetics.

Before administering anesthesia for MHS patients, 
anesthetic machines may be “cleansed” of potent volatile 
agents by disconnecting or removing the vaporizers from 
the anesthesia workstation, renewing the CO2 absorbent, 
and using a new, disposable breathing circuit and, if pos-
sible, a fresh gas hose. If a dedicated machine is not avail-
able for the patient who is MHS, flushing the anesthesia 
workstation to less than five parts per million (ppm) of 
the volatile anesthetic agents’ concentration is generally 
accepted.187 Flushing the workstation may take 10 to 104 
minutes with different machines.170,188-197 This prepara-
tion process also should be directed on the basis of the 
halogenated volatile agents that have been used. Jones 
and colleagues demonstrated that desflurane required 
longer purge time than sevoflurane on both the Datex-
Ohmeda Aestiva and Aisys machines.196 Application of 
activated charcoal filters have been shown to accelerate 
successfully the process of cleansing.170,198-200 Such filters 
should be placed on both the inspiratory and the expira-
tory limbs of the anesthesia machine and replaced with a 
new set every 60 minutes.170 MHAUS recommends flush-
ing and preparing the anesthesia workstation according 
to the manufacturer’s recommendations or published 
studies.201 During the case, lowering the fresh gas rate 
after the washout period may allow the concentration 
of volatile anesthetic agents to reaccumulate.192 Fresh 
gas flow should be kept to at least 10 L/min to avoid this 
rebound.

It is important to be aware that the National Institute 
for Occupational Safety and Health (NIOSH) issued “Cri-
teria for a Recommended Standard. Occupational Expo-
sure to Waste Anesthetic Gases (WAGs) and Vapors.”202 
No worker is exposed to halogenated anesthetic agents 
at concentrations greater than 2 ppm when used alone 
or more than 0.5 ppm when used in combination with 
nitrous oxide over a sampling period not to exceed 1 
hour. Anesthetic gas machines, nonrebreathing systems, 
and T-tube devices shall have an effective scavenging 
device that collects all WAGs. In addition, Occupational 
Safety and Health Administration (OSHA) has guidelines 
for workplace exposures.203

The anesthesiologist should confidently discuss anes-
thetic care with patients who are MHS and assure them 
that all will be done to avoid difficulties with MH and that 
the appropriate drugs, knowledge, and skills are imme-
diately at hand if any problems should occur. Many of 
these patients have uneventfully undergone procedures, 
such as dental analgesia and obstetric anesthesia, before 
the diagnosis of susceptibility was made. The patient can 
enter the therapeutic environment in a reassured, relaxed, 
and comfortable state. Outpatient procedures are feasible 
in most environments; the time of discharge depends on 
the usual outpatient criteria.

Any anesthesia provider using MH triggers on an inpa-
tient or outpatient basis should have dantrolene immedi-
ately available. The current recommendation by MHAUS 
to stock 36 vials of dantrolene is based on the quantity 
of dantrolene needed to treat an MH crisis on a patient 
weighing 70 kg.172

EVALUATION OF SUSCEPTIBILITY

Evaluation of susceptibility includes a history and physi-
cal examination to detect any subclinical abnormality. 
A genealogy with specific information about anesthetic 
exposure and agents can estimate the likelihood of expo-
sure to triggering agents. Blood CK values, when deter-
mined in a resting, fasting state without recent trauma, 
reflect muscle membrane stability. When the CK level is 
elevated in a close relative of a person with known MHS, 
the relative may be considered to have MHS without 
contracture testing. If the CK level is normal on several 
occasions, no predictive value exists and contracture 
studies are necessary. The patient must travel to the test 
center for a surgical biopsy to ensure viability and accu-
rate results. Muscle biopsy contracture studies, performed 
at approximately 30 centers around the world, involve 
exposure of the muscle biopsy sample to halothane, caf-
feine, and, in the North American test, to halothane plus 
caffeine.120 Sensitivity to 4-chloro-m-cresol or ryanodine 
have also been used by some centers.46 It is also impor-
tant to note that contracture responses are sometimes 
positive in patients with myopathies that bear no direct 
relationship to MH and therefore may not indicate sus-
ceptibility. Dantrolene must be avoided before biopsy 
because it masks the response to contracture-producing 
drugs. After a patient is diagnosed as being MHS, DNA 

https://medical.mhaus.org
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testing for mutations should follow. When a mutation 
is detected, other relatives with that mutation should be 
considered to be MHS without the need for an invasive 
contracture test, and they need not travel to a testing cen-
ter (see “Genetics” earlier in this chapter).

Advice should be given to susceptible patients and, if 
not biopsy tested, all patients with a clinical picture that 
suggests a high probability for MHS. Precautions are nec-
essary regarding general anesthesia, and triggers include 
all potent volatile anesthetics agents and succinylcholine. 
Awake episodes are uncommon, and, if not experienced 
before diagnosis, then they are an unlikely problem. The 
true predictive value (i.e., percentage of positive results 
that are true positives) or efficiency (i.e., percentage of all 
results that are true, whether positive or negative) of con-
tracture testing in determining susceptibility in the general 
population cannot be estimated because of the selection 
process that has been used to date for testing (i.e., limited 
to those with anesthesia reactions who do not have any 
other muscular pathologic disease). False-positive results 
from cautious interpretation or decreased specificity are 
masked because the patient will never be exposed to trig-
gering agents. A promising innovative in vivo human 
application involves physiologic-based microdialysis 
infusion of caffeine or halothane into muscle of patients 
who are MHS to trigger exaggerated localized changes in 
acid-base balance.204-208 White blood cells express RYR1-
MH mutations and provide a substrate for a less invasive 
analysis for susceptibility but have the limitation that not 
all causative mutations are expressed in the white blood 
cells.209-213 Nuclear magnetic resonance spectroscopy is 
promising,214,215 but, to date, it has been difficult to stan-
dardize a stress, such as forearm ischemia, that can differ-
entiate those who are susceptible from those who are not.

For anesthesia assessment of the pregnant patient 
who is non-MHS and carrying a potential MHS fetus, the 
patient should be treated as MHS until the fetus is deliv-
ered.216-218 For emergencies in such patients, the use of 
succinylcholine, although little of the drug crosses the 
placenta, is controversial.219

MULTIPLE SCLEROSIS

Multiple sclerosis (MS) is an autoimmune disorder charac-
terized by T cell–mediated autoantibodies against myelin 
and a subsequent inflammatory response in the central 
nervous system (CNS) (brain and spinal cord). Thus MS is 
a disorder of the myelinated part of the axon that leads to 
secondary nerve conduction failure. The disease mainly 
affects women, primarily between 20 and 40 or 45 and 
60 years of age. Although the cause is unknown, specula-
tion suggests that environmental factors, combined with 
a genetic predisposition, cause MS. Naturally, researchers 
have focused on identifying key events and the genetic 
origin of the disorder to provide diagnostic and possibly 
therapeutic tools for the management of patients with MS.

Patients with MS frequently report paresthesias, mus-
cle weakness, and sensory disturbances. Typically, a local-
ized or (late in the course of disease) generalized muscle 
weakness develops with the legs affected more than the 
arms. In severe cases, respiration may be involved with 
the development of hypoxemia. Diplopia and other cra-
nial nerve–dependent impairments are early and frequent 
signs, along with sensory abnormalities and sometimes 
disturbed bowel and bladder function. As a rule, symp-
toms are closely related to the site affected within the 
CNS, and the amount of symptoms is related to the extent 
of sclerosing CNS plaque. Notably, MS can be associated 
with impaired autonomic function, which may lead to 
adverse reactions to sympathomimetic drugs.220

Diagnosis of MS is currently based on a combination 
of clinical and laboratory tests, including cerebrospinal 
fluid (CSF) antibody analysis and radiology (detection of 
CNS plaque by magnetic resonance imaging). Medication 
consists of various combinations of immunosuppression 
modalities.

Anesthetic Considerations
It has been speculated that general anesthesia and surgery 
may increase the risk for aggravation of MS.221 At present, 
no general consensus on this matter exists, and patients 
should therefore be informed of the potential for aggravated 
symptoms in the postoperative period. In general, preop-
erative chronic immunosuppressive medication should be 
continued during the perioperative period. Patients with 
MS are sensitive to physical (e.g., pain, fever, infection) 
and emotional stress, which will more likely cause symp-
toms to be intensified in the perioperative period. Great 
care must be exercised to minimize changes in body tem-
perature, fluid homeostasis, and central hemodynamics 
(preload, afterload) and to maintain respiration. Although 
IV agents and volatile anesthetics have been safely used, 
avoiding the administration of depolarizing neuromuscu-
lar blocking drugs to patients with MS is wise. MS-induced 
denervation or disuse myopathy may lead to a risk for 
succinylcholine-induced hyperkalemia, which can result 
in fatal cardiac arrhythmias (see also Chapter 34). Using 
nondepolarizing neuromuscular blockers is likely safe. Epi-
dural anesthesia has been considered safe in patients with 
MS, although there is some evidence that patients with MS 
might benefit from lower doses of local anesthetics. Spinal 
anesthesia is controversial in MS and is therefore needed to 
proceed with caution because of potentially increased sen-
sitivity of the spinal cord to local anesthetics due to demye-
lination. Notably, postpartum worsening of MS symptoms 
is noted in 20% of women (see also Chapter 77). The need 
for more extended postoperative care is dependent on the 
preoperative symptoms, type of surgery, and status of the 
patient at the end of the surgical procedure. In this con-
text, patients with MS with severe weakness and respira-
tory distress, including pharyngeal dysfunction, may need 
extended postoperative care, such as noninvasive respira-
tory support and intense physiotherapy, to avoid further 
impairment of their pulmonary function.

MOTOR NEURON DISORDERS

Motor neuron disorders involve either the upper or the 
lower motor neurons of the cerebral cortex, brainstem, 
and spinal cord. Some forms are mixed, whereas oth-
ers have predominantly upper or lower motor neuron 
involvement. Amyotrophic lateral sclerosis (ALS) is the 
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most common disease within this group and involves 
both upper and lower motor neurons. Other examples 
of motor neuron disease are Kennedy disease (spinobul-
bar muscular atrophy), Friedreich ataxia (mixed upper 
and lower motor neurons), and spinal muscular atrophy 
(lower motor neurons).

Progressive and variable loss of motor neurons within 
the cerebral cortex, medullary nuclei of cranial nerves, 
and nuclei of the ventral horn in the spinal cord charac-
terize ALS (Lou Gehrig disease). Degenerative loss of these 
neurons leads to progressive muscle weakness, muscle 
atrophy, and loss of neuronal mass in these locations. 
Sensory functions, including intellectual capacity and 
cognition, as well as bowel and bladder function, are not 
usually affected in ALS.

ALS has an incidence of approximately 2 in 100,000 per 
year, and onset of the disease usually takes place around 
40 to 50 years of age, with men more often affected than 
women. Most cases are sporadic, but rare familial forms 
(autosomal dominant and recessive forms) exist. The 
underlying mechanism or mechanisms for this selec-
tive and progressive motor neuronal death are thus far 
unclear, but it has recently been suggested that superoxide 
dismutase mutations may play a key role in the increased 
formation of free radicals observed in subsets of patients. 
The diagnosis is made by electrophysiology (electromyog-
raphy [EMG] and electroneurography) and by neurologic 
examination, which demonstrates early spastic weakness 
of the upper and lower extremities, typical subcutaneous 
muscle fasciculations, and bulbar involvement affecting 
pharyngeal function, speech, and the facial muscles. No 
curative treatment is currently available, and patients are 
therefore treated symptomatically.

Anesthetic Considerations
Bulbar involvement in combination with respiratory 
muscle weakness leads to the risk for aspiration and pul-
monary complications. Notably, these patients may have 
increased sensitivity to the respiratory depressant effects of 
sedatives and hypnotics. Sympathetic hyperreactivity and 
autonomic failure have been reported.222 Succinylcholine 
should be avoided because of the risk for hyperkalemia as a 
result of denervation and immobilization. Nondepolarizing 
neuromuscular blocking agents may cause prolonged and 
pronounced neuromuscular blockade and hence should be 
used with great caution.223 General anesthesia combined 
with epidural anesthesia has been used without complica-
tions. Careful postoperative monitoring of respiration and 
oxygenation are important in these patients because there 
might be inherent instability of respiratory control.

GUILLAIN-BARRÉ SYNDROME

Guillain-Barré syndrome (GBS) is an acute inflamma-
tory polyneuritis caused by an immunologic reaction. 
Although the cause is unknown, a timely association 
with a viral (influenza-like) or bacterial infection or even 
lymphomatous disease can be demonstrated in many 
patients.224 Symmetric peripheral flaccid muscle weak-
ness and sensory loss develop. The lower extremities are 
affected first, after which the disease progresses to the 
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upper extremities and cranial nerve–innervated muscles 
in some patients. Importantly, patients may also have 
autonomic involvement that could lead to sudden fatal 
cardiac and circulatory collapse. The diagnosis is made 
after careful neurologic examination, clinical electro-
physiologic testing, and CSF analysis. CSF analysis may 
show a typical increase in CSF protein in combination 
with a normal cell count, which is a classic sign of the 
disease. Treatment focuses on respiratory support, nutri-
tional support, and early initiation of plasmapheresis.

Anesthetic Considerations
Succinylcholine should not be used because of the risk 
of hyperkalemia. Notably, case reports have described 
patients having clinically recovered from GBS who, after 
receiving succinylcholine during induction of anesthesia, 
rapidly developed life-threatening hyperkalemia. Nonde-
polarizing muscle relaxants are not contraindicated but 
should be avoided as a result of the increased sensitiv-
ity and risk for prolonged muscle weakness in the post-
operative period. The risk for autonomic dysfunction, 
respiratory failure, and aspiration may require assisted or 
mechanical ventilation, even in the postoperative period. 
Great care should be taken to maintain circulatory sta-
bility, including adequate cardiac preload and afterload. 
Careful hemodynamic monitoring is therefore essential 
in these patients. General anesthesia can be used; how-
ever, the combination of general anesthesia and epidural 
anesthesia is more controversial.225

HEREDITARY MOTOR-SENSORY 
NEUROPATHIES, INCLUDING CHARCOT-
MARIE-TOOTH DISEASE

Hereditary motor-sensory neuropathies include a spec-
trum of peripheral neurologic disorders, among which 
Charcot-Marie-Tooth (CMT) disease is often listed. These 
neuropathies are caused by a specific mutation in one 
of several myelin genes that results in defects in myelin 
structure, maintenance, and formation. Hereditary motor-
sensory neuropathies have been classified into seven types 
and multiple subtypes according to the age at onset, mode 
of inheritance, predominantly involved muscle groups, 
and genotypes.227,228 CMT types 1 and 2 are the most 
common hereditary peripheral neuropathies, with an esti-
mated prevalence of 40 per 100,000.228 Patients with CMT 
disease typically experience slow and progressive distal 
muscle weakness and wasting. Damage to sensory axons 
may also lead to sensory loss, resulting in frequent tripping 
and falls. Neuropathic pain may develop in some patients. 
Patients with CMT usually have normal life expectancy. 
CMT type 3, also known as Dejerine-Sottas neuropathy, is 
a very severe condition with an early onset of hypotonia 
during infancy. Typically, nerve conduction velocity is 
significantly reduced to less than 10 msec.228 The genetic 
inheritance pattern for CMT disease is heterogeneous.

Anesthetic Considerations
The anesthesia experience in patients with CMT disease 
is limited because of the small number of cases. Major 
considerations include the use of hypnotic agents, 
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muscle relaxants, volatile agents, and neuraxial tech-
niques. Patients with CMT type 1 have been reported to 
have significantly increased sensitivity to thiopental at 
induction that correlates with the severity of both motor 
and sensory defects. However, total intravenous anesthe-
sia (TIVA) has been successfully performed in a number of 
patients without any reported problems.229-231

Because of the reduced number of acetylcholine recep-
tors, sensitivity to nondepolarizing muscle relaxants 
is elevated and the response to succinylcholine is also 
reduced.232 Although succinylcholine has been used with-
out adverse effects,233,234 the risk of an exaggerated hyperka-
lemic response may be sufficient to preclude it from being 
used in patients with suspected muscular denervation.234 
Prolonged neuromuscular block with vecuronium has been 
reported.235 As a result of the large variety of disabilities in 
this patient group, careful baseline assessment of neuro-
muscular status should be conducted before the use of non-
depolarizing neuromuscular relaxants. Normal response to 
atracurium and mivacurium has been demonstrated.236,237 
Both TIVA and volatile anesthetics have been safely used 
in a series of patients with CMT.233 Neuraxial techniques 
for obstetric procedures have been reported to be generally 
successful in patients with CMT.238-241 However, the use of 
regional anesthesia can be controversial, considering that 
the possible complications may exacerbate the neurologic 
symptoms.242 Similar medicolegal concerns may apply to 
the surgical and anesthesia positioning of patients with 
CMT because of the sensory deficits and limb deformities.

DUCHENNE MUSCULAR DYSTROPHY AND 
BECKER MUSCULAR DYSTROPHY

Duchenne muscular dystrophy (DMD) is the most com-
mon and severe type of muscular dystrophy with an inci-
dence of 1 per 3500 live male births243 and a total male 
prevalence of approximately 50 to 60 × 10−6.244 Becker 
muscular dystrophy (BMD) is relatively rare and has an 
incidence of approximately 1 in 18,000 live male births 
and a prevalence of 23.8 × 10−6.244 Both DMD and BMD 
are X-linked recessive diseases. The defect is located on 
the short arm of the X chromosome at the Xp21 region, 
which contains the gene for the large protein Dp427, also 
known as dystrophin. The dystrophin gene is 2500 kilo-
bases long with more than 70 exons.244 Dystrophin is dis-
tributed not only in skeletal, cardiac, and smooth muscle 
but also in the brain.245 Because of the large size of the 
dystrophin gene, spontaneous new mutations are com-
mon and account for one third of new cases.246

The most common form of mutation is a deletion 
within the gene (65% to 70% of patients with DMD and 
more than 80% of those with BMD). Duplication and point 
mutations are responsible for the rest. In addition, hot spots 
also appear in the first 20 exons and in the central region of 
the gene (exons 45 to 55) where deletion and duplication 
are likely to occur.244 Female patients with DMD have been 
reported with the 45,X and 46,XX karyotypes. The disease  
mechanism for the female 46,XX karyotype is thought 
to be preferential loss of the paternal X chromosome by 
postzygotic nondisjunction and manifestation of the DMD 
gene from the maternal X chromosome in muscle cells.247 
BMD is usually milder in severity than DMD because dis-
ruption of the translation process occurs in the relatively 
distal part of the gene, which leads to a reduced amount of 
truncated dystrophin protein.244,248

Dystrophin, along with dystrophin-associated glyco-
proteins (DAGs), is involved in sarcolemmal stability. 
Dystrophin is responsible for the maintenance of mus-
cle membrane integrity, despite the fact that it accounts 
for only approximately 0.002% of the protein in striated 
muscle.249 Dystrophin aggregates and links to actin (at 
its N terminus) and the DAG complex (at its C terminus) 
to form a stable structure that interacts with laminin in 
Figure 43-4. Diagram of the  
cellsurface and cytoskeleton pro-
tein complex.
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the extracellular matrix (Fig. 43-4). Lack or dysfunction 
of dystrophin leads to cellular and membrane instability, 
with progressive leakage of intracellular components and 
elevation of CK levels. Eventually, damaged muscle cell 
units are invaded by macrophages and destroyed. A cur-
rent study suggests that cytotoxic T cells are probably the 
culprit. Consequently, clinical pseudohypertrophy of the 
muscle occurs when the dead muscle shells are replaced 
by fibrofatty infiltrates. Loss of muscle units accounts for 
the weakness and contracture.245

Progressive weakness and wasting of predominantly the 
proximal musculature characterize both DMD and BMD. 
Pseudohypertrophy of the calves and other muscle groups 
is common. As the more severe of the two diseases, DMD 
tends to be symptomatic early in life. Of the children with 
DMD, 74% were found to exhibit the disease by 4 years of 
age.243 Patients with DMD do not usually begin to walk 
until they are approximately 18 months of age or later.

The initial clinical findings include a waddling gait, 
frequent falling, and difficulty climbing stairs because of 
proximal muscle weakness in the pelvic girdle. The classic 
Gowers sign describes rising from a sitting to a standing 
position with the help of both arms. Patients may also 
show weakness in the shoulder girdle and trunk erectors 
that leads to thoracolumbar scoliosis. Earlier clinical onset 
of DMD has been associated with a more rapid progres-
sion of the disorder. In most cases, children with DMD are 
unable to walk by the age of 9 to 11 years. Proximal deep 
tendon reflexes in the upper extremities and patella may 
also disappear, despite the lack of denervation.248 Never-
theless, the tendo Achillis reflex remains intact even in 
later stages of the disease. Approximately 60% of patients 
will have pseudohypertrophy of the calves, and 30% will 
have macroglossia. Some may also suffer from pain in the 
calves with activity.

The intellectual impairment that can be associ-
ated with the disease was thought to be related to the 
limitation of educational opportunities. However, with 
equalization of educational opportunities, psychometric 
studies have revealed a significantly lower average intel-
ligence quotient in patients with DMD than in healthy 
groups.250 This lower quotient implies a possible effect of 
dysfunctional dystrophin in the brain on learning.

Death in patients with DMD occurs in their 30s and is 
commonly due to cardiopulmonary compromise.243 BMD 
is a mild form of DMD. The mutation that causes BMD 
produces dystrophin that retains partial function. The 
onset of symptoms occurs in the second or third decade 
of life. As a result, the lifespan of patients with BMD can 
reach the early 40s. Pneumonia is the most common 
cause of death (Fig. 43-5).248

The heart is also affected to varying degrees, depend-
ing on the stage of the disease and the type of muta-
tion. Cardiac degeneration is due to the replacement 
of myocardium by connective tissue or fat, which leads 
to dilated cardiomyopathy.251 Cardiac involvement 
starts early in the course of the disease, although clini-
cal signs are not usually obvious in the early stage. No 
correlation has been established between the severity of 
cardiac disease and the severity of skeletal disease. Stud-
ies at necropsy have shown that the cardiomyopathy in 
DMD involves the posterobasal and contiguous lateral 
left ventricular walls as initial and primary sites of myo-
cardial dystrophy in the absence of small vessel coronary 
artery disease in these areas.252 Typical initial manifesta-
tions on the electrocardiogram (ECG) in DMD and BMD 
are sinus tachycardia, tall R waves in the right precordial 
leads, prominent left precordial Q waves, increased QT 
dispersion, and inverted T waves from scarring of the 
posterobasal portion of the left ventricle. Initially, echo-
cardiography is normal or shows regional wall motion 
abnormalities in areas of fibrosis. With the spreading 
of fibrosis, left ventricular dysfunction can be seen, and 
ventricular arrhythmias frequently occur as well. In the 
final stages of the disease, systolic dysfunction may lead 
to heart failure and sudden death. Subclinical or clinical 
cardiac involvement is present in approximately 90% of 
patients with DMD or BMD but is the cause of death in 
only 20% of those with DMD and 50% of patients with 
BMD. Angiotensin-converting enzyme inhibitors are rec-
ommended in early stages of the disease, and β-blockers 
may be an additional option, if indicated.251

A B C

D E F
Figure 43-5. Distribution of predominant muscle weakness in dif-
ferent types of dystrophy: A, Duchenne type and Becker type; B, 
Emery-Dreifuss; C, limb girdle; D, facioscapulohumeral; E, distal; and 
F, oculopharyngeal. (Redrawn from Emery AE: The muscular dystrophies, 
Br Med J 317:991-995, 1998.)
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Pulmonary insufficiency is a leading cause of morbid-
ity and mortality in DMD.253 Usually, expiratory muscle 
function is affected first because of the early onset of 
abdominal muscle weakness. By contrast, inspiratory 
muscle function is relatively preserved in the first decade 
of life, implying sparing of the diaphragm.254 Vital capac-
ity (VC) increases in the first decade because of overall 
body growth, plateaus in early adolescence, and then 
dramatically declines as the diaphragmatic weakness pro-
gresses.254 Other measured lung volumes such as inspira-
tory reserve volume and total lung capacity (TLC) follow 
the same pattern. A disproportionate loss of VC and TLC 
relative to the respiratory muscle dysfunction results, in 
part, from additional factors such as altered chest wall and 
lung mechanics, modifications in the distribution of sur-
factant, microatelectasis, and local fibrosis secondary to 
recurrent pneumonia.254 Scoliosis further impairs pulmo-
nary function. On average, for each 10 degrees of thoracic 
scoliosis curvature, forced vital capacity (FVC) decreases 
by 4%.249 In 90% of patients, a curvature of greater than 
20 degrees develops 3 to 4 years after they are wheelchair 
bound. Respiratory failure inevitably occurs in the second 
decade of life and is the most common cause of death.255

DIAGNOSIS AND DIFFERENTIAL DIAGNOSIS

Chronic elevation of the serum CK level is a general 
indication of muscle disease. Three serum tests showing 
elevated CK levels obtained 1 month apart is diagnostic 
of muscular dystrophy. CK represents leakage of enzyme 
from muscle cells and does not correlate with the severity 
of the disease. CK could reach 50 to 300 times the nor-
mal value in early stages of the disease. The level tends 
to decrease with the loss of muscle mass. Elevation of the 
MB fraction of CK precludes its use as a marker for cardiac 
injury.248 EMG can be supportive of the diagnosis; how-
ever, it can be extremely difficult to perform on children. 
Muscle biopsy, followed by immunostaining or Western 
blot analysis for dystrophin, is recommended for diag-
nostic testing. Multiple polymerase chain reaction is also 
useful in detecting more than 98% of the existing dele-
tions.245 The result is usually available within 24 hours, 
which may render muscle biopsy, the old gold standard, 
obsolete.

Anesthetic Considerations
Patients with DMD and BMD may require anesthesia for 
muscle biopsy, correction of scoliosis, release of contrac-
tures, and exploratory laparotomy for ileus,248 as well as 
for dental256 and obstetric257 procedures. As the natu-
ral course of the disease progresses, the risk of surgery 
increases, concomitant with the increased comorbid con-
ditions associated with the later phase of the disease. How-
ever, perioperative complications are not proportional to 
the severity of the disease. They even occur in patients 
who are mildly affected. Consequently, patients should 
undergo careful preoperative consultation and evaluation.

Of the patients with muscular dystrophy, 50% to 
70% demonstrate some cardiac abnormality, although 
it is clinically significant in only 10%.248 Preoperative 
cardiology assessment with an ECG and echocardiogra-
phy is essential. Continuous cardiac Holter monitoring 
is necessary if an arrhythmia is captured on the ECG or 
if the patient describes symptoms that can be related 
to cardiac arrhythmias. Echocardiography will demon-
strate mitral valve prolapse in 10% to 25% of patients. 
It may also show posterobasilar hypokinesis in a thin-
walled ventricle and a slow relaxation phase with nor-
mal contraction characterizing the cardiomyopathy 
observed in DMD.248 However, echocardiography may 
not always reflect the ability of the diseased myocar-
dium to respond to perioperative stress. Stress echo-
cardiography using angiotensin to detect latent heart 
failure and to identify inducible contraction abnormali-
ties has been advocated.258

An estimated 30% of deaths in individuals with DMD 
are due to respiratory causes.259 Therefore careful pre-
operative pulmonary assessment is important. Webster 
demonstrated that the manual muscle strength test has 
a strong statistical correlation with all of the timed func-
tional tests. Peak expiratory flow was not only easy to 
perform but also statistically correlated with all timed 
functional tests.260 The correlation was not significant for 
VC or forced expiratory volume in 1 second (FEV1).

Intraoperatively, in terms of airway management, 
patients with DMD and BMD may have decreased laryn-
geal reflexes and prolonged gastric emptying time, which 
increases the risk for aspiration.261 Decreased ability to 
cough up the accumulation of oral secretions predisposes 
patients with muscular dystrophy to postoperative respi-
ratory tract infections.248 Masseter spasm is also a possi-
ble complication during induction of anesthesia in these 
patients.262 Preparedness for a difficult airway is necessary, 
especially in patients with potential airway problems.

Postoperatively, patients with DMD are at an increased 
risk for respiratory compromise.263 Retrospective reviews 
have indicated that the incidence of prolonged postoper-
ative ventilation (>36 hours) was greatest in patients with 
DMD who had a preoperative FVC of less than 40% of 
the predicted value.264,265 Preoperative pulmonary func-
tion studies are valuable in determining the postoperative 
course. Patients with a VC greater than 30% of the pre-
dicted value can usually be extubated immediately after 
surgery.248 Sleep apnea may also compound the condi-
tion and contribute to the development of pulmonary 
hypertension. Continuous positive airway pressure and 
bilevel positive airway pressure have been demonstrated 
to be effective in the management of postoperative respi-
ratory depression. Delayed pulmonary insufficiency may 
occur up to 36 hours postoperatively, despite the appar-
ent recovery of skeletal muscle strength.266

Reports have suggested a relationship between DMD or 
BMD and MH, but this association is not based on good 
rational grounds.267 Whereas the risk for an MH mutation 
in patients with DMD or BMD is similar to that of the 
general population, the incidence of MH-like anesthetic 
events has been reported to be 0.002 with DMD and 
0.00036 with BMD.268 Unexplained cardiac arrest262,269 
and acute heart failure270 have been reported in patients 
with DMD or BMD. Succinylcholine is contraindicated 
in these patients because of the potential for rhabdo-
myolysis and hyperkalemia as a result of their unstable 
sarcolemmal membrane. Succinylcholine-induced hyper-
kalemia during acute rhabdomyolysis is more likely to 
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result in cardiac arrest and unsuccessful resuscitation 
than is the potassium efflux resulting from the upregula-
tion of acetylcholine receptors in patients with burns.266 
An increase in both maximal effect and duration of action 
usually accompanies the use of nondepolarizing muscle 
relaxants.271 Narcotics can be used, but small incremental 
dosing and short-acting medications are recommended, 
given the respiratory depression associated with these 
medications. Recently, TIVA has become more popular272 
because of reports of inadvertent reactions to volatile 
anesthetics.248 However, consideration needs to be given 
to the myocardial status of the patient when propofol or 
barbiturates are used because they may lead to profound 
hypotension and reduced organ perfusion.248,273 Regional 
anesthesia may be used as an alternative to general anes-
thesia in that it avoids the risk of triggering agents and 
respiratory depression and enables the use of local anes-
thetics for postoperative analgesia. It may also facilitate 
postoperative chest physiotherapy.274

LIMB-GIRDLE MUSCULAR DYSTROPHY

Limb-girdle muscular dystrophy (LGMD) is a group of 
disorders with heterogeneous causes. To date, at least 18 
genes have been identified as being responsible for this 
disease, with 7 being autosomal dominant and 11 auto-
somal recessive.275 Mutations within the same gene may 
result in different phenotypes that sometimes are not con-
sistent with LGMD. Proximal muscle (shoulder or pelvic) 
girdle weakness is the characteristic feature of this group of 
diseases. Considering the significant genetic heterogene-
ity, clinical manifestations of the disease vary. Autosomal 
recessive forms are approximately 10 times more common 
than autosomal dominant forms. Fukutin-related protein 
(FKRP) and calpain 3 (CAPN3) gene mutations have been 
associated with LGMD. In addition, a number of other dis-
orders not strictly included under LGMD in this classifica-
tion may have LGMD-like phenotypes.275

ANESTHETIC CONSIDERATIONS

Sporadic cases of LGMD have been reported in the anesthe-
sia literature.276-278 General approaches to these patients 
are the same as for those patients with DMD or BMD.

MYOTONIC DYSTROPHY

Myotonic dystrophy (MD) is an inherited muscular dis-
order characterized by progressive muscle weakness and 
wasting. Two types of MD result from either a mutation in 
the dystrophia myotonica–protein kinase (DMPK) gene, 
located on chromosome 19q13.3 (MD type 1 [MD1], also 
known as Steinert disease); or CysCysHisCys (CCHC)-type 
zinc finger, nucleic acid–binding protein (CNBP) gene, 
located on chromosome 3q21 (MD type 2 [MD2]).279

The incidence of MD is 1 in 8000. MD1 is by far the most 
common of the two types and accounts for approximately 
98% of all cases. MD1 is caused by an expansion of a cyto-
sine-thymine-guanine (CTG) trinucleotide repeat in the 
DMPK gene and is inherited in an autosomal dominant 
manner.280 Typical signs and symptoms include muscle 
weakness and wasting (most prominent in the cranial 
and distal limb musculature), periodic myotonia, pro-
gressive myopathy, insulin resistance, defects in cardiac 
conduction, neuropsychiatric impairment, cataracts, tes-
ticular atrophy, and frontal balding in men. The typical 
cranial muscle weakness and wasting are exhibited not 
only in the facial, temporalis, masseter, and sternoclei-
domastoid muscles but also in the vocal cord apparatus. 
Mitral valve prolapse is found in 20% of patients.266 The 
severity of the disease is related to the number of extra 
trinucleotide repeats.86 Patients with MD1 may also have 
mildly elevated CK levels. Myotonic discharges can be 
identified on EMG, as well as an inability to relax from a 
handgrip. During pregnancy, the symptoms may be exac-
erbated. Uterine atony and retained placenta may also 
complicate vaginal delivery. First-degree atrioventricular 
heart block is a common finding on ECG before the onset 
of symptoms.266

MD2 is also called proximal myotonic myopathy. Intron 
1 of the CNBP gene contains a complex repeat motif, (TG)
n(TCTG)n(CCTG)n, and the expansion of the CTG repeat 
was determined as the cause of MD2. Patients with MD2 
suffer from myotonia (90% of those affected), muscle dys-
function (82% with weakness, pain, and stiffness), and, 
less commonly, cardiac conduction defects, iridescent 
posterior subcapsular cataracts, insulin-insensitive type 2 
diabetes mellitus, and testicular failure.281

No case report in the literature links MD to MH.282 
Lehmann-Horn and colleagues performed IVCT in 44 
patients with myotonias and periodic paralyses, which 
revealed 4 positive results, 10 equivocal results, and 30 
negative results.283

Anesthetic Considerations
General considerations for MD are similar to those for 
other muscular dystrophies. Mathieu and co-workers con-
ducted a retrospective study on the anesthetic and surgi-
cal complications of MD. The majority of complications 
were found to be pulmonary related and significantly 
more frequent in patients undergoing an upper abdomi-
nal surgical procedure and those with severe disability as 
assessed by the presence of proximal limb weakness.284 
The pulmonary complications of MD are the result of 
hypotonia, chronic aspiration, and central and periph-
eral hypoventilation.248 Smooth muscle atrophy, which 
leads to poor gastric motility, promotes aspiration when 
coupled with a diminished cough reflex.

Succinylcholine will produce contractions lasting for 
several minutes, thus making intubation and ventilation 
a challenge. These contractions are not antagonized by 
nondepolarizing muscle relaxants. Other agents, includ-
ing methohexital, etomidate, propofol, and even neostig-
mine, may also induce myotonic reactions. Short-acting 
nondepolarizing muscle relaxants or avoidance of relax-
ation is therefore advised.248 Triggering factors, such as 
hypothermia, shivering, and mechanical or electrical 
stimulation, may cause a myotonic reaction.285 The reac-
tion can be treated with phenytoin (4 to 6 mg/kg/day) or 
quinine (0.3 to 1.5 g/day).248 Furthermore, patients with 
MD can be extremely sensitive to anesthetic agents, with 
hypersomnolence and CO2 retention sometimes being 
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observed. Careful titration with relatively short-acting 
anesthetic agents may be beneficial. Close cardiac moni-
toring is required for patients with MD. Pacing equipment 
should be readily available because one third of those 
with first-degree atrioventricular blocks may not respond 
to atropine.248 All patients should be treated as though 
they have both cardiomyopathy and conduction defects.

MYOTONIA CONGENITA

Myotonia congenita (MC) is a congenital form of mus-
cular dystrophy characterized by uncontrolled temporary 
skeleton muscle excitability as a result of mutations in 
the muscle chloride channel gene (CLCN1). Two forms 
of MC have been described—one with autosomal domi-
nant and the other with recessive inheritance. Type 1 is 
also known as Thomsen disease, and type 2 is also known 
as Becker myotonia. A forceful muscle contraction, par-
ticularly after rest for at least 10 minutes, usually initi-
ates the myotonia in patients with MC. The myotonic 
muscle stiffness then becomes increasingly obvious after 
a second and third short but forceful contraction. Further 
contractions usually dampen the myotonia.286

Thomsen disease was the first myotonic disease to be 
described. Patients may have a hypertrophic and athletic 
appearance. The sign of percussion myotonia is described 
as an indenting-appearing myotonia triggered by tapping 
the muscle. Lid lag is common and muscle stretch reflexes 
are normal.286 Myotonia symptoms in Becker myotonia 
usually start at 10 to 14 years of age or even later and are 
more severe than those of Thomsen disease. Becker myo-
tonia may be associated with severe generalized stiffness, 
resulting in falling. It can be frequently misdiagnosed 
as epilepsy. Antiepileptic medications do improve the 
symptoms, however.286

Anesthetic Considerations
As with many muscle diseases, reports suggest that 
patients with MC are predisposed to MH, but, as is the 
case for almost all of them, no data exist that support this 
hypothesis.287-289 However, depolarizing muscle relaxant 
can lead to severe masseter spasm in patients with MC. 
Generalized spasm involving the respiratory and skel-
etal muscles has been reported.287 The findings resemble 
those of MH; therefore dantrolene is sometimes admin-
istered.286 Because dantrolene is an inhibitor of calcium 
release from the SR, it can usually abolish the myotonia 
effectively.287,288 Some believe that local anesthetics and 
class Ib antiarrhythmic drugs such as lidocaine should be 
used for myotonic reactions rather than dantrolene.290 
Because shivering in the surgical unit can trigger the 
myotonic reaction, patients with MC should be kept nor-
mothermic during surgery.286

MYOTUBULAR MYOPATHY

Myotubular myopathy (MTM) is pathologically defined 
by the presence of centrally placed nuclei in the major-
ity of extrafusal muscle fibers, an appearance resembling 
fetal myotubes during normal muscle development. 
Consequently, MTM is also called centronuclear myopa-
thy (CNM).291 However, MTM now mostly refers to the 
X-linked form of the disease, whereas CNM is used for the 
autosomal form.291

MTM and CNM are rare. The estimated incidence of 
MTM is 1 in 50,000 male newborns.291 MTM has been 
linked to the myotubularin (MTM1) gene on Xq28. Preg-
nancy is often complicated by polyhydramnios and 
reduced fetal movements. Affected male infants typically 
have severe floppiness and weakness and respiratory dis-
tress at birth. Cardiac muscles are not generally involved. 
The patient usually has a normal response to pain, but 
tendon reflexes are absent. The long-term prognosis 
for MTM is extremely poor.291 In patients who survive 
the first year of life, most are either completely or par-
tially ventilator dependent.292 These patients often have 
abnormal liver function.292 Both autosomal recessive 
and autosomal dominant forms have been observed in 
patients with CNM. Its clinical features include respira-
tory distress, hypotonia, bulbar weakness, ophthalmople-
gia, ptosis, and facial diplegia. Although the exact genetic 
mechanism is not fully understood, the MTM1, myotubu-
larin-related protein (MTMR2), and myotubularin-related 
phosphatase (MTMR3) genes have been implicated.291 
Pathologically, MTM and CNM share a similar, charac-
teristic histologic feature: predominantly type 1 fibers 
with centrally placed nuclei are observed on hematoxy-
lin-eosin staining of formalin-fixed, paraffin-embedded 
tissue.291

Anesthetic Considerations
Reports of anesthesia for patients with MTM are 
sparse.293-298 Nontriggering general anesthesia has been 
used because of the unfounded concern of possible sus-
ceptibility to MH. Agents such as propofol, fentanyl, 
remifentanil, and nitrous oxide have been successfully 
used without adverse effects.293-298 The possibility of a 
prolonged effect of nondepolarizing muscle relaxants 
has been suggested with mechanomyography.293-298 
However, in reality, intubation of such patients may not 
require any muscle relaxant because of their hypotonic 
state. Costi and van der Walt suspected that the defect in 
MTM is distal to the neuromuscular junction,294 whereas 
Dorchies and co-workers suggested that muscle in MTM 
might be intrinsically normal, with myotubularin-defi-
cient motor neurons involved in the development of the 
disease.299

METABOLIC MYOPATHIES

Two major energy sources for muscle exist: glycogen and 
fatty acid. Glycogen serves as a dynamic but limited res-
ervoir of glucose that is mainly stored in skeletal muscle 
and liver. Glycogen storage disorders (GSDs) are a group 
of metabolism disorders caused by enzyme deficiency 
or dysfunction. They reduce effective glucose storage by 
interfering with normal glycogen synthesis and degrada-
tion. Synthetic errors cause decreased normal glycogen, 
whereas degradation errors tend to block the breakdown 
of glycogen. Subsequently, hypoglycemia and accumu-
lation of glycogen in tissues could occur as a result of 
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substrate use. More than 12 types of GSD are assigned 
Roman numerals, based on the enzyme deficiencies. 
Types I and II are discussed in the following text.

GLYCOGEN STORAGE DISEASE TYPE I

The incidence of GSD type 1 (GSD I) is approximately 
1 in 100,000 live newborns.300 The incidence in non-
Ashkenazi Jews from North Africa may be as high as 1 in 
5420 people.300 The defective enzyme causing the disease 
is glucose-6-phosphatase, which is the enzyme that con-
verts glucose 6-phosphate (G6P) to glucose in the liver. 
GSD type Ia (von Gierke disease) is due to a deficiency in 
G6P hydrolase (catalytic subunit) activity and accounts 
for more than 80% of cases. GSD types Ib (G6P trans-
porter deficiency), Ic, and Id represent allelic defects in 
the translocase associated with G6P. Their inheritance is 
autosomal recessive. The G6P gene (G6PC) encoding the 
hydrolase resides at 17q21, with the gene encoding G6P 
translocase (G6PT) located at 11q23. Mutations respon-
sible for GSD I have been described in patients with both 
types Ia and Ib.300

Impaired glycogenolysis results in an accumulation of 
glycogen and G6P in the liver, kidney, intestine, skeletal 
muscle, and heart, producing hepatomegaly, renomegaly, 
proximal tubular dysfunction, and diarrhea.301 Fasting 
hypoglycemia is the initial manifestation of the disease. 
As a result, both up-regulation of the synthesis and trans-
port of counter-regulatory hormones, such as glucagon, 
cortisol, catecholamines, and growth hormone, become 
obvious and lead to the release of pyruvate, lactate, and 
free fatty acid. Lipid deposition in lean tissues such as the 
liver, skeletal muscle, cardiac muscle, and pancreas results 
in lipotoxicity and organ failure, including pulmonary 
hypertension, steatohepatitis, end-stage renal disease, 
insulin resistance, cardiac contractile dysfunction, and 
pancreatic beta cell failure.300 For GSD Ib disease, specific 
problems such as neutropenia and neutrophil dysfunc-
tion are prominent. Patients may have recurrent infec-
tions and inflammatory bowel disease.302

Anesthetic Considerations
Anesthesia case reports for patients with GSD I are 
rare.303,304 Patients with GSD I diseases should be given IV 
glucose-containing fluid preoperatively when they have 
fasted. Lactate-containing solutions should be avoided 
because these patients are not able to convert the lactic 
acid to glycogen.248 Patients need to be monitored fre-
quently to avoid hypoglycemia.

GLYCOGEN STORAGE DISEASE TYPE II 
(ACID MALTASE DEFICIENCY)

The incidence of acid maltase deficiency (AMD) is esti-
mated to be 1 in every 14,000 to 40,000 births. Its inheri-
tance is autosomal recessive with a few exceptions.305,306 
Mutations of the acid maltase gene on chromosome 
17q25 cause deficiency of lysosomal acid maltase (acid 
α-1,4-glucosidase).306 Cases of AMD have been arbitrarily 
classified into three groups—infantile, childhood, and 
adult—according to the age at onset or death, rate of pro-
gression, and tissue-organ involvement.306
Acid maltase is a lysosomal enzyme that catalyzes the 
one-way hydrogenation of glycogen to G6P and is found 
in all tissues, including skeletal and cardiac muscle.307 
Consequently, glycogen accumulates within the muscle 
tissues of patients who are maltase deficient. Infantile 
AMD, also known as Pompe disease, is usually evident 
within the first few months of life as rapidly progres-
sive weakness and hypotonia and an enlargement of the 
tongue, heart, and liver. Massive amounts of glycogen 
(8% to 15% of the wet weight of the tissue) accumulate 
in the heart, liver, and skeletal muscle, with relatively 
smaller deposits in smooth muscle, eyes, kidneys, endo-
thelial cells, lymphocytes, brain, and spinal cord. Accu-
mulation of glycogen in cardiac muscle leads to cardiac 
failure in the infantile form.306 Echocardiography dem-
onstrates significant thickening of the interventricular 
septum and posterior left ventricular wall, left ventricu-
lar outflow obstruction, and trabecular hypertrophy.306 
Ventricular wall thickness may be increased to up to 
25 mm.308 Wolff-Parkinson-White syndrome has been 
reported.309 The signs and symptoms of infantile AMD 
may resemble those of DMD. Death usually results from 
cardiorespiratory decompensation within several years of 
disease progression.310

Childhood AMD occurs in infancy to early child-
hood and exhibits clinical signs of myopathy. Respi-
ratory muscles tend to be selectively affected. Calf 
enlargement can also occur. The disease progresses rela-
tively slowly in this form, with a few patients surviv-
ing beyond the second decade of life.306 Tongue, heart, 
and liver enlargement infrequently occur.311 However, 
involvement of vascular smooth muscle is more severe 
than in the infantile form. Extensive glycogen deposi-
tion in the arterial wall, causing basilar aneurysms, has 
been reported.311

Adult AMD usually occurs after age 20 years and is 
characterized by slow progressive myopathy or symptoms 
of respiratory failure.306 The weakness in proximal mus-
cles is more prominent than the weakness in distal mus-
cles. One third of adult patients with AMD suffer from 
respiratory failure with a restrictive pattern. Weakness in 
the diaphragm causes extensive atelectasis. VC may be 
significantly reduced.306

Anesthetic Considerations
Anesthesia reports in patients with AMD are rare.312-315 
Isolated intraoperative cardiac arrest during halothane 
anesthesia in infantile AMD has been documented.315 
Despite the problem noted with halothane, both enflu-
rane313 and sevoflurane314 have been used without com-
plications. Theoretically, TIVA with propofol may cause 
a reduction in afterload, leading to an increased risk for 
myocardial ischemia. This complication may become sig-
nificant when the patient develops tachycardia.314

Subendocardial ischemia may occur in patients with 
a thickened ventricular wall and result in higher left 
ventricular end-diastolic pressure at lower ventricular 
volume.314,316 Close cardiac monitoring is therefore nec-
essary. A central venous or pulmonary artery catheter is 
not essential in patients who are normovolemic with-
out preexisting heart failure.314 Adequate filling pres-
sure and normal-to-high systemic vascular resistance 
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(SVR) are required to ensure effective coronary perfu-
sion.314 Ketamine has been successfully used in a num-
ber of patients because of its ability to maintain SVR 
and contractility. Respiratory failure and muscle weak-
ness are the other concerns for anesthesiologists. A 
spectrum of uses of muscle relaxants from none313 to 
atracurium312 or rocuronium314 has been attempted. 
Low-dose rocuronium, 0.5 mg/kg, with close monitor-
ing of neuromuscular function and the adequate use of 
reversal agents, has been sufficient to prevent prolonged 
postoperative weakness.314 Depolarizing agents should 
be avoided because of the potential risk of hyperkalemia 
and rhabdomyolysis.314,315

MITOCHONDRIAL MYOPATHIES

Mitochondrial diseases refer to defects in the five main 
steps of mitochondrial metabolism: (1) substrate trans-
port, (2) substrate utilization, (3) the Krebs cycle, (4) the 
electron transport chain, and (5) oxidation-phosphoryla-
tion coupling.317 However, the term mitochondrial myopa-
thy has been reserved for disorders caused by defects in 
the respiratory chain.317 The respiratory chain is made up 
of five multimeric complexes (I to V) embedded in the 
inner mitochondrial membrane, plus two small mobile 
electron carriers, coenzyme Q10 (CoQ10) and cytochrome 
c, for a total of more than 80 proteins,317 among which 
13 are encoded by mitochondrial DNA (mtDNA) and 
all others by nuclear DNA (nDNA). mtDNA is different 
from nDNA in several aspects: (1) mtDNA is circular and 
contains no intron, (2) it has larger numbers of copies 
than nDNA and a much higher spontaneous mutation 
rate, and (3) its inheritance is maternal. Diagnosis of 
mitochondrial diseases is difficult because of their clinical 
heterogeneity.

Primary mtDNA mutations may include point muta-
tions in polypeptide, transfer RNA (tRNA), or ribosomal 
RNA (rRNA) encoding regions and large-scale rearrange-
ments, duplications, or deletions.318 Some of the common 
conditions caused by point mutations include myoclonic 
epilepsy with ragged-red fibers (MERRF); mitochondrial 
encephalopathy, lactic acidosis, and strokelike episodes 
(MELAS); neuropathy, ataxia, and retinitis pigmentosa 
(NARP); maternally inherited Leigh disease; and Leber 
hereditary optic neuropathy (LHON).317 Sporadic large-
scale mutations may lead to Kearns-Sayre syndrome, 
progressive external ophthalmoplegia, and Pearson syn-
drome.317 nDNA mutations can cause deficiencies in 
complexes I to IV and in CoQ10 of the electron transport 
chain.317

Mitochondrial myopathy is estimated to have an inci-
dence of 1 in 4000.319 Among all the mitochondrial func-
tions, abnormalities in electron transport and oxidative 
phosphorylation are the most common causes of mito-
chondrial myopathies.320 Proximal muscle weakness with 
increased lactic acid and positive muscle biopsy for mito-
chondrial cytopathy characterize mitochondrial myopa-
thies.321 The hallmark of mitochondrial myopathies is 
the ragged-red fiber when muscle biopsy specimens are 
stained with modified Gomori trichrome stain,322 and 
specific defects in the activity of these enzymes have been 
demonstrated in patients with mitochondrial disease.323 
Fatigue and poor stamina are prominent clinical features. 
Movement disorders such as ataxia, dystonia, myoclonus, 
chorea, athetosis, and tremors have also been described as 
being the result of mitochondrial abnormalities.323

Anesthetic Considerations
PreoPerative evaluation. Considering the heteroge-
neous types of mitochondrial disease, patients with mito-
chondrial disease need a comprehensive preoperative 
evaluation with a particular focus on neurologic, cardiac, 
respiratory, musculoskeletal, endocrinopathic, and meta-
bolic compromise (see also Chapters 38 and 39). An ECG 
and echocardiogram should be considered in patients 
with signs and symptoms of cardiomyopathy or con-
duction defects (or both). Although normal lactate and 
glucose levels cannot rule out mitochondrial diseases, 
laboratory studies consisting of glucose, electrolytes with 
anion gap, complete blood count, blood urea nitrogen, 
lactate, pyruvate, ammonia, CK, biotinidase, acylcar-
nitines, and blood and urine amino and organic acids 
could be used as initial investigation for suspected mito-
chondrial disorders.324 Further workup should include an 
erythrocyte sedimentation rate, glycosylated hemoglobin 
(HbA1C), liver and renal profiles, thyroid function tests, 
arterial blood gas, and urinanalysis.319,323 Multidisci-
plinary consultation with special laboratory and imaging 
studies may be required.323

induction and Maintenance of anesthesia. Anesthesia 
has a significant impact on mitochondrial function. Both 
barbiturates and propofol inhibit complex I of the electron 
transport chain.324 Local anesthetics have been demon-
strated to disrupt oxidative phosphorylation and decrease 
the bioenergetic capacity of mitochondria.324 Sensitivity 
to IV barbiturates and etomidate has been reported.325,326 
However, midazolam,327 thiopental,328 propofol,329,330 
remifentanil,331 and ketamine330 have all been safely used. 
Premedication should avoid respiratory depression caused 
by impaired respiratory responses to hypoxemia. Volatile 
agents such as halothane, isoflurane, and sevoflurane have 
been shown to inhibit complex I.324 This direct inhibi-
tion of mitochondrial electron transport system enzymes 
and altered mitochondrial bioenergetics in the heart were 
thought to be the mechanism of cardiac preconditioning 
by volatile anesthetics.332,333 Inhaled sevoflurane has been 
widely used for induction because of its low pungency.321 
In some cases, halothane327 and isoflurane327,334 have also 
been used. Isoflurane has been recommended as the agent 
of choice in patients with Kearns-Sayre syndrome because 
rhythm disturbances have been reported with halothane 
in such patients.327,334 In addition, artificial pacing capa-
bility is recommended when dealing with this specific 
subset of patients.321 With use of the bispectral index, 
higher sensitivity to volatile agents has been suggested in 
children with mitochondrial diseases, especially with dys-
function of complex I.335 However, its methodology has 
been criticized.336 A decreased minimum alveolar concen-
tration of halothane in patients with mental retardation 
has also been reported.337

Despite no real evidence and the fact that volatile 
anesthetics are frequently the anesthetic of choice when 
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muscle relaxants are considered, several studies have 
expressed concern that these myopathies are associated 
with increased sensitivity to MH. No data support this 
conclusion. Increased sensitivity to nondepolarizing mus-
cle relaxants has been documented for mivacurium,338 
atracurium,339 and rocuronium.339,340 In contrast, nor-
mal responses to depolarizing and nondepolarizing 
neuromuscular blocking drugs such as pancuronium,341 
vecuronium,342 and atracurium329,343 are also reported. 
Although muscle relaxants are not absolutely contrain-
dicated, based on current literature, administering depo-
larizing or nondepolarizing neuromuscular blockers with 
caution to patients with mitochondrial diseases and using 
neuromuscular monitoring are both necessary.319

Nonsteroidal antiinflammatory drugs321 and regional 
techniques consisting of local,321,344 spinal,345 and epi-
dural administration have been reported. However, it is 
suggested that regional anesthesia be performed when 
neurologic abnormalities of the spinal cord and periph-
eral nerves have definitely been ruled out.345 Importantly, 
coagulation function should be assessed because of the 
possibility of hepatic dysfunction.321

Opioids should be used with caution because of the 
increased risk for respiratory depression and their poten-
tial to induce respiratory acidosis in addition to the 
underlying metabolic acidosis.321 Because patients with 
mitochondrial diseases have dysfunctional aerobic metab-
olism, any increase in the basic metabolic rate should be 
prevented.323 Shivering, hypoxia, fasting, and hypoten-
sion in such patients may exacerbate the lactic acidosis 
and should therefore be avoided.346 Finally, the increased 
postoperative infection rate in patients with mitochon-
drial diseases may be due to reductions in hepatic mito-
chondrial activity, phagocytosis by Kupffer cells, and 
activity of the reticuloendothelial system.347

MYASTHENIA GRAVIS

Myasthenia gravis (MG) is an autoimmune disorder of 
the neuromuscular junction. Autoantibodies against the 
α-subunit of the muscle-type nAChR destroy acetylcho-
line receptors of the neuromuscular junction and cause 
classic transmission failure with muscle weakness and 
fatigue. Sparing of other α-subunits of neuronal-type 
nAChRs provides an explanation for the lack of auto-
nomic or CNS involvement of the disease. The incidence 
of MG varies between geographic regions, being 1.2 per 
million in Japan and approximately 14 per 100,000 in 
some areas of the United States.348,349 In younger age 
groups, females are affected more often than males, 
whereas in older adult age groups (>60 years), men are 
more frequently affected.

The association between MG and hyperplasia of the 
thymus is striking, with more than 70% of patients with 
MG having thymus hyperplasia and 10% having thymo-
mas.349 MG may also be observed as a part of a paraneo-
plastic syndrome.349

Typically, patients first report bulbar symptoms consist-
ing of diplopia and ptosis. The bulbar symptoms are often 
followed by unevenly distributed muscle weakness and 
fatigue of the extremities and face. Speech and chewing 
may be affected, as well as pharyngeal function and coor-
dination of swallowing, with a subsequent increased fre-
quency of aspiration of oral contents. The muscle weakness 
is often exacerbated during exercise and throughout the 
course of the day. Apart from the patchy distribution of 
muscle weakness, symptoms may also vary from day to day, 
and periods of remission of varying duration may occur.

The diagnosis of MG is made by neurologic examina-
tion and testing of the tendency to fatigue and the ten-
dency to exhibit increased weakness during exercise or 
repeated contractions. The diagnosis can be confirmed 
by the Tensilon test (administration of an anticholines-
terase, edrophonium). Improvement is usually observed 
within 5 minutes after administering the drug and lasts 
for approximately 10 minutes. In addition, electrophysi-
ologic evaluation is often performed and shows a clas-
sic decrement in the compound muscle action potential 
after repetitive nerve stimulation.

Anesthetic Considerations
Ideally, careful neurologic consultation in addition 
to preoperative evaluation should be performed on 
patients with MG with the goal of optimizing drug ther-
apy and preparing for postoperative care. Pulmonary 
function tests may be indicated to determine the need 
for postoperative mechanical ventilation.338 As a general 
rule, patients should keep taking their anticholinester-
ase medication and be informed about the possibility of 
postoperative ventilator support. Succinylcholine can be 
used if needed for rapid tracheal intubation. However, 
patients with MG might need larger than normal doses 
(1.5 to 2.0 mg/kg body weight) because of the decreased 
number of functional acetylcholine receptors.350 On the 
other hand, as a result of the decrease in cholinesterase 
activity achieved by anticholinesterase treatment, neu-
romuscular blocks with succinylcholine or mivacurium 
are frequently prolonged.351,352 Nondepolarizing neu-
romuscular blockers can be used in patients with MG 
but should be administered with caution because their 
effects are highly unpredictable and the distribution of 
muscle weakness is often uneven. Consequently, moni-
toring of neuromuscular function with a peripheral 
nerve stimulator is not always reliable in patients with 
MG, and dosing of any nondepolarizing muscle relaxant 
should be increased in small increments corresponding 
to 0.1 to 0.2 times the 95% effective dose (ED95) until 
the desired neuromuscular blocking effect is achieved. 
Perioperative anticholinesterase treatment will modify 
the response to cholinesterase inhibitors because of the 
already existing acetylcholinesterase block, and recovery 
of neuromuscular function after the administration of 
a reversal agent has been reported to be prolonged in 
some patients.353 Recently, multiple case reports recom-
mend an alternative approach for the complete reversal 
of residual vecuronium or rocuronium neuromuscular 
block in patients with MG with the use of sugammadex 
in appropriate dosages.

Potent volatile anesthetics have been successfully used 
in patients with MG. Because of the impaired margin of 
safety at the neuromuscular junction, a volatile anesthetic 
usually provides adequate muscular paralysis to allow 
most surgical procedures to be performed without the 
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need for a neuromuscular blocking agent. Epidural and 
spinal anesthesia can be used in patients with MG, pro-
vided that muscle function and ventilation are carefully 
monitored perioperatively, similar to general anesthesia. 
(Baraka354 and Abel and Eisenkraft355 offer a more detailed 
review [see “References” at the end of this chapter].)

EATON-LAMBERT MYASTHENIC 
SYNDROME

Eaton-Lambert myasthenic syndrome (ELMS) is an 
immune-mediated channelopathy caused by a decreased 
release of acetylcholine as a result of autoantibodies 
against presynaptic voltage-gated calcium channels and 
other presynaptic elements.356 Patients with ELMS have 
muscle weakness and fatigability, generally of the proxi-
mal limb muscles, with the lower extremities affected 
more often than the extraocular and bulbar muscle groups. 
The syndrome is frequently part of a paraneoplastic phe-
nomenon, usually associated with small cell lung carci-
noma. Unlike MG, patients with ELMS are usually worse 
in the morning with gradual improvement throughout 
the day. Improvement of muscle function with exercise 
is due to the accumulation of presynaptic calcium and 
the subsequent improved release of acetylcholine.357 A 
minority of patients exhibit autonomic dysfunction. The 
diagnosis of ELMS is made by careful physical examina-
tion, combined with clinical electrophysiologic testing 
showing the typical facilitation of motor action poten-
tial with high-frequency nerve stimulation (30 Hz to 
50 Hz). Anticholinesterase treatment has little effect on 
patients with ELMS. Plasmapheresis, immunoglobulin 
therapy, and 3,4-diaminopyridine (DAP) result in tran-
sient improvement.

Anesthetic Considerations
As in patients with MG, those with ELMS should be care-
fully evaluated for the risk of postoperative respiratory 
failure and the need for prolonged respiratory monitor-
ing in the postoperative period. Sensitivity to depolariz-
ing and nondepolarizing neuromuscular blocking agents 
is usually increased. In patients treated with DAP or an 
anticholinesterase agent, reversal of a neuromuscular 
blockade may be ineffective.

PERIODIC PARALYSIS (HYPERKALEMIC, 
HYPOKALEMIC, AND NORMOKALEMIC)

Tyler and associates first described hyperkalemic periodic 
paralysis (HyperPP) as an autosomal dominant disorder 
in 1951.286 Attacks of flaccid weakness associated with 
increased serum potassium characterize HyperPP.358 A 
potassium-rich meal or rest after strenuous exercise may 
precipitate an attack. Stressful situations may also pro-
voke the onset of paralysis. The paralysis may last for 15 
minutes to 1 hour, with decreased tendon reflexes. In the 
interictal state, HyperPP is usually associated with mild 
myotonia that does not impede voluntary movements.286

The pathogenetic development of HyperPP involves 
mutations in SCN4A encoding the voltage-gated sodium 
channel NaV1.4 of mature muscle fibers. Such muta-
tions lead to pathologically increased sodium current 
and an increased tendency of the muscle fiber to become 
depolarized.286,358 Simultaneous efflux of potassium and 
hyperkalemia accompany the influx of sodium into the 
muscle. Mutant channels exhibit sustained sodium cur-
rents that lead to prolonged membrane depolarization, 
causing myotonia, followed by membrane desensitization 
(or inactivation) and resulting in paralysis. In patients 
with HyperPP, serum CK can be elevated, sometimes 5 to 
10 times above the normal limit, whereas serum sodium 
and potassium levels are normal in the interictal state.286 
Recent studies consider normokalemic periodic paralysis 
as a variant of the HyperPP, not a distinct disease, because 
all participants exhibited clinical and laboratory features 
of the HyperPP.359-361

A decrease in potassium levels in blood character-
izes hypokalemic periodic paralysis (HypoPP). Rigorous 
exercise, stress, high-carbohydrate or high-salt meals, 
pregnancy, menstruation, hypothermia, or drugs such 
as insulin can trigger attacks of HypoPP.362,363 EMG does 
not usually show myotonia.358 The severity of attacks 
is usually greater than those occurring in patients with 
HyperPP. HypoPP is an autosomal dominant disease with 
a higher penetration in males. The disease is due to a loss 
of function of one of the two different ion channel types: 
CaV1.1 and NaV1.4.358 The most common muscle groups 
affected are those in the arms and legs; however, the dis-
order can also affect swallowing and respiratory muscles, 
which can be fatal in severe cases.364 The diagnosis of 
HypoPP is made by laboratory testing demonstrating 
hypokalemia during attacks and normokalemia between 
attacks. Mutations in the skeletal muscle voltage-gated 
calcium channel encoded by CACNA1S (HypoPP type 1) 
and SCN4A (HypoPP type 2) have been identified.282 The-
oretical association of HypoPP to MH was made because 
a few patients with MH were known to have mutations 
in the CACNA1S.282 However, the risk of susceptibility 
of patients with HypoPP to MH is generally accepted to 
be similar to that of the general population. The exact 
mechanisms leading to hypokalemic paralysis, however, 
remain unclear.

Anesthetic Considerations
Potassium, cholinesterase inhibitors, and depolarizing 
muscle relaxants will aggravate the myotonia in patients 
with HyperPP.286 Prolonged muscle weakness has been 
reported when succinylcholine is used.365 Although one 
third of patients had no signs of myotonia,366 masseter 
spasm and respiratory and skeletal muscle stiffness could 
still occur during intubation and ventilation.286 Therefore 
neostigmine and succinylcholine should be contraindi-
cated in patients with HyperPP. Ideally, all patients with 
HyperPP need to be admitted preoperatively to ensure that 
proper preoperative fasting is accompanied by the admin-
istration of dextrose-containing potassium-free mainte-
nance fluid.367 Postoperatively, patients with HyperPP 
may remain paralyzed for up to several hours. Preventive 
measures such as maintaining normal body temperature 
and low serum potassium levels and avoiding hypogly-
cemia are helpful in limiting such paralysis.368 Although 
patients with a pathologic sodium channel response have 
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often been considered to be MHS, an increased risk for 
MH in these patients is not supported.283 General anes-
thesia with and without nondepolarizing neuromuscu-
lar blocking drugs has been shown to have satisfactory 
outcomes.365,367-370 Regional techniques may also be 
appropriate for this patient group.366,369,370 Abortion 
of the hyperkalemic attack may be accomplished by 
administering glucose, insulin, epinephrine, and calcium 
supplements, or, alternatively, glucagon may be used. 
β-Adrenergic treatment with metaproterenol has also 
been shown to prevent attacks and facilitate recovery.367

Management of patients with HypoPP should focus 
on avoiding triggers and medications that cause a shift 
of potassium. General anesthesia, postoperative stress, 
glucose-containing IV solutions, and long-acting neu-
romuscular blockers are associated with postoperative 
paralytic events.362 Epidural analgesia has been shown 
to reduce both pain-related hyperventilation and serum 
catecholamines, thereby minimizing changes in serum 
potassium levels.362 The sympathomimetic effect of epi-
nephrine-containing local anesthetics may also precipi-
tate hypokalemia.362

SUMMARY

MH is a subclinical myopathy featuring an eerie and 
erratic metabolic mayhem that is unmasked on expo-
sure to potent volatile anesthetics or succinylcholine. 
Skeletal muscle acutely and unexpectedly increases its 
sarcoplasmic Ca2+ concentration, thereby leading to 
increased O2 consumption and lactate production and 
resulting in greater heat production, respiratory and 
metabolic acidosis, muscle rigidity, sympathetic stimu-
lation, and increased cellular permeability. MHS skeletal 
muscle differs from normal muscle in that it is always 
closer to loss of control of Ca2+ concentration within 
the muscle fiber, and it can involve a generalized altera-
tion in cellular or subcellular membrane permeability. 
This EC coupling defect is the result of an alteration in 
protein-protein interaction in the CRU. It is a homozy-
gous, single-point mutation of RYR1 in swine and a het-
erozygous disorder in humans, in whom a modification 
of RYR1 protein function may also occur by interacting 
structures, membranes, or enzymes. Diagnosis rests on 
the acute awareness of the signs and symptoms of this 
syndrome, of which hyperthermia is a late sign. Specific 
treatment is the administration of dantrolene to lower 
intracellular muscle Ca2+ levels; symptomatic treatment 
consists of the reversal of the acid-base and temperature 
changes. Analysis of drug-induced muscle contractures 
(by European IVCT and North American CHCT protocols) 
and genetic testing of DNA samples are used to evaluate 
affected families. General or regional anesthesia is safe for 
patients susceptible to MH, provided that care is taken 
to specially prepare the anesthesia machine and to avoid 
all potent volatile anesthetics and succinylcholine if a 
general anesthesia technique is chosen. Research on MH 
has yielded insight into the physiologic progression of 
metabolism and into the molecular biologic makeup of 
genetic muscle disorders. Remaining challenges include 
the identification of all genetic mutations responsible 
for human MH, the elucidation of the mechanism that 
links exposure to subsequent loss of control of Ca2+, the 
development of noninvasive and nondestructive testing 
for susceptibility, and the determination of the mode of 
action of dantrolene.
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 •  Accuracy and precision are different. Accuracy is how close a value is to the true 
value. Precision is how repeatable the measurements are. An inaccurate but precise 
monitor can be recalibrated to be accurate, but an imprecise monitor cannot be 
improved.

 •  Filtering can improve the signal display, but it can also result in smoothing and a 
loss of information.

 •  A signal can be extracted from noise by repeated measurements, because the 
noise is random over time but the signal is not.

 •  Electrical signals can be converted from analog to digital. Conversion can 
introduce some artifacts but can allow for greater storage and analysis capabilities.

 •  Invasive pressure monitors are affected by damping and resonance. Damping 
leads to distortion, signal loss, and lowering of peak values. Resonance can lead to 
amplification and overestimation of the peak value.

 •  Pulse oximetry combines analysis of optical plethysmography and absorption 
analysis with empirical data to produce an estimate of arterial oxygen saturation 
(Sao2).

 •  Wavelength and frequency are related to the speed of the wave by the following 
formula: speed = wavelength × frequency. Shorter wavelengths improve the 
resolution of both light and ultrasound measurements.

 •  Flow measurements are one of the most difficult to obtain and usually involve 
indirect measures. (For example, a temperature change or pressure drop is 
measured and a flow value is derived. A small error in the initial measurement 
leads to a much larger error in the derived flow value.)
WHY FUNDAMENTAL PRINCIPLES ARE 
IMPORTANT

Patient monitoring has been a key aspect of anesthesiol-
ogy since its beginnings as a medical specialty. As anes-
thesiology has grown more sophisticated and complex, so 
have the monitors and the data that they produce. The 
anesthesiologist’s senses of sight, hearing, and touch, at 
first expanded with the stethoscope, sphygmomanom-
eter, and electrocardiograph, are now supplemented by 
the pulse oximeter, expired gas analyzer, evoked poten-
tial monitor, and transesophageal echocardiography. The 
complexity of some of these devices can be intimidating, 
but they are an important part of clinical responsibility. 
Anesthesiologists must be able to understand and interpret 
the data from monitors but also anticipate and recognize 
errors associated with their use. Understanding how these 
devices work is a vital part of our necessary knowledge.
First, the scientific principles underlying the design 
and function of the most commonly used monitors are 
described. Some concepts of basic physics are followed 
by more detailed descriptions of the principles and their 
monitoring applications. The text and figures explain 
these principles predominantly in a qualitative man-
ner. For those desiring a more quantitative explanation, 
the relevant physics and equations are provided in the 
appendixes at the end of this chapter.

BASIC PRINCIPLES

NATURE OF PHYSICS AND MEASUREMENT

Physics is the science of matter and energy and the inter-
actions between the two; that is, physics is the study of 
everything in the physical universe. Physics encompasses 
1315
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everything from the motions and inner workings of the 
atom to those of galaxies. Physics is quantitative, and 
mathematics is the language of physics. In fact, Isaac 
Newton and Gottfried Leibnitz invented the calculus as a 
mathematical tool for expressing and studying the laws of 
physics. Monitors are also quantitative. Before the com-
plexity of modern anesthetic monitors can be discussed 
and understood, we must quantitatively define what they 
are attempting to measure, as well as understand the limi-
tations of measurement.

Anesthesiologists measure and monitor mass and 
energy: how much of a substance is present and in what 
energy state does it exist. Much of what we desire to 
monitor is outside the range of human physical senses. 
Therefore, we must make measurements in this insen-
sible realm with devices that enhance or extend our 
senses. Just as the senses have limitations and can be 
“fooled” under certain circumstances (Fig. 44-1), the 
design of physiologic monitors is limited and can also 
be fooled under some conditions. Intelligent users 
of these devices must understand their basic design 
assumptions to predict when they are likely to produce 
erroneous data.

ACCURACY AND PRECISION  
OF MEASUREMENTS

All measurements have errors. Comparing a measure-
ment with the gold standard of that measure usually 
determines an error. Unfortunately, all measurements, 
even the so-called gold standards are subject to errors 
with respect to reproducibility. From a clinician’s per-
spective, a physiologic measurement must be accurate 
to the degree required for clinical decision making. For 

Which circle is larger?

Which line is longer?

Figure 44-1. Optical illusions. We perceive the circles to be different 
sizes because we infer the size by relative dimension. The closeness 
of the smaller circles makes the inner circle appear smaller, and vice 
versa. The lines appear to be different sizes because we use straight-
line perspective to estimate size and distance. This illusion report-
edly does not work in cultures in which straight lines are not used. 
Therefore our internal perceptions lead us to err in estimating size and 
length. In the same way, the internal programming of our monitors 
can lead us to misinterpret results.
example, arterial blood pressure can be measured in sev-
eral ways, ranging from listening to Korotkoff sounds 
by the use of a sphygmomanometer cuff and stetho-
scope to continuous measurement via an intraarterial 
cannula. Unfortunately, each of these techniques pro-
vides slightly different arterial blood pressure values and 
different sources of error. The choice of method may 
be determined by accuracy or by the need for the fre-
quency of the data and the ease of retrieving these data. 
An automatic oscillometric device is usually chosen over 
manual auscultatory measurements for ease of acquisi-
tion and reproducibility. Two people taking auscultatory 
blood pressure measurements may hear the Korotkoff 
sounds at slightly different points and record differ-
ent arterial blood pressures. The smallest change in the 
measured variable that could affect a clinical decision 
determines the required accuracy of a clinical monitor. 
The requirements for absolute accuracy (Is the measured 
value correct?) may be different from the requirements 
for relative accuracy (Does the measured value follow 
trends?).

Consider a theoretic device that estimates hemo-
globin (Hb) concentration by measuring in vivo light 
absorbance. This Hb concentration measured by absor-
bance (SpHb) of the finger is compared with the total 
Hb (tHb) concentration determined from in vitro lab-
oratory analysis. SpHb is significantly dependent on 
the perfusion (temperature) of the finger (see Chapter 
61). Yet, tHb can be associated with errors with arterial 
blood sampling and in vitro analysis of the sample by 
any method. Nevertheless, in vitro laboratory analysis 
is considered to be the gold standard in this comparison 
of methods.

The SpHb value can be compared with that of the tHb 
by the determination of bias and precision as recom-
mended by Bland and Altman1 (Fig. 44-2). Bias is the 
average difference between simultaneous values from 
the two methods, termed the systematic error or offset. If 
the SpHb reads an average of 5 g/dL higher than the tHb, 
then it has a bias of 5 g/dL and we can adjust for that 
systematic error by recalibrating the device. Precision 
is the standard deviation of the difference between the 
two measurements, and it quantifies the random error 
or scatter. A higher value for precision indicates a larger 
random error. (This statistic may be more appropriately 
called imprecision.) If the random error is too large, then 
the device may not be clinically useful. We can adjust for 
systematic error (bias) by recalibration, but no method 
exists to adjust for a random error. Proportional bias is 
yet another issue. Both the bias and the precision may 
vary over the range of values of clinical interest. A moni-
tor may give accurate and precise values in the normal 
range but have a bias or precision error at the very range 
we are interested in to make a clinical decision. For 
example, a Hb measurement device may accurately read 
Hb values from 11 to 14 g/dL but have significant errors 
with values less than 11 g/dL (see Chapter 61), which 
is the range most clinically important (i.e., affecting 
transfusion decisions). Such a monitor may pass initial 
scrutiny but be clinically useless or harmful by induc-
ing us to initiate or withhold treatment based on poor 
information.2
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Figure 44-2. Accuracy and precision. The 
bias plot is a way to compare two differ-
ent methods of measuring the same vari-
able. Examples are plotted on the right for 
hemoglobin (Hb) values, blood analysis ver-
sus Hb absorbance. It is a plot of the differ-
ence between the two measurements being 
compared versus the average of those two 
measurements. A, If one method constantly 
measures slightly higher than the other by a 
consistent value, then the method has a posi-
tive bias. If it has only a slight variation around 
that bias, then the method is said to have 
low random error or precision, which equals 
the standard deviation of the differences.  
B, The values are randomly scattered, such 
that the average difference is near zero, but 
the precision value is large. This large random 
error makes the device unusable because cali-
bration will not improve this random error. 
C, This is the optimal device, in that it has a 
bias near zero and a small precision (i.e., stan-
dard deviation of the differences) over the 
entire range of measurements. D, This device 
has reasonable precision at any given value, 
but the bias varies, depending on the value, 
leading to a useless device with undefined 
accuracy and precision over the clinical range 
necessary.
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MEASUREMENT OF MASS

Measurement is the determination of a physical quantity. 
A dimension is a specific category or type of physical quan-
tity; for example, mass, length, time, energy, or any of their 
derivatives. Units are specific ways of measuring a given 
dimension. Examples of units include the meter (length), 
second (time), kilogram (mass), ampere (current), and 
degree Kelvin (temperature). Describing a measurement 
without defining the unit is meaningless. A 30° day in Fahr-
enheit is literally freezing; a 30° day in Celsius is rather hot. 
Units can be base units or derived units. The International 
System of Units (SI; Le Système International d’Unités), 
which is a system used in science, has seven base units— 
meter, kilogram, second, ampere, degree-Kelvin, mole, and 
 candela—from which multiple other units can be derived.

When weighing a patient, the force of gravity acting 
upon the patient’s mass is determined. We generally mean 
this to be on the earth’s surface, but the concept of weight 
is applicable to other locations. (On the surface of Jupiter, 
for example, a 70-kg man would weigh 12 times his earth 
weight, but his mass would still be 70 kg.) Since Force = 
mass × acceleration as a result of gravity (Newton’s second 
law), we balance the force on the patient with a known 
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mass to determine the patient’s weight (the SI units of 
force or weight are Newtons) and mass (kg) (Fig. 44-3). 
The concept of balancing forces applies to multiple other 
monitoring modalities. When we measure the central 
venous pressure using a simple manometer, we are observ-
ing the balance of forces between the venous pressure and 
the force of gravity acting upon a fluid column (Fig. 44-4). 
When the same pressure is electronically measured, we are 
balancing a Wheatstone bridge (a system of resistors used 
to determine an unknown resistance) (Fig. 44-5).

F1

F1     F2     

F2

m1ag m2ag

Figure 44-3. Balance. A scale is in balance when the forces are equal 
and in opposite directions. The force of gravity on the unknown mass 
of fruit is balanced by the known standard masses on the opposite side 
of the balance. F1 = F2, hence m1 ag = m2 ag; because ag = ag, m1 = m2. 
(ag = acceleration due to gravity.) (See Appendix 44-1.)
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Figure 44-4. Manometer. A water manometer uses a balance of 
forces. In this case, the downward pressure of the fluid, as determined 
by its density and height, balances the upward pressure of the central 
venous system, caused by hydrostatic and elastic recoil forces.
MEASUREMENT OF ENERGY

Energy can exist in many different forms. Even matter is 
related to energy, mathematically defined by Einstein’s 
famous E = mc2 equation. That is to say, matter and 
energy are different forms of the same stuff. In the abso-
lute sense, usually reserved for thermonuclear weapons, 
atomic reactors, and the sun, matter can be converted 
into energy and vice versa (Table 44-1). The energy of 
motion is described as kinetic energy (KE = ½ mv2). Tem-
perature is a form of kinetic energy at the molecular level. 
Acoustic energy (sound) is a wave of pressure energy 
transmitted through matter. Light is a form of electro-
magnetic energy. Potential energy is stored energy and 

B

A CV

R1 R2

Rs Rx

D

EMF

Figure 44-5. Wheatstone bridge. A Wheatstone bridge is an elec-
tronic circuit designed to enable an unknown resistance to be calcu-
lated by knowing two sets of variables: (1) the voltage drop across the 
bridge, and (2) the other resistances in the circuit (see Appendix 44-3).

TABLE 44-1 COMPARISON OF ENERGY LEVELS OF 
COMMON AND UNCOMMON EVENTS 

Event Energy

1 kg mass falling 1 meter on Earth 9.8 Joules
Heartbeat 10 J (at rest, 60 bpm,  

10 watts)
Internal defibrillation for ventricular 

fibrillation
30 J

Maximum output of surface 
defibrillator

360 J

1 kilocalorie 4186 J
Car battery 1.8 MJ = 1.8 × 106 J
Kilogram of fat 3.8 × 107 J
Ton of TNT 4.2 × 109 J
Atomic bomb (Hiroshima) 15 kilotons=15 × 103 × 4.2 

× 109 J = 6.3 × 1014 J
Hydrogen bomb 1 megaton = 4.2 × 1015 J
1 kg converted completely to 

energy
8.987 × 1016 J

The sun (4.2 × 109 kg matter/sec) 3.8 × 1026 J/sec

Modified from Hecht E: Physics: algebra/trig. Pacific Grove, Calif, 1994, 
Brooks/Cole.
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Phono groove

Mica “reproducer”

Sound horn
External ear

“Concentrator”

Mechanical Energy Acoustic energy Electro-chemical energy

Signal

Transducer Transducer

Eardrum
Oval window

Hair cells

Auditory nerve

Figure 44-6. Transduction in mechanical and biologic systems. Mechanical energy of the winding mechanism causes the cylinder of the phono-
graph to rotate. The bumps and curves in the cylinder then move the needle, converting that energy into acoustic energy (a longitudinal wave). 
The mechanical vibrations are thus reproduced as longitudinal sound waves. These sound waves enter the human ear, impact the eardrum, caus-
ing it to vibrate, which moves the ossicular chain and results in an amplification of the pressure at the oval window, transmitted through the fluid 
of the inner ear where the appropriate hair cell resonates and generates a neural signal (transduction). A loss of hair cells leads to deafness, most 
commonly in the higher frequency range as one ages. This loss is analogous to a monitor lacking sensitivity in the desired range.
can be of many forms, including gravitational, chemical, 
pressure, and electromagnetic. The fundamental law of 
conservation of energy (energy and matter can neither 
be created nor destroyed, only changed from one form 
to another) is at the core of understanding many of our 
anesthetic monitors.

SIGNAL PROCESSING AND INFORMATION 
THEORY

When a quantity varies over time, it can be said to con-
tain a signal. The recording of vital signs and patient data, 
first begun a century ago by Harvey Cushing,3 is a primi-
tive form of signal analysis. To quote Dr. Cushing4:

In all serious or questionable cases the patient’s pulse and 
blood-pressure, their usual rate and level having been previ-
ously taken under normal ward conditions, should be fol-
lowed throughout the entire procedure, and the observations 
recorded on a plotted chart. Only in this way can we gain any 
idea of physiological disturbances—whether given manipula-
tions are leading to shock, whether there is a fall of blood-
pressure from loss of blood, whether the slowed pulse is due 
to compression, and so on.

Often the signals (the energy or concentration of mat-
ter) we are interested in monitoring are too small for 
our senses to define changes adequately. Therefore we 
must either concentrate or amplify the signal. Often, 
this information is transduced or changed from one form 
to another for amplification and processing. An old 
style gramophone is a good example. The information 
stored in the shape of the record groove moves a needle 
attached to a mica diaphragm (the reproducer), which is 
then connected to a sound horn. The mechanical vibra-
tions are thus reproduced as longitudinal sound waves. 
These sound waves enter the human ear, impact onto the 
ear drum, causing it to vibrate. This vibration moves the 
ossicular chain, resulting in an amplification of the pres-
sure at the oval window transmitted through the fluid of 
the inner ear where the appropriate hair cell resonates 
and generates a neural signal transduction (Fig. 44-6). 
This progression is analogous to the process by which 
arterial pressure transducers work (Fig. 44-7).

DATA PROCESSING

When an analog signal (e.g., voltage versus time) is ampli-
fied, both the background noise and the desired signal 
are amplified (Fig. 44-8). Various techniques can be used 
to enhance the signal-to-noise ratio. For instance, most 
pulse oximeters assume that a pulse rate is between 30 
and 300 beats per minute (bpm). Therefore the instru-
ment filters out any pulsations that occur at frequencies 
below 30 or above 300 (see “Alternating current“ and Fig. 
44-23). Filtering can remove the noise that is outside of 
this frequency range, improving our ability to discern 
the signal of interest. Improper filtering can destroy 
the true signal. In some cases, a desired periodic signal 
can be repeated and summated, and the accompanying 
random noise becomes a smaller fraction of the signal. 
Evoked potentials are an excellent example of this pro-
cess of ensemble averaging. The evoked-response signal 
for a single stimulus is actually significantly smaller than 
the random noise, but this signal is nearly identical after 
each stimulus. Therefore by summing the potentials after 
many stimuli, the evoked-response signal, but not the 
noise, is reinforced (Fig. 44-9).

Finally, the waveform of any periodic signal can be 
represented by a summation of sinusoidal waves, called a 
Fourier series (Fig. 44-10). The component sine waves can 
be described by their frequency and amplitude (or power, 
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Arterial waveform

Catheter Tubing Wiring Amplifier

Electrical
Energy

Mechanical
Energy

Transducer

LCD display

Figure 44-7. Transducer. A transducer changes a signal from one form of energy to another. A common transducer in anesthesia changes 
mechanical energy (e.g., an arterial pulse) into electrical energy, which is then displayed as time versus amplitude on a liquid-crystal display (LCD) 
or cathode ray tube (CRT) display. Microphones and speakers are also examples of transducers.
which is proportional to the square of the amplitude). 
Thus a waveform originally expressed as amplitude versus 
time is transformed into a plot of power versus frequency. 
The resulting plot, called the power spectrum, was a com-
mon form for displaying and interpreting some types of 
waveform data, such as the electroencephalogram (EEG). 
Most common monitors of EEG now use computer analy-
sis to convert aspects of the power spectrum into a single, 
easy-to-interpret number (see Chapter 49).

ERRORS IN SIGNAL ANALYSIS

Multiple types of errors exist in signal analysis. The sim-
plest is just missing data. Attempting to locate a 1-mm 

Analog

Repetitive signal loss and amplification

Digital

Figure 44-8. Digital and analog signal processing. The analog sig-
nal shows distortion and a loss of fidelity as it is reduced and then 
amplified. The digital signal shows no such loss. To create the analog 
example, a copying machine was used to shrink the text and then 
enlarge it. For the digital signal, the font size was reduced, the text 
copied, and the process reversed.
nerve using a 1-cm probe will not be successful because 
of a lack of spatial resolution, analogous to scanning a 
finely detailed print with a crude scanner, resulting in lost 
information. Another kind of error is aliasing, in which a 
false signal is presented. We have all seen movies where 
car wheels appear to be rotating backward while the car 
is moving forward. This is the result of temporal aliasing 
that occurs when the sampling frequency is too slow to 
capture the rapid variations of the true signal (Fig. 44-11). 
Aliasing can also happen with ultrasound, in which the 
display may show echoes from objects that do not actu-
ally exist. When dealing with nonmoving objects, spatial 
aliasing can occur when the resolution is too low. Figures 
in this book are submitted with at least a 300 dot per inch 
(dpi) resolution in an attempt to avoid aliasing. Figure 44-8 
is an example of aliasing when the small digital signal has 
been reduced to “jaggies” by too low of a resolution.

Signal and noise

Trace 1

Trace 2

Trace 3

oreZlangiS

Pure noise

Figure 44-9. Somatosensory evoked potentials. A background signal 
can be separated from random noise by repeatedly adding the signals. 
The noise (random) is equally likely to be positive or negative; hence, 
adding positive and negative yields zero with multiple summations.
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In mechanical systems, such as the conventional 
liquid-filled tubing and pressure transducer for measur-
ing arterial blood pressure, frictional forces can damp 
the signal. The signal can also be distorted by resonant 
amplification, in which the energy of the signal is tem-
porarily stored in the compliance of the tubing and then 
released (see Appendix 44-4) (Fig. 44-12). If our display 
rate is too rapid, then important signals can be missed. 
The systolic pressure variation (SPV) (i.e., the alteration 
in systolic blood pressure with positive pressure ventila-
tion)5,6 has been used to determine volume responsive-
ness in hypotension. Because this change happens more 
slowly than the heart rate and because many displays use 
“auto gain”, that is, the size of the display is controlled to 
maintain constant waveform amplitude (e.g., the plethys-
mographic display of most pulse oximeters), the SPV has 
been clinically neglected for many years.
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Figure 44-10. Fourier series. This pseudoarterial waveform was gen-
erated by adding the three sine waves with the following characteris-
tics: y = 50 sinx; y = 25 sin2x; y = 12 sin4x.
With modern data recording and storage, Cushing’s 
original rationale of correlating patient physiologic 
changes to intraoperative events can now be applied to 
entire populations, as well as to individuals. The origi-
nal signal, whether an observed pupillary sign, palpated 
pulse, transduced pressure, or auscultated breath sound 
that was integrated, interpreted (Is this real or an arti-
fact?), and charted (data storage) by the anesthetist, can 
now be automatically processed. This point is important 
because it introduces new possibilities in monitoring 
(e.g., trends, signals, feedback to user) and new pitfalls. 
Imagine an anesthesia record that would alert you to 
future potential physiologic issues from currently moni-
tored data and predictive algorithms; in other words, an 
intelligent anesthesia record. New problems are intro-
duced by such technology: security, potential loss of data 
(loss of not only a single chart or data point, but a loss of 
all the charts), and erroneous signal processing (imagine a 
faulty algorithm denying the very information Dr. Cush-
ing sought to use to improve patient care).

PRESSURE MEASUREMENT

Principles of Pressure Measurement
With the basics of measurement, an example of clini-
cal measurement will be processed. As part of a clinical 
examination, we can note the distention of the jugular 
vein. We can visualize the reflection of light off of the 
patient’s skin, changing as the underlying structure (the 
jugular vein) fills and collapses; but what are the phys-
ics of this distention? If we were to insert a clear tube 
into the vein and hold the tube vertical with respect to 
gravity, then we would observe the mass of blood in the 
tube raised a certain distance (in centimeters) against 
the force of gravity by the central venous pressure (CVP) 
until a balance point is reached. Energy is lost in the work 
done in raising the fluid column, distending the tubing, 
and frictional losses. Therefore the actual CVP is slightly 
greater than we can reasonably measure. Despite these 
limitations, a liquid manometer is a simple and effective 
way to determine CVP.

The units of pressure measurement can tell us some-
thing about how the measurement is made. We com-
monly talk of pressure in terms of millimeters of mercury 
(mm Hg) or centimeters of water (cm H2O) or pounds 
per square inch (psi) or atmospheres (atm). What is mea-
sured in a clear manometer tube is a pressure in centi-
meters of blood. Given that the content of blood in the 
tube can vary, more standard units than centimeters of 
patient blood are needed. The physics of the manometer 
must be understood. The density of a fluid is its mass 
per unit volume, which has SI units of kilograms per 
cubic meter (kg/m3) or, more commonly, grams per mil-
liliter (g/mL). The pressure exerted by a liquid column 
of height z and density ρ is simply ρgz (see Appendix 
44-2 for derivation). If the manometer liquid is mercury, 
which has a density of 13,600 kg/m3 (13.6 g/mL), then 
the manometer pressure in pascals (Pa) (the SI unit of 
pressure) is:

P (Pa) = 13,600 × 9.8 × z (m) = 1.333 × 105 × z (m)
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Figure 44-11. Aliasing and resolution. Spatial: Too low of a resolution results in a complete loss of information or spatial aliasing. Temporal: 
Improper sampling leads to an erroneous waveform. A slower sampling rate results in a change in the amplitude and wavelength.
Because these large numbers are rather awkward, P is 
often expressed in kilopascals (kPa) and z in mm Hg:

P (kPa) = 0.1333z (mm Hg)

A useful reference for the various pressure units in 
use today is the pressure of the earth’s atmosphere at sea 
level, called one atmosphere or 1 atm:

If a fluid-filled catheter is connected to the circulatory 
system of a patient, then the height of the fluid in the 
manometer determines the mean pressure at the tip of 
the catheter. If the pressure measured is CVP, then these 
data can be used to infer right ventricular preload. For 
slowly changing pressures, a water or mercury manom-
eter is simple and dependable (see Fig. 44-4). The manom-
eter cannot quickly respond to rapid changes in pressure 
because of its inertia; that is, the mass of the liquid col-
umn resists rapid changes in height.
Dynamic Pressure Measurement 
(Transducer)
Accurate measurement of a rapidly changing pressure sig-
nal, such as arterial blood pressure, is more difficult and 
complex. Many characteristics of the arterial pressure–
versus-time waveform (Fig. 44-13) might need to be deter-
mined. Systolic, diastolic, and mean arterial pressure is 
given by the maximum, minimum, and average pressure 
values during the cardiac cycle. In addition, the maximum 
upward slope of the waveform during systole, which is 
related to the speed of ventricular ejection, can be mea-
sured. An abnormally rapid downslope after aortic valve 
closure (indicated by the dicrotic notch) suggests possible 
aortic insufficiency. Thus the details of the pressure-time 
waveform, as well as its maxima and minima, are impor-
tant to the clinician. Despite the display of the waveform 
on a vertical axis, remembering that the arterial pressure is 
not a transverse wave (such as a wave on the ocean) but a 
longitudinal wave (such as a sound wave or a pulse trans-
mitted through a coiled spring) is important (Fig. 44-14).

A modern pressure transducer is a device that changes 
either electrical resistance or capacitance in response to 
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changes in pressure on a solid-state device. The vari-
able transducer electrical resistance is placed in a circuit 
involving three known resistances—Wheatstone bridge 
(see Fig. 44-5 and Appendix 44-3)—and the change in 
resistance is thereby converted into electrical voltage. 
The moving part of the transducer, itself, is small and 
has little mass. This system of a fluctuating driving 
pressure (i.e., the arterial pressure being measured), a 
liquid-filled tube, and a pressure transducer is mechani-
cally equivalent to the mass-spring harmonic oscillator 
(Fig. 44-15). The mass (m) represents the mass of the 
fluid in the tubing. The spring represents the elastic-
ity of the tubing and transducer. The damper, shown 
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Figure 44-12. Arterial waveform resonance. A, A peaked arterial 
waveform indicates some resonance with an overestimation of the 
systolic blood pressure. B, The same patient is depicted when damp-
ing is added to the system.
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Figure 44-13. Arterial waveform. Systolic pressure is defined as the 
instantaneous maximal pressure; diastolic pressure is defined as the 
instantaneous minimum pressure; and the mean pressure is defined 
as the average pressure over a cycle. dP/dT refers to the upstroke 
of the arterial pressure (i.e., the rate of pressure generation). The 
mean pressure is estimated as the diastolic plus 1⁄3 the pulse pressure 
(systolic−diastolic) when only the systolic and diastolic pressures are 
known.
schematically as a piston moving in oil, represents the 
friction generated by the fluid moving to and fro in  
the tubing.

A more commonly encountered harmonic oscillator is 
that of a car driving down a bumpy dirt road (see Fig. 
44-15). In this case, the bumps in the road provide the 
oscillating driving pressure, which forces the car wheels 
to oscillate up and down. The car springs are analogous 
to the compliance of the arterial pressure tubing, and 
the car’s shock absorbers, which oppose motion of the 
wheel in either direction, are analogous to the friction of 
the fluid moving back and forth in the fluid-filled tube. 
Depending on the frequency of the bumps (i.e., driving 
pressure frequency), the system can either suppress the 
bumpy road or may initiate dramatically increased oscil-
lations. The frequency of the driving force that causes 
maximal amplification of the signal is called the natural 
or resonant frequency (Fig. 44-16). The degree of amplifica-
tion is directly related to the mass and inversely related 
to the amount of friction present; for large amounts of 
friction, attenuation rather than amplification occurs (see 
Appendix 44-4).

To visualize this concept intuitively, hang a weight on 
the end of a rubber band while holding the upper end 
of the band in your hand. If you move your hand up 
and down slowly, the weight follows your hand move-
ments almost exactly. As you increase the frequency of 
your hand oscillations, the weight begins to lag behind 
your hand, and the amplitude of the weight movement 
begins to increase. As you approach the natural frequency 
of this simple system, you will observe the phenomenon 
of resonance when the amplitude of the weight motion 
becomes extremely large. If you try different rubber bands 
and weights, you will find that stiffer bands or smaller 
weights yield higher natural frequencies. The same is true 
of our fluid-coupled pressure transducer system. Stiffer 
(i.e., less compliant) tubing or a shorter length of tub-
ing (less mass) produces higher natural frequencies in this 
system; that is, it requires a much higher pulse rate before 
amplification.

Transverse wave (ocean)

Mass
motion

Wave motionA

Longitudinal wave (sound)

Mass
motion

Wave motionB
Figure 44-14. Transverse and longitudinal waves. A, In transverse 
waves (e.g., ocean waves), the particles move perpendicular to the 
motion of the wave. B, In longitudinal waves (e.g., sound waves), 
the particles move back and forth in the direction of the wave. The 
actual matter in either wave does not move much. The energy trans-
fers without mass transfer. In arterial systems, this illustration clarifies 
the fact that energy transfer (blood pressure) does not mass transfer 
(blood flow).
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Figure 44-15. Damping and resonance. Pressure measured in an invasive arterial catheter can actually overshoot or amplify the real blood pres-
sure. This phenomenon is referred to as the dynamic frequency response of the fluid-filled arterial line and transducer system. This phenomenon has 
a physical model, which can generate an equation to predict the output pressure response, depending on the frequency of the input pressure and 
several physical parameters of the system. In the physical model (middle row), the driving pressure (i.e., the arterial blood pressure) acts on a mass 
(i.e., the fluid within the arterial pressure tubing), pushing it up and down against a spring, which stores energy (i.e., the compliant pressure tub-
ing), and a dash pot, which opposes motion in either direction (i.e., the resistance of the fluid as it moves to and fro within the pressure tubing). 
Depending on the input frequency, the output may go through an amplification as it reaches a specific frequency, known as the resonant frequency 
of the system. In the top row, a common phenomenon is noted when a car drives along a bumpy dirt road. In this situation, the driving forces 
are the bumps in the road, which act on the tire. The car spring is equivalent to the compliance of the pressure tubing, and the shock absorber 
corresponds to the resistance of fluid moving back and forth in the arterial line. The mass of the fluid is analogous to the mass of the front of the 
car. You may have experienced the phenomenon in which you reach a certain speed as you are driving along a bumpy road when the front of the 
car starts to oscillate with increasing amplitude. If you speed up or slow down, then this phenomenon disappears. The car bounces highest when 
you have reached the resonant frequency of this harmonic oscillator (see Appendix 44-4 for detailed mathematical description of this process).
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Figure 44-16. Amplitude and frequency. As the frequency increases, 
the amplification can increase to a maximum, and then the signal 
becomes attenuated. (Modified from Sykes MK, Vickers MD, Hull CJ: 
Principles of measurement and monitoring in anesthesia and intensive 
care, ed 3. Oxford, 1991, Blackwell.)
To minimize the potential of amplification of the real 
arterial pressure, the system should have noncompli-
ant (i.e., stiff) tubing, and the total mass of liquid in the 
system should also be minimized, which can be accom-
plished by having small-diameter tubing and as short a 
length as possible. In most clinical systems, the natural 
resonant frequency is 10 to 15 Hz, which is significantly 
higher than the primary frequency of the arterial wave-
form (the heart rate is 60 to 120 bpm or 1 to 2 Hz). How-
ever, the arterial waveform is not a sine wave; rather, it 
is a more complex shape (see Figure 44-10) and made 
up of a summation of sine waves of frequencies that are 
various multiples of the heart rates—a Fourier series. 
The higher frequency components of the arterial wave-
form (higher harmonics) are those that are closer to the 
natural frequency of the system and are therefore ampli-
fied. This is why a whip is seen in the waveform when 
the peak systolic pressure and the initial upstroke are 
significantly amplified above the true systolic pressure, 
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although the heart rate, itself, is not near the resonant 
frequency. In theory, mean arterial pressure should be 
the same because this amplification of systolic pres-
sure also produces a reduction in diastolic pressure (see 
Appendix 44-4).

Signal-Processed Pressure Measurement 
(Noninvasive Blood Pressure Monitor)
Systolic pressure can be estimated by noting the return 
of the flow pulse after occlusion of the brachial artery by 
a cuff. The return of flow can be detected by (1) simple 
palpation of the radial artery, (2) recording with a Dop-
pler device over the radial artery, or (3) the use of a pulse 
oximeter. Most anesthesiologists are familiar with the 
loss of pulse oximeter signal when the noninvasive blood 
pressure monitor is cycling.

The automated noninvasive blood pressure monitor-
ing devices in surgical units use a more sophisticated 
application of this principle. These devices monitor the 
oscillating signal generated in the cuff by the arterial 
pressure changes. The cuff first inflates to above systolic 
pressure, at which point the signal and oscillations are 
abolished. Then the cuff slowly deflates in a stepwise 
fashion. The pressure at which the oscillating pressure 
signal first appears is interpreted as the systolic pressure. 
The signal increases in amplitude as the cuff pressure 
decreases. The point at which the signal is at maximal 
amplitude is interpreted as mean arterial pressure. As 
cuff pressure decreases further, the oscillations rapidly 
drop off. Diastolic pressure is mathematically inferred 
from the systolic and mean values (Fig. 44-17).7 Errors 
can be introduced in the same manner as for manual 
auscultation of Korotkoff sounds; too small or too large 
a cuff requires a higher or a lower pressure, respectively, 
to occlude arterial flow, and stiff atherosclerotic arter-
ies are resistant to compression. External compression 
caused by patient motion or the surgeon leaning on the 
blood pressure cuff can cause pressure oscillations that 
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Figure 44-17. Noninvasive blood pressure measurement. Using the 
signal from the arterial pulse, oscillometric blood pressure measure-
ments are obtained by determining the point at which the signal is 
first detected, its maximal amplitude, and the signal decay rate. (Modi-
fied from Ehrenwerth J, Eisenkraft J: Anesthesia equipment: principles 
and applications, St Louis, 1993, Mosby.)
are not related to arterial pressure and may result in an 
erroneous reading, most commonly a higher diastolic 
pressure.

Mercury sphygmomanometers are being phased out 
of use in most countries and hospitals, which leads to 
questions regarding the accuracy and precision of alter-
native devices such as the aforementioned automated 
noninvasive blood pressure monitors and aneroid 
sphygmomanometers.

MEASUREMENTS USING SOUND ENERGY 
(LONGITUDINAL PRESSURE WAVE)

Principles of Sound
Sound waves are small fluctuations in pressure, den-
sity, and velocity that can propagate through matter of 
any form—solid, liquid, or gas (see Fig. 44-14). Unlike 
electromagnetic waves such as light (see “Measurement 
Using Light Energy” later in this chapter), sound can-
not propagate in a vacuum. The commonly used unit of 
sound, the decibel (dB), is not an SI unit but a logarith-
mic ratio of the sound energy referenced to 20 microPas-
cals (μPa) (or 0.0002 millibar), the threshold of normal 
human hearing.

Sound has been used for many years in medical diagno-
sis and monitoring. It can be used as a diagnostic method 
in two ways: passive and active. In a passive examination, 
the sounds generated by the patient are studied. The basic 
examination of this type of examination uses the stetho-
scope. In an active examination, acoustic energy is trans-
mitted into the patient, and the resulting interaction of this 
energy with the patient is analyzed for information. Both 
types of examination use the same physical principles.

In 1842, Christian Johann Doppler first described the 
apparent change in pitch of a sound that occurs when 
either the source of the sound or the listener is mov-
ing. This Doppler effect now has several applications in 
patient monitoring, including precordial and esophageal 
Doppler ultrasound monitoring of local blood velocities 
or cardiac output.

When a sound source is moving toward the listener, 
the apparent pitch increases, and vice versa. The exact 
amount of frequency shift depends on whether the lis-
tener or the sound source is moving (Fig. 44-18) (see 
Appendix 44-7). Because changes in the frequency of sine 
waves can be precisely measured, the Doppler principle 
provides an accurate method of measuring the velocities 
of moving sound reflectors. At the high frequencies often 
used (>5 MHz), objects as small as red corpuscles can scat-
ter enough sound for detection.

PASSIVE SOUND EXAMINATION 
(STETHOSCOPE)

Vibrations, such as those caused by the closing and open-
ing of heart valves or air moving through the respiratory 
passages, travel through the body as sound waves. Sound 
is better and more rapidly conducted in liquids than in 
gases. Thus bronchial breath sounds are better heard 
when the bronchi are surrounded by lung consolidation. 
When sound waves reach a sudden change in density, 



PART IV: Anesthesia Management1326
Figure 44-18. Doppler effect. A, When  
a listener is moving toward a stationary 
sound source, the frequency increases 
because the listener transverses more 
waves per unit time than a station-
ary listener. B, When a sound source 
is moving toward a stationary listener, 
the wavefronts “stack up,” causing an 
apparent increased frequency.
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for example a liquid-gas interface, some of the energy is 
reflected.

Some simple facts about sound waves can facilitate an 
understanding of the reflection and scattering process in 
the body. First, all sound waves can be represented as a 
summation of sinusoidal waves of various frequencies 
and amplitudes. (The process of Fourier or power spec-
tral analysis is discussed earlier in this chapter.) A note 
from a musical instrument thus consists of a sine wave 
at the fundamental frequency plus many harmonics at 
multiples of this frequency. The fundamental frequency 
describes the pitch of the tone—middle C is standardized 
at 256 Hz, for example.

Fortunately for our ears, all of these many frequencies 
propagate at the same speed, the speed of sound, called 
a. For ideal gases, the speed of sound is proportional to 
the square root of temperature. The speed of sound in 
air at room temperature is 344 m/sec, or 1129 feet per 
second (ft/sec), or 770 miles per hour (mph). At an alti-
tude of 13,000 m (40,000 ft), where the standard air tem-
perature is −57° C, the speed of sound is only 295 m/sec 
or 661 mph. The speed of sound is significantly faster in 
liquids than it is in gases. For example, the speed of sound 
through water at 15° C is 1450 m/sec. This value also 
approximates the speed of sound through most of the 
solid parts of the human body. In other solids, the speed 
of sound greatly varies, with a range of 54 m/sec in rub-
ber to 6000 m/sec in granite. Reflection of sound occurs 
at interfaces where the product of the density and the 
speed of sound (ρ × a) suddenly changes. Larger changes 
in this acoustic impedance result in greater reflection and 
less transmission. In the human body, the largest changes 
in acoustic impedance occur at gas-tissue boundaries: the 
lungs and the gastrointestinal tract. Reflection of sound 
by the lungs thus makes it difficult to auscultate heart 
tones through an air-filled, emphysematous chest. For the 
same reason, a transthoracic echocardiograph provides 
less detail than the transesophageal technique; in the for-
mer case, the lungs are in the way.

The first attempts to gather information about the 
inside of the patient by using sound involved placing 
one’s ear directly on the patient. Although this procedure 
had many limitations, it led to the development of the 
modern stethoscope, which is based on the physical prin-
ciples of sound transmission. The stethoscope uses a large 
diaphragm to transmit and concentrate the sound energy. 
The bell acts as both an amplifier and a low-pass filter to 
transmit low-frequency diastolic rumbles. Rappaport and 
Sprague describe the physics of stethoscopy in depth.8

In a simple stethoscopic examination, errors are intro-
duced by signal processing; that is, a lack of experience 
or appropriate knowledge on the part of the listener. 
Because it is a nonpowered, nontechnologic device (the 
energy levels come from the phenomena themselves), an 
esophageal or precordial stethoscope has unique value in 
being a continuous monitor during power outages. Physi-
cal limits to the technique include air space disease (in 
itself an informational finding), an inability to place the 
monitor appropriately, and a lack of quantifiable data.

Active Sound Examination (Percussion, 
Echo, Doppler)
The earliest active acoustic diagnostic technique was 
percussion of the chest wall. A skilled clinician can use 
this method to detect consolidation of the lungs, pleu-
ral effusion, and a few other chest pathologic conditions. 
Although based on transmission and the reflection of 
sound, percussion is purely qualitative and is unable to 
localize pathologic changes accurately. Modern ultrasound 
improves on percussion by using shorter- wavelength 
sound waves and quantitative detection of their reflec-
tions (echoes). The wavelength of the sound used limits 
the spatial resolution of an examination (see Fig. 44-11). 
Using ultrasound at frequencies in the megahertz (MHz) 
range (106 cycles/sec) allows resolution of much smaller 
objects. The wavelength of 1-MHz sound waves in solid 
tissue is approximately 1.5 mm, whereas the wavelength 
of a 256-Hz tone (middle C) in tissue is 5.7 m.

With the use of esophageal transducers, echocardiog-
raphy has become a popular intraoperative monitoring 
technique. Sound waves in the 2- to 10-MHz range are 
transmitted toward the heart in short bursts or pulses. 
After each pulse, the transducer passively listens to the 
reflected echoes from various tissues. The ability to place 
the transducer in the esophagus is advantageous because 
sound does not then have to pass through air spaces 
or bone on its way to and from the heart. The speed of 
sound through the heart and surrounding soft tissues is 
a nearly constant 1540 m/sec. Thus the exact measure-
ment of the elapsed time between transmission of the 
pulse and receipt of the echo provides the distance to the 
reflecting structure. The sound beam from the transducer 
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is projected in a narrow searchlight pattern; therefore the 
exact direction of reflecting structures is also known.

The Doppler effect is used in echocardiography to 
determine the presence and degree of valvular regurgi-
tation by converting the Doppler shift of sound waves 
reflected from erythrocytes into a color display (see 
Appendix 44-7). Cardiac output can also be estimated 
from descending thoracic aortic blood velocity by using 
a Doppler technique. These devices estimate the blood 
flow in the descending aorta and ignore flow to the head 
and arms. They calibrate descending aortic flow to cardiac 
output by assuming a constant proportional relationship 
between the two flows.9

MEASUREMENTS USING ELECTRICAL 
ENERGY (TRANSVERSE WAVE)

Principles of Electricity
Most of our monitors and other anesthesiology appara-
tuses use the basic principles of electricity and magnetism. 
Nearly all transducers use some form of electrical energy 
as their output, and the subsequent data processing and 
display are entirely electrical. Some basic electromagnetic 
principles are reviewed in this section using examples 
from medical equipment. Electromagnetic waves, includ-
ing light, are transverse waves, meaning that the electric 
and magnetic field vectors are oriented perpendicular to 
the direction of wave propagation. Unlike sound, these 
waves require no media in which to propagate.

Static Electricity
Electricity is a manifestation of a property called charge 
that is inherent in matter. The charge can be negative, 
positive, or neutral. Static electricity involves charges at 
rest; like charges repel one another, whereas opposite 
charges attract. Usually the meaning of the word electricity 
involves the flow of charges, or electrical current. Current 
flows in one direction in direct current (DC) electronic 
devices and alternates back and forth in alternating cur-
rent (AC) devices.

The coulomb is the SI unit of charge , and the charge of 
an electron is the smallest quantum of charge (1.6 × 10−19 
coulomb), which is equal but opposite to the charge of 
a proton. (Recently discovered subatomic particles called 
quarks actually have smaller charges, but this is beyond 
the scope of this chapter and not particularly relevant to 
medicine.) An electrostatic force is exerted between two 
charged objects and is directly proportional to the prod-
uct of the two charges and inversely proportional to the 
square of the distance between them (Coulomb’s law):

 F = k × q1 × q2/r2 (1)

This force is attractive when the charges are of opposite 
sign and repulsive when they are of the same sign. In a 
Nobel Prize–winning experiment, Robert Millikan deter-
mined the charge of an electron by suspending charged 
oil drops between two horizontal charged plates such that 
the electrostatic force balanced the gravitational force and 
the drops were held in midair (Fig. 44-19). Approximately 
20 years later in 1940, his son, Glen Allen Millikan, 
developed one of the earliest infrared ear oximeters, the 
forerunner of the pulse oximeter (see “Processed Absor-
bance Monitors” on the pulse oximeter).

Direct Current
Just as mechanical energy may be stored as potential 
energy, electrical energy can be stored as a potential differ-
ence. A common analogy is to compare electrical potential 
difference with water pressure (Fig. 44-20 and Table 44-2). 
The potential difference between points A and B is defined 
as the work required to move a unit charge from A to B. 
The SI unit of potential difference is the volt (V); hence, 
the term voltage is often used for potential difference. 
Charges can easily move through conductors, but they do 
not move well through insulators, also called dielectrics. 
If a potential difference (V) exists between A and B and 
a conductor connects these two points, then charges will 
flow between them and produce an electrical current (I).

The SI unit of current is the coulomb per second, called 
the ampere. If an insulator separates points A and B, then no 
current will flow until the potential difference becomes so 
great that a breakdown of the insulator occurs. For exam-
ple, if dry air separates A and B, then no current will flow 
until the potential difference reaches 3000 V/mm. At this 
very large potential gradient, air will ionize and become a 
conductor, and a current flows in the form of a visible (and 
audible) spark. To generate a spark between two electrodes 
1 cm apart, a potential difference of 30,000 V must be cre-
ated. The spark plugs in an automobile have an electrode 
gap of approximately 0.8 mm, thus requiring at least 2400 
V from the ignition coil to generate a spark. Lightning is a 
larger manifestation of the same phenomenon.

A battery is a chemical cell that produces a nearly 
constant potential difference between two electrodes, 
which is called electromotive force (EMF). The battery can 
provide a continuous source of electrons, or current, to 
flow through any conducting circuit connected between 
its electrodes. Flow of electricity is opposed by resistance, 
analogous to resistance in water pipes. In most materials, 
resistance (R) is related to voltage (V) and current flow (I) 
in the following manner:

 V = IR  (2)

This relationship is called Ohm’s law, and the materi-
als that follow this behavior are called ohmic materials. 

Charged plate

Charged plate

Oil drop

F kq1q2/r2

F mag

Figure 44-19. Electric force. The quantity of charge on an electron 
is determined by balancing the electric force on an oil drop against 
the gravitational force on the same drop. F1 = kq1 q2 /r2 = F2 = m1 ag.
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Figure 44-20. Water and elec-
tricity. The pressure drop over the 
dam (A to B) is analogous to the 
voltage drop over the resistance (A 
to B) (e.g., light bulb). The amount 
of flow (width of water) (Q) is anal-
ogous to the current (I). Both fall-
ing water and electrical potential 
can do work, as evidenced by the 
use of dams to generate electricity 
and electricity to pump water.
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This example is analogous to hemodynamic flow, in 
which the pressure drops across the systemic vascula-
ture (mean arterial pressure – central venous pressure) 
(ΔP) equals cardiac output (CO) times systemic vascular 
resistance (SVR):

 ΔP = CO × SVR (3)

The power (i.e., rate of work) required to produce an 
electric current is the product of voltage and current: 
P = VI. By combining this formula with Ohm’s law (V 
= IR), P = I2R = V2/R is the result. Thus if the current is 
doubled through a fixed resistance (R), then four times 
the original power is used. This power loss in resistors 
is dissipated as heat, which is the reason why nearly all 
electrical devices become warm during use. The filament 
in an incandescent light bulb is merely a resistor that 
becomes so hot from ohmic heating that it glows or 
radiates light.

A capacitor is a device that stores charge (Q) in direct 
proportion to the potential difference (V) between its two 
electrodes: Q = CV. The proportionality constant (C) is 
called capacitance, which is measured in SI units of farads 
(1 farad = 1 coulomb/volt). When a capacitor is connected 
to a battery, current flows until the capacitor is charged 

TABLE 44-2 COMPARISON OF HYDRODYNAMIC 
AND ELECTRICAL ENERGY COMMONLY 
ENCOUNTERED

Water Electricity Energy

Squirt gun Static electric spark High pressure, low flow, 
low energy

Garden 
hose

House current Moderate pressure, 
moderate flow, 
moderate energy

Car battery Low pressure, moderate 
flow, moderate energy

River flood Low pressure, huge flow, 
huge energy

Fire hose High tension wires High pressure, high flows
Lightning High pressure, high flow
to the point that the potential across the capacitor equals 
the EMF of the battery: V = Q/C = EMF (Fig. 44-21). When 
the charge button of a cardiac defibrillator is pushed, this 
kind of circuit is activated to charge a capacitor to the 
desired level. As shown in Figure 44-21, B, time is required 
to charge a capacitor. For a large capacitor, more time is 
required. Hence, it takes longer to charge a defibrillator to 
200 J than to 50 J.

Alternating Current
In an AC circuit, the current and the voltage rapidly 
fluctuate (Fig. 44-22). Many important differences exist 
between AC and DC power. The voltage in common AC 
house power fluctuates sinusoidally at a frequency of 60 
Hz (50 Hz in Europe). The amplitude of such a fluctuating 
voltage is characterized by its root mean square (RMS); 
that is, the square root of the time average of V2. Thus for 
AC house power, VRMS = 115 V (230 V in Europe). Current 
in an AC system is also constantly changing and is like-
wise measured as an RMS value.

AC circuits have three forms of impedance: resistance 
(R), capacitance (C), and inductance (L). An inductor is a 
circuit element whose impedance, called inductive reactance,  
increases with the frequency (f) of the current fluctuations 
(RL = 2πfL). Conversely, the impedance of a capacitor, 
called capacitive reactance, decreases with increasing fre-
quency (RC = 1/2πfC). Inductors thus tend to block high 
frequencies, whereas capacitors tend to block low frequen-
cies (Fig. 44-23). This principle is used in stereo systems 
to direct the signal to either the woofer (low- frequency 
speaker) or the tweeter (high-frequency speaker). In medi-
cal instruments, inductance and capacitance circuits can 
be used to filter the signal, for example, decreasing the 
amount of 60-Hz interference from AC wiring.

Passive Electrical Examination 
(Electrocardiograph, 
Electroencephalograph)
With the basics of electricity discussed, the electrocar-
diograph (ECG) and the electroencephalograph (EEG) 
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are described, where the sources of the EMF are the heart 
and the brain, respectively (see also Chapters 47 and 49). 
Electrical potentials on biologic surfaces are too small to 
observe directly and must be amplified and processed 
before displaying. ECG potentials on the skin are in the 
1-mV range, and EEG potentials are near 0.1 mV.

Figure 44-24 illustrates why electrical potentials on 
biologic surfaces are so small. The heart generates an elec-
trical signal as a result of the synchronous depolarization 
and repolarization of multiple cells. The electrical poten-
tials generated by the heart are measured between two 
skin electrodes, A and B. As this figure shows, multiple 
effective resistances and capacitances exist in the tissues 
between the EMF source and the measuring electrodes. 
These impedances lower the magnitude of the voltage 
signal at the skin. The shunt resistors R3, R4, and R5, com-
bined with the series resistors R1, R2, and R3, form what 
is called a voltage divider network. Lower values of shunt 
resistance or higher values of series resistance result in 
smaller voltages at the skin. The capacitance of the skin 
(Cs) also acts to attenuate the low-frequency components 
and distort the waveform. Skin resistance, which may be 
a megaohm (106 ohms) for dry skin, can be reduced to a 
few hundred ohms by conductive gels.
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Figure 44-21. Resistance and capacitance in a direct current (DC) 
circuit. A, Under DC, the resistance impedes flow, developing a volt-
age drop across the resistance. The capacitor allows current to flow 
until the charge builds on the capacitor. B, Under DC, the voltage 
is constant over time, and the current flow decreases as the charge 
on the capacitor increases. This type of circuit is used to charge a 
defibrillator.
If a DC voltage is applied between two body sur-
face electrodes, then current flows through the tissues
between them. Although the electrical current in metals
consists entirely of electron flow, both positive and nega-
tive ions migrate in tissues. Negative ions tend to accu-
mulate at the positive electrode (the anode), and positive
ions accumulate at the negative electrode (the cathode)
This collection of anions and cations near each electrode
creates its own EMF, which opposes the EMF that set up
the original current. The current therefore decreases and
the effective impedance between the electrodes increases
This phenomenon, called polarization of electrodes, has two
harmful effects. First, the increased impedance from polar-
ization can attenuate the ECG signal for several seconds
after defibrillation or DC cardioversion. Such attenuation
could be misinterpreted as a lack of electrical activity and
result in inappropriate administration of a second shock
The second consequence of prolonged application of DC
voltage is the accumulation of a local concentration of
toxic ions near electrode sites, a condition that can cause
burns or tissue necrosis. A partial solution to the problem
is the use of a nonpolarizable electrode, such as a silver
and silver chloride combination. This electrode can act
as a source of or sink for both anions and cations, thereby
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Figure 44-22. Resistance and capacitance in an alternating curren
(AC) circuit. A, In an AC circuit, unlike a DC circuit, the capacitor does
not block current flow. B, The capacitor and resistance act to shift the
phase of the AC current. Current changes lag behind voltage changes
EMF, Electromotive force.
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minimizing the accumulation of ions. Most dispos-
able ECG electrodes now use such materials. Even these 
electrodes, however, are nonpolarizable for only a lim-
ited time, and the application of prolonged DC voltage 
between any tissue electrodes must be avoided.

Similar problems complicate the measurements of 
the EEG; but in this case, the raw signal is one tenth 
the amplitude of the ECG: 100 μV versus 1 mV. The 
spontaneous EEG provides eight or more channels of 
surface voltage versus time data, which is of limited use 
for monitoring in the surgical unit. For rapid interpreta-
tion and diagnosis, the amplitude versus time data are 
usually transformed into plots of amplitude (or power) 
versus frequency. (This process of power spectral analy-
sis is discussed in “Data Processing” earlier in this chap-
ter.) The EEG power spectrum facilitates rapid diagnosis 
of hemisphere asymmetries and changes in frequency 
content that accompany either deep anesthesia or 
cerebral hypoxia. Bispectral density is another method 
of analyzing the raw EEG that determines the levels 
of correlation (or degree of phase-locking) between 

"Woofer" low-pass filter "Tweeter" high-pass filter

Figure 44-23. Woofer and tweeter. Stereo speakers use resistors to 
act as an impedance to high-frequency components of sound, allow-
ing only the bass frequencies to pass to the woofer speaker. Capacitors 
are used as a high-pass filter to allow only the high frequencies to get 
to the tweeter speaker. A similar process can decrease 60-Hz interfer-
ence from electrical appliances. (From Hecht E: Physics: algebra/trig. 
Pacific Grove, Calif, 1994, Brooks/Cole.)
various frequency components in the power spectrum. 
Yet another derived parameter is the burst-suppression 
ratio, which is the percentage of time during which the 
EEG amplitude is less than +5 microvolt (μV). Both of 
these last two derived quantities have been related to 
the depth of anesthesia in clinical studies (see Chapter 
49 for a discussion on EEG monitoring).

Active Electrical Examination 
(Neuromuscular Block Monitor, 
Somatosensory Evoked Potentials)
A muscle twitch can be elicited by generating a 0.2- to 
0.3-msec pulse of current to depolarize a peripheral motor 
nerve. This motor nerve then conducts the impulse to the 
muscle, where a twitch is generated. We can understand 
the in-use failings of this device by following the path of 
the signal. Clearly, we must start with an adequate power 
source (no power = no twitch). If the coupling of the elec-
trodes to the patient is poor, that is, if the electrodes are 
dry or good skin contact is not made, then the circuit will 
have high resistance and little current will flow (see earlier 
discussion on direct current and equation 2), resulting in 
a diminished twitch. In summary, the simplest way to 
be certain that this monitor is properly functioning is to 
perform both a positive control (see the desired response 
of the thumb twitch before the chosen drug is adminis-
tered) and a negative control (see the twitch disappear in 
response to administered drug) (see Chapters 49 and 53).

Evoked-potential (evoked-response) monitors can 
determine the status of multiple parts of the sensory ner-
vous system by measuring the central nervous system 
response to a discrete sensory stimulus. The stimulus 
can be auditory, optical, or peripheral somatosensory. 
The amplitude of the evoked response measured at the 
skin can be small—less than 1 μV in the case of acoustic 
cortical potentials. This small signal is in a sea of spon-
taneous EEG signals (greater than 100-μV amplitude). 
We therefore resort to a signal enhancement technique 
called ensemble averaging. Rather than trying to mea-
sure the small response to a single stimulus, we average 
the responses from hundreds (or thousands) of stimuli. 
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Skin
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Figure 44-24. Why the electrocardiograph (ECG) is so small. Mul-
tiple resistances and capacitances in the body decrease the poten-
tial and distort the waveform before the electromotive force (EMF) 
reaches the surface.
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Because we seek the evoked responses that consistently 
occur at the same time after the known stimulus, this 
averaging process reinforces the signal from the evoked 
response, and the random noise tends to cancel itself. In 
this way, we commonly measure signals whose amplitude 
is approximately 1% the amplitude of the background 
noise (see Fig. 44-9).

Whenever charged particles are moving, a magnetic 
field is generated in a direction perpendicular to the 
motion. Paramagnetism is a form of magnetism exhibited 
only in specific substances in the presence of an external 
magnetic field. Oxygen is a paramagnetic gas. This prop-
erty is used to measure both inspired and expired oxy-
gen concentrations; chemical methods similar to fuel cell 
amperometric sensors and polarographic electrodes are 
too slow to respond. In a fast-responding paramagnetic 
oxygen sensor, 100% oxygen can exert a pressure of 3 Pa 
in a 2.4 tesla magnetic field.

MEASUREMENT USING LIGHT ENERGY

PRINCIPLES OF LIGHT

What we commonly refer to as light is electromagnetic 
radiation in the visible range of wavelengths. Every sub-
stance with a temperature above absolute zero emits elec-
tromagnetic radiation, called black body radiation. This 
radiation is characterized by a frequency and wavelength 
that are related by the speed of light: frequency = speed of 
light ÷ wave length (c = speed of light = 3 × 108 m/sec or 
186,400 miles/sec or 7.5 times around the earth’s circum-
ference in 1 second in a vacuum). High energies or tem-
peratures are associated with high frequencies and short 
wavelengths, such as those of gamma rays and x-rays. 
As wavelength increases to the micron range, ultraviolet 
radiation proceeds to visible light (approximately 0.5 to 
0.8 micron), and at larger wavelengths, infrared is then 
followed by microwaves and radio waves with wave-
lengths in the kilometer range.

Electromagnetic waves and sound waves have some 
important differences. The particles in motion in sound 
waves are in the same direction as the propagation (lon-
gitudinal waves), whereas in electromagnetic waves, the 
electric and magnetic fields are perpendicular to the direc-
tion of propagation (transverse waves). Sound waves can 
propagate only through matter, whereas electromagnetic 
waves propagate through a vacuum without attenuation. 
The speed of light is approximately 1 million times faster 
than the speed of sound in sea-level air. If an observer 
is moving relative to a sound source, then the measure-
ment of the speed of sound depends on the observer’s 
own motion, but the speed of light is the same to any 
observer in any frame of reference. This last statement is 
the basic premise of Einstein’s “Special Theory of Relativ-
ity.” In the high-frequency range of the electromagnetic 
spectrum, two forms of ionizing radiation are found: 
x-rays and gamma rays. These high-frequency waves 
are capable of knocking electrons out of their orbits and 
can thereby cause cell injury and death or ontogenesis. 
Gamma rays are commonly emitted by decaying radioac-
tive nuclei.
Visible light and infrared light demonstrate several 
properties common to all electromagnetic radiation. Light 
represents a form of energy that, when passing through 
matter, may be reflected, transmitted, or absorbed. 
Although light itself cannot be stored, it can be converted 
into some other form of energy such as electricity, chemi-
cal energy, and heat. In addition, light can be generated 
from other forms of energy, including heat (incandes-
cent), electrical (gas discharge), and chemical (photolumi-
nescent) energy.

LIGHT AS A MULTIFUNCTIONAL TOOL:  
THE BEER-LAMBERT LAW

When light passes through matter, it is transmitted, 
absorbed, or reflected. The relative absorption or reflec-
tion of light at different wavelengths is used in several 
monitoring devices to estimate the concentrations of dis-
solved substances, for example, carbon dioxide (CO2) in 
respiratory gas and Hb in plasma. This type of measure-
ment is called spectrophotometry and is based on the Beer-
Lambert law of absorption, which states that if a known 
intensity of light illuminates a chamber of known dimen-
sions, then the concentration of a dissolved substance 
can be determined if the incident and transmitted light 
intensity is measured:

 It = Iie
− dCα  (4)

Solved for C,

 C = (1/dα) ln [Ii/It] (5)

where C is the concentration of the dissolved substance, 
d is the path length of the light a, and α is an absorption 
constant for the dissolved substance at the light wave-
length used. Ii and It are the incident and transmitted 
light intensity, respectively. The unknown concentra-
tion C is thus inversely proportional to the light path 
length d and directly proportional to the log of the ratio 
of incident to transmitted light intensity (Fig. 44-25). 
Red and infrared light (wavelength 0.6 to 1.0 micron) 
are generally used because the constituents of interest 
to anesthesiologists (volatile anesthetics, CO2, and Hb) 
absorb light within that range. Fortunately, both red and 
infrared light can penetrate soft tissues and may there-
fore be used to measure the concentrations of Hb spe-
cies in vivo (see the section on “Processed Absorbance 
Monitors”). Small molecules absorb infrared light only 
if they have bonds and are asymmetric; in other words, 
their molecules have a dipole moment. Therefore nitro-
gen, oxygen, and helium cannot be measured by infrared 
light. Another limitation of infrared light is that ordinary 
glass absorbs it; therefore the measurement chambers for 
these devices must be made of sapphire or other infrared-
permeable materials.

SIMPLE ABSORBANCE MONITORS 
(CAPNOMETER, ANESTHETIC ANALYZER)

Capnometers, capnographs, and anesthetic gas analyz-
ers all use the Beer-Lambert law of absorption to analyze 
the constituents of the respiratory gas stream. A capnom-
eter measures and displays only discrete values of partial 
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pressure of CO2 (Pco2), for example, the end-tidal value. 
A capnograph provides a continuous plot of Pco2 in the 
airway versus time. The physical design of capnometers is 
divided into two categories: mainstream and sidestream. 
In mainstream capnometers, the light absorption cham-
ber is placed directly in the airway and the light source 
shines through the chamber, with CO2 being directly 
measured during inspiration and expiration. Advantages 
of this technique are an extremely fast response time and 
no problems with clogging of the sampling tubes, which 
is a disadvantage of sidestream capnometers. Disadvan-
tages of the mainstream geometry include the neces-
sity of having a potentially heavy, expensive infrared 
measurement device placed directly in the airway at the 
endotracheal tube and the unavailability of devices that 
can measure anesthetic agents, as well as CO2. The most 
commonly used devices in the surgical unit are side-
stream capnometers. A thin sampling tube is attached to 
the airway near the endotracheal tube, and samples are 
aspirated at 200 to 400 mL/min into the measurement 
chamber, which is located in the monitor itself. The 
advantages of this method are the opposite of the dis-
advantages of the mainstream capnometers; that is, the 
sampling tube is lightweight, and the device can be used 
to measure both CO2 and anesthetic agents. Disadvan-
tages of sidestream relate mostly to the delayed response 
time and potential clogging of the aspiration tubing.

Volatile anesthetic analyzers and capnographs func-
tion by the same physical principles but use different 
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Figure 44-25. Cuvette. Light entering the cuvette is reflected and 
absorbed. Measuring the amount of light entering and exiting the 
system can determine the concentration of substances absorbing and 
reflecting light.
wavelengths of light (Fig. 44-26). The light absorbances 
of a mixture of gases can interfere with each other; 
consequently, compensations are built into current 
devices.

PROCESSED ABSORBANCE MONITORS 
(PULSE OXIMETER)

Oximeters are devices that use light absorbance mea-
surements to determine the concentration of various 
species of Hb. One of the first in vivo oximeters was 
a noninvasive monitor used in aviation research dur-
ing World War II. This device transilluminated tis-
sue (the earlobe) with light of two wavelengths. One 
wavelength was sensitive to changes in oxyhemoglobin 
(HbO2), and the other was not. In effect, the earlobe 
acted as a test tube containing the suspended Hb. For 
a review of the development of pulse oximetry, the 
reader is referred to the excellent article by Severinghaus 
and Astrup.10

One issue is the form of Hb being measured. Adult 
blood usually contains four species of Hb: HbO2, reduced 
Hb, methemoglobin (metHb), and carboxyhemoglobin 
(COHb). The latter two are abnormal Hb, called dyshemo-
globins and are normally present in only small amounts. 
Each of these Hb species has a different light absorp-
tion profile. Figure 44-27 illustrates the different absorp-
tion constants for each Hb species over a range of light 
from red to infrared. Fractional Hb saturation (O2Hb%) is 
defined as the ratio of HbO2 to total Hb:

O2Hb%= HbO2/ (HbO2 + Hb + metHb + COHb)

Measuring this quantity in the presence of metHb and 
COHb requires at least four wavelengths of light, which 
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Figure 44-26. Absorption spectra. Absorption spectra of some 
gases and materials important to anesthesia. Note that the absorp-
tion is not constant over wavelengths. Therefore choosing the proper 
wavelength to measure is important. In addition, when multiple sub-
stances are present, measuring their concentrations is still possible, 
provided enough wavelengths are available. The solution becomes 
one of multiple equations with multiple unknowns. (From Gravenstein 
JS, Paulus DA, Hayes TJ: Capnography in clinical practice. Boston, 1989, 
Butterworths.)
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Figure 44-27. Hemoglobin extinction 
curves. Pulse oximetry uses the wave-
lengths of 660 nm and 940 nm because 
these wavelengths are available in solid-
state emitters (not all wavelengths are 
able to be emitted from diodes). Unfortu-
nately, carboxyhemoglobin (HbCO) and 
oxyhemoglobin (HbO2) absorb equally at 
660 nm. Therefore HbCO and HbO2 both 
read as arterial oxygen saturation (Sao2) 
to a conventional pulse oximeter. In addi-
tion, methemoglobin (Hbmet) and reduced 
hemoglobin (Hb) share absorption at 660 
nm and interfere with correct Sao2 mea-
surement. (Courtesy Susan Manson, Boulder, 
Colorado, 1986, Biox/Ohmeda.)
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yield four simultaneous Beer-Lambert equations to solve 
for the four Hb species. Because metHb and COHb do not 
contribute to oxygen transport, functional saturation is 
defined as the ratio of HbO2 to HbO2 plus reduced Hb:

SaO2 = HbO2/ (HbO2 + Hb ).

Although functional saturation depends explicitly 
on only HbO2 and Hb, four light wavelengths are still 
required to measure it in the presence of significant con-
centrations of COHb and metHb.11 If the concentrations 
of both metHb and COHb are zero, then O2Hb% and Sao2 
become identical.

The pulse oximeter performs substantial signal process-
ing of optically transduced physiologic data. Although the 
physical principle governing pulse oximetry is straightfor-
ward, application of this principle to produce a clinically 
useful device involves significant engineering problems. 
The remainder of this section describes the physical and 
physiologic problems of pulse oximeter design and the 
engineering solutions to these problems. The discussion 
is divided into basic design and management of signal 
artifacts.

BASIC DESIGN OF PULSE OXIMETERS

Noninvasive in vivo oximeters measure red and infra-
red light transmitted through and reflected by a tissue 
bed. Accurate estimation of Sao2 by this method entails 
several technical problems. First, many light absorbers 
other than arterial Hb are in the transmitted light path 
(e.g., skin, soft tissue, venous and capillary blood). The 
pulse oximeter accounts for the effects of absorption of 
light by tissue and venous blood by assuming that only 
arterial blood pulsates. Figure 44-28 schematically illus-
trates the series of absorbers in a typical sample of living 
tissue. At the top of the figure is the AC component, 
which represents absorption of light by the pulsating 
arterial blood. The DC (baseline) component repre-
sents absorption of light by the tissue bed, including 
venous, capillary, and nonpulsatile arterial blood. Pul-
satile expansion of the arteriolar bed increases the light 
path length (see equations 4 and 5), thereby increasing 
absorbency. Conventional pulse oximeters (including 
all commercial pulse oximeters until 2005) use only two 
wavelengths of light, typically 660 nm (red light) and 
940 nm (near-infrared light). The pulse oximeter first 
determines the fluctuating or AC component of absor-
bance at each wavelength and then divides this value 
by the nonfluctuating or DC component to obtain the 
pulse-added absorbance, which is independent of the 
incident light intensity. The oximeter then calculates 
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Figure 44-28. Pulse oximetry signals. A primary difficulty with pulse 
oximetry is that the pulsatile signal is small, compared with the total 
absorbance of the ear or finger being examined. Pulsatile flow is 
needed to determine the Sao2. (Modified from Ohmeda Pulse Oximeter 
model 3700 Service Manual.)
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the ratio (R) of the two pulse-added absorbances (one for 
each wavelength)11:

 R = (AC 660 / DC 660) / (AC 940/DC 940) (6)

Finally, the value of R (often called the ratio of ratios) is 
related to the displayed estimate of saturation of periph-
eral oxygen (Spo2) by a “look-up table” programmed into 
the oximeter’s software. The tables used in all commer-
cial pulse oximeters are based on experimental studies 
in healthy human volunteers. Although each manufac-
turer’s exact calibration curve is proprietary, these curves 
are similar. For instance, when the ratio of red-to-infra-
red pulse-added absorbance is 1.0, the displayed SpO2 is 
approximately 85%. This fact has clinical implications, 
which are discussed in the next section.

SIGNAL ARTIFACT MANAGEMENT

One of the most difficult engineering problems in pulse 
oximetry is the identification of the fluctuating absorbance 
pattern of arterial blood in a sea of electromagnetic and 
other artifacts. Artifacts have four major sources: ambi-
ent light, low perfusion (weak pulse, low AC-to-DC signal 
ratio), venous blood pulsations (caused by patient motion, 
among other things) and additional light absorbers in the 
blood (e.g., dyshemoglobins, intravenous dyes). All these 
sources of artifacts produce a low signal-to-noise ratio, 
resulting in either erroneous Spo2 values or no value at all.

The photodiodes used in the sensor to detect light can-
not differentiate one wavelength of light from another. 
Therefore the detector does not know whether the light 
received originates from the red (660 nm) light-emitting 
diode (LED), the infrared (940 nm) LED, or the room 
lights. This problem is solved in most pulse oximeters 
by alternating the red and infrared LED sources. The red 
LED is turned on first, and the photodiode detector pro-
duces a current resulting from the red LED plus the room 
lights. Next, the red LED is turned off and the infrared 
LED is turned on. The photodiode signal then represents 
the infrared LED plus the room lights. Finally, both LEDs 
are turned off, and the photodiode generates a signal 
from the room lights alone. This sequence is repeated 
hundreds of times per second. In this way, the oximeter 
attempts to eliminate light interference even in a quickly 
changing background of room light.10 Some sources of 
fluctuating light can cause problems, despite this clever 
design. Simply covering the sensor with an opaque shield 
can minimize artifacts from ambient light.

Another engineering problem is that of a low AC-to-
DC signal ratio or low perfusion. When a small pulsatile 
absorbance signal is detected, the conventional pulse 
oximeter amplifies the signal and estimates the saturation 
from the ratio of the amplified absorbances. In this way, 
the pulse oximeter can estimate saturation values of Spo2 
for a wide range of patients who generate different ampli-
tudes for pulsatile absorbance. Unfortunately, as with a 
radio receiver, when a weak signal is amplified, the back-
ground noise, or static, is also amplified. At the highest 
amplifications (which can be up to 1 million times), some 
pulse oximeters may analyze this noise signal and gener-
ate an Spo2 value from it. Because the noise is usually 
equal in the red and infrared signals, the ratio of the two 
is often near unity (1.0), which yields a displayed satura-
tion of approximately 85%. This problem could be dem-
onstrated in early pulse oximeters by placing a piece of 
paper in the sensor between the photodiode and the LED. 
Some early models amplified the background noise while 
searching for a pulse until they eventually displayed a 
pulse and saturation value for the piece of paper. To pre-
vent this type of artifact, many manufacturers have now 
incorporated minimum values for the signal-to-noise 
ratio, below which the device displays no value for Spo2. 
Some oximeters also display a low–signal strength error 
message; in addition, many display a plethysmographic 
wave for a visual identification of noise.

Patient motion, causing venous pulsations with a high 
AC-to-DC signal ratio, may be the most difficult artifact 
to eliminate. Engineers have tried several approaches to 
this problem, beginning with simply increasing the signal 
averaging time. If the device averages its measurements 
over a longer period, then the effect of an intermittent 
artifact is usually less. However, this longer averaging 
period also slows the response time to an acute change 
in Sao2, and it may result in “frozen” Spo2 values being 
displayed when the true saturation is rapidly changing. 
Most pulse oximeters now allow the user to select one of 
several time-averaging modes. In addition, some manu-
facturers use more sophisticated algorithms to identify 
and reject spurious signals.

One innovation aimed at reducing motion artifact is 
based on the premise that motion causes pulsations of 
venous blood within the tissue bed. Conventional pulse 
oximetry cannot distinguish venous pulsations from those 
of arterial blood; hence, large low-reading errors or loss 
of signal can result. In a new signal-processing algorithm 
developed by Masimo, Inc., the oximeter actually computes 
a venous noise reference signal, which is common to both 
light wavelengths. The noise reference is then subtracted 
from the total signal, and a true arterial signal is left. This is 
one of five “parallel engine” algorithms that Masimo SET 
(Signal Extraction Technology) simultaneously uses to find 
the most reliable Spo2 value for the current signal condi-
tions. Tests in human volunteers, as well as preliminary 
clinical studies, indicate that this new technology repre-
sents an improvement in pulse oximeter performance in 
low signal-to-noise ratio situations.12,13

More recently, the first multiwavelength pulse oxim-
eter, the Rainbow Rad-57 Pulse CO-oximeter, has been 
introduced. This device uses eight light wavelengths 
rather than the usual two, making it capable of measuring 
both COHb and MetHb, in addition to the conventional 
Spo2 value and pulse rate. The first human volunteer 
study of this instrument demonstrated that it can mea-
sure COHb with an uncertainty of ±2%, and MetHb with 
an uncertainty of ±0.5%.14

Over the past decade, other in vivo oximeters have 
been developed to measure light reflected by living tis-
sue in an attempt to determine Hb saturation in specific 
organs. Using reflected rather than transmitted light adds 
complexity because the path lengths of the light through 
the tissue may be varied and tortuous, making calibration 
difficult. Nevertheless, a signal reflected from living tissue 
may produce useful information regarding the average 
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saturation of the Hb within that tissue. For example, a 
cerebral oximeter may be able to measure mean brain 
Hb saturation, which reflects the intracerebral balance 
among venous, arterial, and capillary blood, as well as the 
oxygenation of all three.

MEASUREMENT OF TEMPERATURE

PRINCIPLES OF TEMPERATURE

Moving matter contains energy. Even stationary objects are 
moving at the atomic level. This kinetic energy of molecules 
and atoms is described as temperature. When all molecular 
motion (translational, vibrational, and rotational) ceases, 
the substance is said to be at a temperature of absolute 
zero—the lowest possible temperature. This temperature 
is equivalent to −273° C and is defined as 0° Kelvin. This 
state provides a reference point for all temperature measure-
ments, which in all thermodynamic calculations must be 
expressed in degrees Kelvin (see also Chapter 54).

Heat is a form of internal kinetic energy that can flow 
between two contacting bodies that are at different tem-
peratures. The amount of heat required to raise the tem-
perature of 1 g of a given substance by 1° C is called the 
specific heat of that substance. The calorie, a common heat 
unit, is the amount of heat required to raise the tempera-
ture of 1 g of water from 14.5° C to 15.5° C. One calorie 
is equivalent to 4.184 joules of energy. When we refer to 
calories in terms of the calories in the food that we eat or 
the calories that we expend while exercising, we are actu-
ally referring to kilocalories (thousands of calories and 
also called “kitchen calories”). Thus the total amount of 
heat energy in an object depends on its specific heat, its 
temperature, and its mass. For example, although a cup of 
60° C coffee is much hotter than a 30° C swimming pool, 
the coffee contains significantly less total thermal energy 
than the pool. The same is true for potential energy 
stored as pressure potential or electrical potential. A small 
container at high pressure may have less potential energy 
than a larger container at lower pressure.

TEMPERATURE MONITORS 
(THERMOMETER, THERMISTOR, 
THERMOPILE, LIQUID CRYSTAL)

Three techniques are commonly used for measuring tem-
perature: (1) those based on expansion of a material as its 
temperature increases, (2) those based on changes in elec-
trical properties with temperature, and (3) those based on 
optical properties of a material. As heat is added to most 
substances (e.g., gases, liquids, solids), motion of the mol-
ecules increases, and the volume of the material increases 
at constant pressure. Depending on the material, this 
expansion can be directly calibrated to changes in tem-
perature. Liquids are most commonly used, for example, 
mercury, because its effective range extends from its freez-
ing point of −39° C to approximately 250° C. Mercury 
thermometers have two disadvantages. They require 2 to 
3 minutes for complete thermal equilibration (mercury is 
a liquid metal with a high specific heat). In addition, they 
are enclosed in a glass tube, which may break and cause 
injuries. Thermometers based on the expansion of gas 
(Bourdon tube) or metal (bimetallic strip) are frequently 
used in thermostats because they also slowly respond to 
transient changes in temperature.

Electrical techniques for measuring temperature can be 
subdivided into three categories: resistance thermometers, 
thermistors, and thermocouples. Resistance thermome-
ters operate on the principle that the electrical resistance 
of metals increases with temperature. These devices most 
frequently use a platinum wire as the temperature-sen-
sitive resistor, a battery, and a galvanometer to measure 
current, which can be calibrated to temperature. The 
platinum wire is incorporated into a Wheatstone bridge 
circuit, which accurately measures very small changes in 
resistance (see Fig. 44-5).

When compared with a platinum thermometer, a 
thermistor is a semiconductor that displays the opposite 
behavior with regard to electrical resistance; that is, as 
the thermistor is heated, its resistance decreases. Therm-
istors, being solid-state devices, can be manufactured in 
extremely small sizes and therefore have a fast response 
to changes in temperature (i.e., little heat is needed to 
increase their temperature). Most of the temperature 
probes used in anesthesia, from the ones at the end of 
pulmonary artery catheters to esophageal probes, are 
thermistors. Physical problems with thermistors are few: 
cracked or broken wires lead to high resistance and incor-
rect temperature readings. More common are poor probe 
placement and a misinterpretation of the resulting value, 
for example, placing an esophageal probe in the orophar-
ynx and measuring airway temperature rather than core 
temperature. Thermocouples are conductors that gener-
ate a voltage in response to a temperature gradient.

The optical properties of materials can be used to mea-
sure temperature in two ways: (1) a device known as a 
thermopile can measure the infrared black-body emissions 
of an object, and the emission is then converted to tem-
perature; and (2) a liquid crystal matrix can be placed 
in direct contact with the desired zone, and an optical 
change in color can be observed. The most commonly 
encountered example of infrared temperature measure-
ment involves the tympanic membrane temperature 
monitor used in recovery rooms, pediatrics, and hospital 
wards. The infrared detector produces an electrical signal 
that is proportional to the fourth power of the difference 
in absolute temperatures of the objects. The following 
formula describes this phenomenon:

 Q1 , 2 = K (T 4
1 − T 4

2 ) (7)

where Q1,2 is net heat transfer (W/cm2), K is the Ste-
fan-Boltzmann constant, and T1 and T2 are the absolute 
temperatures of the two objects (degrees K). In theory, 
this method of measuring the core temperature should be 
accurate. However, in practice, improper placement and 
lack of calibration, but not ear canal cerumen, contribute 
to real-world errors.15 Additionally, the probe is rather 
large for intraoperative use.

Liquid crystal measures of temperature (found in 
“mood rings”) are often used for skin temperature moni-
toring. Just as the molecules in a liquid crystal watch dis-
play change their optical properties with a small electric 
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current and become polarized and dark, the molecules in 
a liquid crystal temperature device change their optical 
properties with temperature, resulting in a rainbow of 
colors. The crystal matrix is sensitive to pressure and tem-
perature. (By touching an LCD display panel, the visual 
rainbow of changing colors can be seen.) The reported 
clinical accuracy of liquid crystal devices varies.16

MEASUREMENT OF FLOW

PRINCIPLES OF FLOW

Although conceptually one of the easier measurements 
to understand as volume or mass movement over time, 
flow is actually not easy to measure. We must clearly 
distinguish between fluid flow and fluid velocity, which 
are often confused. Flow (Q) refers to the volume of fluid 
passing a particular surface area per unit of time; its SI 
units are cubic meters per second (m3/sec); in medicine, 
however, flow is more commonly measured in millili-
ters per second (mL/sec) or liters per minute (L/min). 
Fluid velocity (U) is simply the speed of the fluid at a 
particular point in space, measured in meters per second 
(m/sec). By analogy, imagine a multilane freeway: the 
speed (velocity) of individual cars may vary depending 
on the lane; the flow is the number of cars passing a 
point per minute.

MASS AND VOLUME FLOWMETERS 
(UROMETER, VOLUMETER)

Flow can be directly measured by diverting the flow into a 
measuring chamber. We can measure the mass or volume 
of fluid flowing per unit time by catching the fluid in a 
container and either weighing it or measuring its volume. 
The common urometer for measuring urine volume is an 
example. The volumeter used in North American Drager 
anesthesia machines also measures aliquots of volume 
integrated over time to measure tidal and minute vol-
umes (Fig. 44-29).17

DILUTIONAL FLOWMETERS 
(THERMODILUTION, FICK PRINCIPLE)

Dilutional techniques can also measure both volume and 
mass flow. If some measurable indicator (e.g., bolus of 
dye, thermal pulse, oxygen consumption, CO2 produc-
tion) is injected into a flow and its concentration is mea-
sured as a function of time at a point downstream, then 
the volume flow (Q) can be calculated by integration. 
The most common medical application is determining 
cardiac output by the pulmonary artery thermodilution 
method (see Appendix 44-6). Errors associated with these 
methods involve using the wrong injectate volume (too 
small a volume resulting in an overestimate of flow) or an 
error in temperature measurement (see “Measurement of 
Temperature” earlier in this chapter).

Continuous thermodilution cardiac output using an 
electric heating coil to warm the pulmonary artery blood 
removes errors associated with fluid injectate techniques 
but introduces the need to average the smaller signal 
over a longer time interval. Additionally, there is an 
upper limit to warming the blood without cellular dam-
age; therefore signal quality is reduced in patients who 
are febrile. Measuring the electric current required to 
maintain a constant temperature at the catheter tip is a 
slightly different approach. Variable current is the princi-
ple behind a constant temperature hot wire anemometer 
(used to measure gas flows in wind tunnels and in some 
anesthesia machines) applied to cardiac output.

The rate of CO2 production or oxygen consumption 
can be used to measure cardiac output by modifications 
of the Fick formula (see Appendix 44-6). When using 
these variables, a change in metabolic rate can lead to 
errors in cardiac output measurement.

VELOCITY AND PRESSURE FLOWMETERS 
(VENTURI, PITOT)

Flowing fluids in tubes generate both velocity and pres-
sure, which can be used to measure the flow indirectly. 
As described earlier, pressure in fluids can be thought 
of as a form of potential energy. Kinetic energy in flu-
ids is expressed in terms of flow, the bulk movement of 
fluid with a given direction and magnitude. The poten-
tial energy of pressure can be converted into the kinetic 
energy of flow; for example, the hydrostatic pressure gen-
erated by gravity acting on a vertical column of liquid can 
be transformed into flow by opening a valve at the bottom 
of the column. Pressure and flow can also change inde-
pendently. With the human circulatory system used as an 
example, a healthy young trauma patient in hypovolemic 
shock can have relatively normal blood pressure but low 
blood flow with high SVR. On the other hand, a patient 
with sepsis can have very low blood pressure accompa-
nied by high blood flow and low SVR (high-output septic 

Q = volume/time

Q rotations of device

sagwolftuOsagwolfnI

Rolling seals

Figure 44-29. Volumeter. Flow can be described as volume over 
time. This design of flowmeter allows gas to pass in only little aliquots, 
each of which turns a counter to measure the amount flowing past. 
When divided by time, this results in a flow measurement. (Modified 
from Ehrenwerth J, Eisenkraft J: Anesthesia equipment: principles and 
applications. St. Louis, 1993, Mosby.)
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shock). The total mechanical energy of a moving fluid 
is the sum of the kinetic (flow) energy and the potential 
(pressure) energy (see Table 44-2).

A pressure gradient (changing pressure in a particular 
spatial direction) exerts a force on the fluid, and the fluid 
tends to accelerate in the direction of decreasing pressure. 
Pressure gradient is only one of the forces that commonly 
act on fluids; other forces include gravity (see earlier dis-
cussion in “Pressure Measurement”) and viscous force or 
friction. If these other forces are negligible and the fluid 
is incompressible (i.e., a liquid with constant density), 
then the equation of motion (F = ma) can be integrated 
to yield:

 P + 1/2ρU2 = P0
 (8)

where P is pressure, ρ is fluid density, U is the magnitude 
of the fluid velocity, and P0 is a constant called the stag-
nation pressure (see Appendix 44-5). This form of the Ber-
noulli theorem tells us that pressure decreases as velocity 
increases in a frictionless flow, and vice versa. This prin-
ciple dispels the common misconception that pressure 
always decreases in the direction of flow. For example, in 
the flow inside a tube (e.g., pipe, large vein) of gradually 
increasing diameter, fluid velocity (U) decreases in the 
downstream direction as the diameter and cross-sectional 
area of the tube increase. As U decreases, equation 8 tells us 
that P increases in the direction of flow. This example again 
shows the relationship of potential and kinetic energy in 
fluids: as the kinetic energy of this tube flow decreases (U2 
falls) in the flow direction, the potential energy increases 
(P rises) by an equal amount. The total energy remains 
constant because we have assumed no friction.

Measuring the average velocity of the fluid across the 
tube can determine flow. In laminar tube flow (Figure 
44-30, A), the velocity profile has a parabolic shape, with 
the highest velocity at the centerline and the fluid at the 
walls being stationary. In turbulent tube flow, the velocity 
profile is flattened (Figure 44-30, B).

The Bernoulli theorem applies to a specific subset of 
frictionless flows, as described earlier. Many flows impor-
tant to anesthesiologists do not follow the Bernoulli theo-
rem. Most commonly, the flow that we desire to measure 
is not laminar but turbulent. The transition from laminar 
to turbulent flow depends on the type of fluid, the speed 
of the flow, and the shape of the flow. The fluid factors 
are combined in a dimensionless ratio called the Reynolds 
number (Re):

 Re = ρUL/μ (9)

where ρ is the density of the fluid, U is the mean flow 
velocity, L is a characteristic dimension (length) of the 
flow, and μ is the viscosity of the fluid. For a given flow 
geometry (e.g., flow through a tube of circular cross sec-
tion), transition from laminar to turbulent flow will occur 
at a critical value of Re. In straight, smooth, circular tubes, 
transition from laminar to turbulent flow occurs at Re of 
approximately 2100 (see Appendix 44-5).

A Venturi tube is circular tube with a gradual contrac-
tion and expansion in diameter, in contrast to the sud-
den contraction-expansion of an orifice flowmeter (Fig. 
44-31). Because the contraction is smooth and gradual, 
the Bernoulli theorem (equation 7) applies to this geom-
etry. For conservation of mass and energy to apply, as we 
restrict the flow by narrowing the tube, the speed increases; 
therefore the pressure on the walls decreases to keep the 
total energy (the stagnation pressure of the Bernoulli 
theorem) constant. The total mass flow on both sides of 
the contraction must be equal (we have not created or 
lost any matter). If we measure the pressure difference 
between the widest and the narrowest parts of the Venturi 
tube, then we can solve the Bernoulli theorem for velocity 
(see Appendix 44-5). The Venturi tube derives fluid veloc-
ity (U) from the pressure difference, not volume flow (Q). 

Laminar flow

Turbulent flow

A

B
Figure 44-30. Laminar and turbulent flow. A, In a smooth-walled 
tube at low flow rates (i.e., small pressure gradients), the flow rate is 
laminar; that is, flow moves smoothly in concentric circles with the 
centermost area having the greatest flow velocity and the area nearest 
the wall of the tube being virtually stationary. B, As flow rate and pres-
sure gradient increase, the flow transitions from laminar to turbulent. 
Instead of a neatly ordered flow, the velocities are more randomly 
distributed, energy is dissipated as heat, and the energy needed for a 
given flow rate increases. Many factors govern this transition, includ-
ing the size of the tube, the viscosity of the fluid, and the flow rate 
and pressure gradient. These factors are combined in determining the 
Reynolds number (see Appendix 44-5).

P2 P1

U2 U1

Q1 Q2

Cross-section 1

Cross-section 2

Figure 44-31. Venturi tube. By measuring the pressure difference 
between two points in a laminar flow, the average flow velocity can be 
determined because the mass flow and total energy (minus frictional 
losses) must be the same (see Appendix 44-5).
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The Venturi tube is used in many industrial applications 
and is also used on some aircraft to measure speed.

To ensure a measureable pressure gradient, some resis-
tance must be present in the fluid path. The lower the rate 
of flow, the greater the resistance must be to generate the 
same pressure gradient. Therefore in respiratory applica-
tions, pediatric flowmeters have too much resistance (as 
a result of lower flows) to use in adults, and adult flow-
meters do not generate enough resistance to give an 
adequate signal (pressure change) in pediatric patients. 
A variable resistance flowmeter has been devised (Ohm-
eda 7900/Aisys) in which the orifice is actually a flap that 
moves as the flow increases. No simple equation or rela-
tionship exists between the pressure above and below the 
restriction; therefore this flowmeter must be empirically 
calibrated and the calibration curve for each sensor elec-
tronically stored.

A Pitot tube is a cylindric tube whose open end is 
pointed directly into the flow, that is, upstream (Fig. 
44-32). The pressure measured in the Pitot tube approxi-
mates the stagnation pressure given earlier in equation 7. 
If we independently measure the static pressure (p) (the 
p1 side port in Fig. 44-32) at the same location and if we 
know the fluid density (ρ), we can then easily solve equa-
tion 7 for the fluid velocity (U). Note, again, that the Pitot 
tube derives velocity (U), not volume flow (Q). The Pitot 
tube is simple and reliable and is used on most aircraft 
to measure speed. In anesthesia, the Pitot tube is used in 
Datex Ultima monitors. To measure gas flow in two direc-
tions, the Datex monitor incorporates two Pitot tubes, 
one facing in each direction. Additionally, the monitor 
samples gas composition to correct for the density and 
viscosity of the gas mixture.

BALANCE-OF-PRESSURE FLOWMETERS 
(THORPE TUBE, BOURDON TUBE)

If flow in a tube passes through a sudden restriction such 
as an orifice, then the volume flow (Q) is proportional to 
the area of the orifice and the square root of the pressure 

P1

Q2  (P2 P1)

Q    (P2 P1)

P2

Figure 44-32. Pitot tube. As flows increase, wall pressure decreases 
as a result of the Bernoulli principle. The Pitot tube measures the differ-
ence in pressure from the middle of the flow to the wall and converts 
this to a flow measurement (see Appendix 44-5). (Modified from Ehren-
werth J, Eisenkraft J: Anesthesia equipment: principles and applications. 
St. Louis, 1993, Mosby.)
drop through the orifice. (The Bernoulli theorem does 
not apply to this flow geometry.) This is the principle of 
all orifice flowmeters, including the rotameter of an anes-
thesia machine (see Appendix 44-5).

The most common flowmeter used in anesthesia is 
the floating bobbin rotameter on the anesthesia machine 
(Thorpe tube, Fig. 44-33). This variable-orifice flowmeter 
uses a balance of forces to determine pressure change and 
to measure flow. When the flowmeter valve is opened, 
the flow of gases through the annular orifice between 
the bobbin and the tapered glass tube provides a force 
to raise the bobbin. As the bobbin rises, the area of the 
annular gap between the bobbin and the tube increases 
as a result of the taper of the tube. As the area of this 
gap (orifice) increases, the pressure change across the 
bobbin decreases; the pressure change across an orifice 
is inversely proportional to the square of the orifice area. 
The bobbin ceases its upward motion at an equilibrium 
point where the upward pressure force balances the 
downward force of gravity (weight of the bobbin). Thus 
the height of the bobbin in the tube is directly related to 
the gas flow. Although this flowmeter is simple in princi-
ple, its application becomes more complex when the flow 
in the tube changes from laminar to turbulent as velocity 
and diameter increase. (For mathematical derivations, see 
Appendix 44-5.)

Another flowmeter (Bourdon tube, Fig. 44-34) keeps 
the orifice constant and allows the pressure to vary. As 
flow (Q) increases, the gradient of P1 to P2 increases and 
causes the flattened metal tube to uncoil and move the 
pointer.

swolfhgiHswolfwoL
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of gas, P

F  mag

F  density 
of gas, P

F  mag

Figure 44-33. Thorpe tube flowmeter. At low flows, viscosity of 
gas predominates, and the flows balance when the gravitational 
attraction equals the pressure gradient across the equivalent orifice. 
At higher flows, density takes over, and the balance is the same, 
except for the formula determining pressure (acts like an orifice) (see 
Appendix 44-5).
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Chapter 44:

KINETIC ENERGY FLOWMETERS  
(WRIGHT SPIROMETER)

Vanes or propellers placed in a confined flow turn at a 
rate proportional to the volume flow if there is no friction 
in the propeller bearings. Various vane spirometers, such 
as the Wright spirometer, work by this principle (Fig. 
44-35). These devices tend to be less accurate at both very 
high and very low flow rates because of frictional forces.

SUMMARY OF FLOW MEASUREMENT

Every method of measuring flow has its particular limi-
tations and uncertainties. Because gases are not always 
pure with a known, constant density, flowmeters based 
on the Bernoulli theorem (equation 7) are subject to 
errors. Furthermore, any device inserted into a fluid flow 
can disturb the flow by its presence. For example, a rotat-
ing vane spirometer may reduce the gas flow at high 
flow rates because of internal friction. Several methods 
of flow or fluid velocity measurement are dependent on 
a pressure measurement (Pitot tube, Venturi tube, orifice 
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Figure 44-34. Bourdon tube flowmeter. Unlike the Thorpe tube, 
which has a constant pressure but a variable orifice, the Bourdon tube 
has a constant orifice but a variable pressure. The tube uncoils under 
the high backpressure. This drawback makes it unsuitable for use in 
low-pressure respiratory systems. However, it receives much use in 
portable oxygen tanks. Of note, if the orifice is increased in radius, 
then the flowmeter will under-read the actual flow. If the orifice is 
dirty (i.e., decreased radius), then the flow will be overestimated. 
(From Mushin WW, Jones PL: Physics for the anaesthetist, ed 4. Oxford, 
1987, Blackwell.)
flowmeter); hence, the flow measurement is no more 
accurate than the pressure measurement.

In conclusion, new monitors are being developed 
almost continuously, but new physical principles are 
revealed only rarely. The science of physics is a constant 
effort to understand, simplify, and predict the behavior of 
our universe in quantitative terms. The terms and princi-
ples outlined in this chapter are referred to multiple times 
in subsequent chapters.
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Velocity (v) is the rate at which distance is changing; that is, it is 
the time derivative of distance:

v = dx/dt (1)

The variable v is written in boldface type to indicate that it 
is a vector: it has both magnitude and direction. Distance x is 
a vector pointing from the origin to the present location of the 
particle or object; it is called the position vector. Time (t) is a 
scalar; it has magnitude but no direction and is therefore written 
in plain type.

Acceleration (a) is the time rate of change of velocity. Thus it is 
the time derivative of the velocity vector or the second derivative 
of distance with respect to time.

a = dv/dt = d/dt dx/dt = d2x/dt2 (2)

If an object starts with zero velocity (v = 0) at time zero (t = 
0) and then accelerates with constant acceleration (a), its velocity 
at time t will be simply v = at. To calculate the distance traveled 
by the object between time t = 0 and time t, we must divide the 
time interval 0 to t into a series of very small intervals, each of time 
length dt. The distance traveled during the interval dt is simply the 
velocity at that time multiplied by the time interval:

dx = vdt = at dt (3)

In the second step, we have substituted the constant accelera-
tion relationship v = at from above. Now to compute the total 
distance traveled, we must sum the distance from all of the small 
dt time intervals that occur between 0 and t.

x = at dt  (4)

If we allow the length of the time interval dt to approach zero, 
the summation process becomes the integral with respect to time 
from time zero to time t.

x = ∫ vdt = ∫ (at)dt =
1

2
at2 (5)

Thus an object starting from rest at t = 0 and moving with con-
stant acceleration (a) will move a distance 1/2 at2 in time t. If this is 
a falling object (in a vacuum, where there is no air resistance), then 
a = g = 9.8 m/sec2, and the distance formula becomes:

x = 1

2
gt2 = 4.9 t2 (6)

In the first second, the object falls 4.9 m; at the end of 2 sec-
onds, it has fallen 19.6 m; after 3 seconds, 44.1 m; and so on.

The kinetic energy (KE) of a moving object is:

KE =
1

2
mv2 (7)

where m is the mass of the object and v is the magnitude of its 
velocity (also called speed). Note that v used in this sense is in plain 
type, not boldface. Consider, again, the falling object that started 
at position x = 0 at time t = 0 and falls a distance h:

h =
1

2
gt2 , or

t =
√

(2h / g) (8)

Because velocity v = at = gt, we have by substitution from  
equation 8

v = gt = g
√

(2h / g) =
√

(2gh) (9)

The kinetic energy is given by

KE = 1

2
mv2 = 1

2
m 2gh = mgh  (10)

Now, let us consider the work required to lift the fallen object 
back to its original height of h. Recall that work is defined as the 
force exerted times the distance over which the force acts: W = Fd. 
The force of gravity acting on our object is Fg = mg, so the work 
required to lift it the distance (h) back to x = 0 is

W = Fd = mg d = mgh  (11)

Thus the work required to restore the object equals the kinetic 
energy possessed by the object at the bottom of its fall, KE = W = 
mgh. When we lift the object from x = h back to x = 0, we have 
increased its potential energy (PE) by the amount mgh. This PE can 
be converted to kinetic energy by allowing the object to fall the 
distance h. This type of PE is called gravitational potential and has 
a value that clearly depends on where we locate the origin of our 
coordinates, x = 0. However, it is the change in PE, not its absolute 
value, that the PE and kinetic energy balances:

ΔKE = − ΔPE (12)

The change in kinetic energy is equal to and of opposite sign to 
the change in potential energy.

APPENDIX 44-1 Distance Versus Time Under Constant Acceleration: Equivalence of Potential  
and Kinetic Energy

A liquid manometer is a simple and reliable means of monitor-
ing pressures that do not rapidly change. It simply uses the 
weight of a measured vertical column of liquid to balance the 
pressure exerted against the bottom of the column. We have 
defined weight as the force exerted by gravity on a mass (m): Fg 
= mg. To determine the weight of a column of liquid of known 
dimensions (in a manometer, see Fig. 44-4), we must first know 
the density (mass per unit volume) of the liquid. Density has 
dimensions of m/L3, and the SI units are kilograms per cubic 
meter (kg/m3). Because liquids are almost incompressible, their 

density is little influenced by pressure (but affected by tempera-
ture). The density of water at room temperature is 997.8 kg/m3 
or 1.0 g/cm3.

The pressure (p) exerted by the bottom of the vertical column 
of liquid in a manometer (see Fig. 44-4) is determined as follows: 
if the cross-sectional area of the liquid cylinder is A and the height 
of the cylinder is z, then its volume is V = Az. If the liquid has a 
density of ρ, the mass of the column is:

m = ρV = ρAz (1)

APPENDIX 44-2 Physics of Hydrostatic Pressure
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The amplification artifact of a fluid tube/transducer pressure 
waveform can be calculated if a few properties of the system are 
known. The most relevant part of this solution is the response 
amplitude, which is plotted against the driving frequency (f) in 
Figure 44-16. This figure shows some important properties of 
fluid-coupled transducers and other harmonic oscillators. One of 
these properties is the existence of a resonant frequency, f0, which 
is defined as follows:

f0 =
1

2
π
√

k/m (1)

Remember, m is the mass of the system and k is the elasticity or 
spring constant.

As we increase the amount of damping (i.e., friction; c is the 
friction constant), we observe a decrease in the peak amplitude at 
resonance, and the frequency at which the peak occurs decreases 
slightly. The damping coefficient (z) is defined as follows:

z = c/
√

2km (2)

Although the arterial pressure waveform is not actually sinu-
soidal, Figure 44-15 shows the most important characteristics of 
the pressure transducer response. Any combination of catheter, 
tubing, and transducer can be characterized by two quantities: a 
resonant frequency (f0 ) and a damping coefficient (z). Gardner 
measured these quantities for many transducer and tubing systems 
and found that most systems have resonant frequencies of 10 to 
20 cycles/sec or hertz (Hz) and damping coefficients of 0.2 to 0.3. 
For clinical systems, the maximum amplification factor (the ratio 
of transducer output to input waveform amplitude) at resonance 
is near 2.5.

If the resonant frequency is 10 Hz (600 cycles/min), then one 
might conclude that amplification plays little role in the clinical 
range of pulse rates, which are 5 to 10 times smaller. However, 

the arterial pressure waveform is not a sine wave. It can be 
represented as a summation of sine waves (a Fourier series) with 
frequencies up to many times the pulse rate. It is these higher 
harmonic frequencies that are amplified most and that yield 
the spiked appearance of a poorly processed arterial waveform. 
Depending on the shape of the actual arterial pressure wave, this 
distortion can introduce a 20% to 40% “overshoot” error in sys-
tolic blood pressure readings. Even worse, this error is dependent 
on the pulse rate; therefore an error determined for a particular 
patient at the beginning of administration of an anesthetic may 
not remain constant.

From this discussion, we can easily predict how to optimize the 
performance of a pressure transducer system. First, the resonant 
frequency (f0 ) should be as high as possible. Therefore the value for 
k in equation 1 should be large (i.e., the spring should be “stiff”) 
and the value for m should be small (i.e., the cannula and pressure 
tubing should be as stiff and inelastic as possible). To minimize 
the mass of the moving fluid, the tubing should be short in length 
and small in diameter. Judging from plots of amplitude versus 
frequency/resonant frequency at different damping coefficients, 
the optimal damping coefficient would be 0.4 to 0.5. In addition, 
air bubbles should be carefully eliminated from the system because 
they add elasticity and friction, thereby lowering the resonant 
frequency. In a clinical system, the approximate f0 and z of a 
transducer system can be determined if graphic output is available. 
If the high-pressure flush is turned on and then quickly off at a high 
chart speed (50 mm/sec), then the tracing oscillates through several 
cycles at a frequency near f0. The damping coefficient can be found 
by determining the ratio of amplitudes of successive peaks on the 
tracing. This is a practical example of how fundamental principles 
of mechanics can be used to predict and optimize the performance 
of monitoring systems. These concepts of mechanics recur in later 
sections of this chapter.

APPENDIX 44-4 Amplification Artifact of a Fluid Tube/Transducer Pressure Waveform

The Wheatstone bridge is a network of four resistors connected as 
shown in Figure 44-5, with a battery or DC voltage source (elec-
tromotive force) connected between A and C and a voltmeter (V) 
connected between B and D. The bridge is said to be “balanced” 
when the voltmeter reads zero potential difference between points 
B and D. From Ohm’s law (V = IR), it is easy to show that balance 

occurs when Rx = Rs × (R2/R1). If Rs is an adjustable standard resistor 
and R1 and R2 are fixed known resistors, then the balanced bridge 
provides a very precise means of determining Rx, the unknown 
resistance. This principle has many applications in biomedical engi-
neering, including strain gauge pressure transducer measurements. 
In this case, the transducer, itself, is the unknown resistance Rx.

APPENDIX 44-3 Wheatstone Bridge

and its weight is

W = mg = ρAzg (2)

The liquid column exerts a force equal to its weight on its base, 
whose surface area is A, thus creating the following pressure on the 
surface:

p = force/area = ρAzg/A = ρgz (3)

The pressure exerted by the manometer is therefore independ-
ent of its cross-sectional area (A); it depends only on the density 
of the working fluid and the vertical height of the column. If we 
know the liquid density, then the measurement of the column 
height (z) allows us to calculate the pressure (p). For example, if 

the working fluid is mercury (e.g., sphygmomanometers), then the 
density is 13,680 kg/m3 (13.68 g/cm3 or 13.68 times the density 
of water). The relationship of pressure to height of the column is 
then:

p = ρgz = 13,600 kg/m3 9.8 N/kg z
p N/m2 = 133,300 z

 (4)

The unit of pressure newton/meter2 (N/m2) is called the pascal 
(Pa). Because a Pa is a small unit of pressure, we usually use kilo-
pascals (kPa or 103 Pa). If we express p in kPa and z in millimeters 
of mercury (rather than meters), equation 4 becomes:

p [kPa] = 0.1333 (z) [mm Hg] (5)
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The equations governing the motion of fluids are expressions of 
Newton’s second law, F = ma. Forces associated with fluids fall into 
three major categories: (1) gravity, (2) pressure, and (3) friction. In 
the example using manometers, the gravitational force per unit vol-
ume of fluid is simply ρg, acting in the vertical direction. Pressure 
forces are actually the result of differences in pressure from one 
point to another and are mathematically expressed as the negative 
of the pressure gradient. (A pressure gradient is a vector in the 
direction of the maximal rate of pressure increase, with a magni-
tude equal to the pressure derivative in that direction.) Friction is 
proportional to viscosity, the physical property of a fluid that relates 
shear stress to the rate of strain.

P0 = p +
1

2
ρU2 + ρgz  (1)

Equation 1 shows the relationship between velocity and pres-
sure of a fluid in a flow that meets the conditions described. For 
flows in tubes, the manometer technique provides an easy method 
of measuring mean pressure. Therefore the simplest flowmeters 
apply a combination of these two principles to a tube of chang-
ing cross-sectional diameter. For example, the Venturi flowmeter 
shown in Figure 44-31 consists of a tube of varying cross-sectional 
area that has two ports for measurement of pressure. The Bernoulli 
theorem for points 1 and 2 in the figure becomes:

P1 +
1

2
ρU1

2 = P2 +
1

2
ρ U2

2 (2)

Here, the gravity terms have canceled out because the tube is 
horizontal, but these terms are usually negligible for gas flows in 
any direction.

The volume of the fluid flow (Q) (also called flux) at both loca-
tions must be the same because no fluid is entering or leaving 
through the tube walls. The dimensions and SI units for the volume 
of fluid flow are l3/t and m3/sec, respectively. This volume is deter-
mined at each cross section of the tube by multiplying the average 
velocity (U) by the cross-sectional area (A):

Q = U1A1 = U2A2  (3)

Assuming that A1, A2, P1, and P2 are known, we now have two 
equations for the two unknowns U1 and U2. Solving these for the 
velocity U1 produces

U1 =
√[

2 (P1 − P2) /ρ
(

1 − A1
2 − A2

2
)]

 (4)

To find the volume of the flow (Q), we merely multiply this 
result by A1. Note that velocity is proportional to the square root 
of the pressure drop or that the pressure change varies as velocity 
squared. For a given U1 or the magnitude of flow velocity, the 
pressure drop varies as the square of the ratio of the areas, or the 
fourth power of the ratio of the diameters. If we choose an A2 
greater than A1, then equation 4 implies that P2 is greater than 
P1. In this case, the pressure increases in the direction of flow, a 
change that initially seems contrary to intuition.

The bobbin flowmeters (also called variable-orifice flowmeters) in 
anesthesia machines use a similar principle. These devices consist of 
a slightly tapered vertical tube and a bobbin or ball that fits inside 
the tube (see Fig. 44-33). The cross-sectional area of the ring-shaped 
gap between the bobbin and the tube wall is proportional to the 
height of the bobbin. Because changes in the cross-sectional area of 
flow are abrupt rather than gradual (see Fig. 44-31), the Bernoulli 
theorem does not accurately describe this type of flow. The flow 
above the bobbin (i.e., downstream) is highly turbulent, and turbu-
lence is a condition that dissipates kinetic energy into heat. However, 
the introduction of the empirical constant Cd enables one to use the 
same formulation as in equation 4:

Q = CdA 2 P1 − P2 /ρ (5)

and

P1 − P2 = 1
2 Q2 / Cd

2A2ρ  (6)

where Cd is a dimensionless constant called the discharge coeffi-
cient. This constant varies with the shape of the orifice and with the 
value for another dimensionless parameter, the Reynolds number 
(Re). The Reynolds number, the overall ratio of inertial forces to 
viscous forces in a particular flow, is determined as follows:

Re = ρUL/μ  (7)

where U is mean flow velocity, L is a characteristic length for the 
flow (in our flowmeter, L is the diameter of the tube), and μ is the 
viscosity of the fluid. The dimension for viscosity is M/LT. The value 
for the Re is important to any fluid flow because it determines 
some of the most important characteristics of the flow. For exam-
ple, the transition from laminar or “smooth” flow to turbulent flow 
is determined by the shape of the flow and the Re. Flow in a long, 
straight, smooth-walled tube becomes turbulent at an Re value of 
approximately 2100. On the other hand, flow through an abrupt 
orifice, such as that of the flowmeter in Figure 44-34, becomes 
turbulent at an Re value of less than 100.

Returning now to the function of the flowmeter, one can see that 
as gas flows upward through the tapered tube, the bobbin begins to 
rise. As the bobbin rises, the cross-sectional area of the orifice (A) in-
creases because of the taper of the tube; therefore, the drop in pres-
sure (P1−P2) decreases. The bobbin reaches an equilibrium position 
for a given volume of flow (Q) when the pressure lifting the bobbin is 
exactly equal to the weight of the bobbin. In this type of flowmeter, 
the pressure difference is fixed by the bobbin weight, and the area 
of the orifice varies with the volume of the flow, hence the name 
variable-orifice flowmeter. Equations 5 and 6 show that calibration 
of these flowmeters depends on both the density and the viscosity of 
the gas: density (ρ) appears explicitly, and viscosity (μ) appears in the 
dependence of Cd on the Re. If we use the wrong gas in a particular 
flowmeter, then equations 5 and 6 and the viscosity and density of 
the new gas enable us to predict the change in calibration.

APPENDIX 44-5 Flowmeters, Bernoulli Principle, Laminar and Turbulent Flow

A commonly used method of measuring blood flow is dilutional 
calculation, that is, dye or thermal dilution. These methods are 
simply mass or energy balances that determine the volume of 
fluid that has been diluted by adding a volume of dye or a given 
thermal energy. If you have a bucket of water at room temperature 
(25° C) and you want to determine the volume of water in the 

bucket, then you could add a known volume of water at a known 
temperature. If 100 mL of water at 35° C is added to the bucket 
and the final temperature is 27° C, then the unknown volume can 
be calculated by balancing the heat energy associated with the 
dilutional process, assuming that no heat is lost to the environ-
ment. This dilutional process can be used to measure blood flow 

APPENDIX 44-6 Measurement of Cardiac Output by the Thermal Dilution and Mass Flow Technique
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by completing this same heat balance measured over time. Ther-
modilution cardiac output measurements can have significant error 
as a result of the many assumptions associated with the technique, 
such as rapid injection of the thermodilution injectate; accurate 
temperature and volume of the injected fluid; constant known heat 
capacity of blood, which, in reality, is a function of the hematocrit 
value; and little heat loss to the lung; among others.

Thermistor probes are most commonly used for clinical 
monitoring of patient temperature because they are inexpensive, 
small, and flexible. For these reasons, the thermistor probe is also 
used to measure cardiac output determined by the thermodilu-
tion technique. Computation of cardiac output performed in this 
manner is, in effect, a heat balance for the right side of the heart. 
(Heat balance is a method of accounting for all heat in a process 
or change involving the transfer of heat.) The technique consists of 
quick injection of a known volume of a sterile solution (usually 10 
mL of 5% dextrose in water) into the right side of the heart while a 
sensor notes the temperature of the blood in the pulmonary artery. 
It is assumed that the cold injected solution thermally equilibrates 
with the blood as it perfuses the pulmonary artery but that the 
solution does not acquire heat from other tissues. The following 
equation is the solution of this heat balance:

 CO = ρiCiVi Tb − Ti 60Cr / ρbCb ∫ ∞
0 Tb t dt  (1)

where CO is cardiac output (L/min); ρi and ρb are the densi-
ties of the injectate and blood, respectively; Ci and Cb are the heat 
capacities of the injectate and blood, respectively; Vi is the volume 
of the injectate; Tb and Ti are the temperature of the blood and the 
injectate, respectively; Cr is a computational constant that corrects 
for the rising temperature of the injectate; and the integration is 
the area under the thermodilution curve. Because the injectate 

warms as it is injected through the catheter before mixing with the 
blood, the correction factor Cr is applied to the equation.

The same principle of balance used for temperature determina-
tion of cardiac output can be applied to oxygen (O2) or carbon 
dioxide (CO2) balance as well. Classically, O2 balance is used as 
described by Fick. Measurement of O2 consumption and content 
is cumbersome, and a modification of the Fick equation using CO2 
production is also used. Noninvasive cardiac output (NICO) is a 
new partial rebreathing method using the following equation:

 Q = V̇CO2 / CV
−

CO2 CaCO2−  (2)

Cardiac output (Q) is simply the expired CO2 divided by the 
arterial-venous difference in CO2. Assuming that Q does not 
change, the equations for CO2 elimination must be the same with 
or without rebreathing, where N indicates normal breathing and R 
indicates rebreathing. By rearranging the equations, cardiac output 
is the ratio of the change in the elimination of CO2 divided by the 
change in arterial CO2 content. Arterial CO2 content is derived 
from the slope of partial pressure of end-tidal CO2 (Petco2).

 Q = VCO2N
/ CVCO2N

− CaCO2N
= VCO2R

/ CVCO2R
− CaCO2R

= ΔVCO2

ΔCaCO2

 (3)

Therefore we can see that potential errors are induced by viola-
tions of the following assumptions: (1) change in Q during the 
measurement period, (2) change in metabolic rate and, hence, the 
production of CO2, and (3) change in ventilation.

As a trend analysis, patients with chronic obstructive lung disease, 
in which the absolute value of arterial partial pressure of CO2 (Paco2) 
is widely different from Petco2, may have an absolute error in Q 
determination by this method, but the relative changes should track.

The simplest sound wave to represent mathematically is a sinusoi-
dal wave propagating in one dimension:

 p = p0 sin 2π/λ x − at  (1)

where p′ is the pressure fluctuation, λ is the wavelength (distance 
between waves), x is the coordinate in the direction of propaga-
tion, and a is the speed of propagation, or the speed of sound.

The amplitude of a sound wave is measured by the root mean 
square value of the pressure fluctuations. This value is called the 
sound pressure level (SPL). Because the range of SPL values is often 
very wide, a logarithmic scale is used:

 SPL = 20 log (p*/P0) (2)

where p* is the root mean square pressure fluctuation and P0 
is a reference pressure chosen as the lowest sound pressure 
detectable by the human ear. This pressure representing the 
threshold of hearing is 2 × 10−8 kPa at a sound frequency of 
2 kHz (2000 cycles/sec). The units in this SPL scale are called 
decibels (dB). Thus a sound pressure of 2 × 10−8 kPa corresponds 
to an SPL of 0 dB, the lowest audible sound level [(p*/P0 = 1; 
log (1) = 0)]. Quiet conversation has an SPL of approximately 
40 to 50 dB or a pressure 10 to 300 times that of the threshold 
of hearing.

When sound waves encounter a sudden change in the proper-
ties of the conducting medium, some of the sound is transmitted 
through the new medium and some of it is reflected or  

“scattered,” in many directions. Although the mathematics of this 
process is complex, one conclusion is readily apparent: the greater 
the mismatch in density and compressibility between the two 
media, the more sound that is reflected. The quantity that best 
determines the degree of reflection at an interface between two 
media is the ratio (R) of the products of density (ρ) and the speed 
of sound (a) through the two media:

 R = ρ1a1 / ρ2a2   (3)

We can easily see that the greatest acoustic mismatch in 
the body occurs between solid tissues and the lungs. Both the 
density and the speed of sound are much lower in the air-filled 
lungs than in solid tissues. Therefore ultrasonography cannot 
“look” through the lungs at tissues or organs on the other side. 
The second greatest mismatch occurs between soft tissues and 
bone, the latter having a much higher ρa than the former. In 
1842, Christian Johann Doppler first described the apparent 
change in pitch of a sound that occurred when either the source 
of the sound or the listener was moving. This Doppler effect 
now has several applications in patient monitoring, including 
precordial and esophageal Doppler ultrasound devices that 
measure local blood velocities or cardiac output. If a sound 
source radiating a frequency (f) is stationary and the listener is 
moving (see Fig. 44-18, A), the wavelength of the waves can be 
determined by the following equation:
 λ = a/f (4)

APPENDIX 44-7 Ultrasound

Continued on following page
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because the time between wave fronts is 1/f and the waves are 
moving at the speed of sound (a). If the listener moves toward the 
source at speed V0, then the velocity of the listener relative to the 
moving wave fronts is (a + V0). The number of wave fronts that the 
listener encounters per unit time is therefore:

 f ′ = velocity/distance between waves = (a + V0) /λ (5)

Because the sound frequency for a stationary listener is f = a/λ 
(equation 4), the frequency f′ heard by the moving listener 
becomes:

 f ′ = (a + V0) /λ = f + (V0/λ) = f + (V0f/a) = f [1 + (V0/a)] (6)

The apparent frequency of the listener is thus increased by the 
factor [1 + (V0/a)]. A listener moving toward the source at half the 
speed of sound hears a frequency 1.5 times that of a stationary 
listener.

Now consider a stationary listener and a source moving at 
speed V0, as shown in Figure 44-18, B. The wave fronts are no 
longer concentric circles; they are more closely spaced in the 
direction that the source is moving. If the frequency of the sound 
emitted at the source is f, then the source moves a distance V0/f 
during each vibration. The wavelength in the direction of motion 
is thus shortened by V0/f and becomes l = (a − V0)/f. The waves 
themselves are traveling at speed a; therefore the frequency heard 
by the stationary listener is:

 f ′ = a/λ ′ = af/ (a − V0) = f [1/ (1 − V0/a)] (7)

Now, if the source is moving at one half the speed of sound 
toward the listener, the apparent frequency doubles. Compare this 
situation with the preceding one in which the listener is moving 
and the apparent frequency increases by only 50%. Doppler ultra-
sound systems combine the two situations shown in Figure 44-18. 
The initial acoustic source is a stationary transducer, and the sound 
from this device is scattered from a moving target (e.g., red blood 
cells). The scattered sound then returns to a stationary listener—
the receiving transducer. In effect, the target is a moving listener 
hearing a stationary source; the target then reradiates the sound as 
a moving source toward a stationary listener. The frequency heard 
by the receiving transducer is obtained by combining equations  
6 and 7:

 f ′ = f
[

1 + V/a

1 − V/a

]
 (8)

In this example, we have assumed that the target is moving to-
ward the ultrasound transducers at speed V. If the target is moving 
at one half the speed of sound, then the observed frequency is in-
creased by a factor of 3! Because changes in the frequency of sine 
waves can be precisely measured, the Doppler principle provides 
an accurate method of measuring the velocity of moving sound 
reflectors. At the high frequencies often used (≥5 MHz), objects as 
small as red corpuscles can scatter enough sound for detection.

Ultrasound imaging is exceptionally complex. For simplicity’s 
sake, recall the submarine movies in which the sonar operator calls 
out “range 2000 yards, bearing 36 degrees.” These two parameters 
are critical in describing some of the mathematics of ultrasound.

The first factor to consider is the maximal range of the ultra-
sound, which is described by the following relationship:

 rmax = cT/2 (9)

that is, the maximal range equals the speed of sound in tissue 
(≈1540 m/sec), multiplied by the time T between pulses divided by 
2. A further limitation is the fact that the energy dissipates in the 
tissue. (You need to tap harder when percussing to detect deeper 
structures). For deeper penetration into tissues, higher energies 
and slower pulse rates are required. Wavelength and frequency are 
related in the following manner:

 λ = c/f (10)

where f is the frequency, λ is the wavelength, and c is the speed of 
sound.

Next, we need to consider both the axial resolution (Is the en-
emy destroyer 2000 or 2005 yards distant?) and the annular reso-
lution (Is its bearing 36 or 38 degrees?). Sound in tissue spreads 
out in a bandwidth around a fundamental frequency. Therefore to 
determine the necessary bandwidth for an axial resolution of  
2 mm, the following approximation holds:

 B = 2c/Δr (11)

where Δr is the axial resolution. Therefore we need a bandwidth of 
1.54 MHz to get an axial resolution of 2 mm.

For annular resolution (Δθ), remember that the beam spreads 
out the further it goes from the source. Without deriving the math-
ematics, two factors determine annular resolution—frequency and 
aperture. Aperture size is limited to a size that will fit into or onto 
a human. Remember that a 1-degree error at a 1-cm range will 
increase at a 10-cm range: circumference = 2πr: 1/360 × 2 × π × 1 
= 0.17 mm; thus, at 10 cm, circumference = 1.7 mm.

APPENDIX 44-7 Ultrasound (Continued)
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Cardiovascular Monitoring
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K e y  P o i n t s

 •  Most automated noninvasive arterial blood pressure measuring devices use an 
oscillometric measurement technique and rarely cause complications. Caution 
should be exercised in patients who cannot complain of arm pain, those 
with irregular rhythms that force repeated cuff inflation, and those receiving 
anticoagulant therapy.

 •  The Allen test for palmar arch collateral arterial flow is not a reliable method 
to predict complications from radial artery cannulation. Despite the absence 
of anatomic collateral flow at the elbow, brachial artery catheterization for 
perioperative blood pressure monitoring is a safe alternative to radial or femoral 
arterial catheterization.

 •  The accuracy of a directly recorded arterial pressure waveform is determined by 
the natural frequency and damping coefficient of the pressure monitoring system. 
Optimal dynamic response of the system will be achieved when the natural 
frequency is frequent, thereby allowing accurate pressure recording across a wide 
range of damping coefficients.

 •  Rather than the common placement at the midaxillary line, the preferred position 
for alignment (or “leveling”) of external pressure transducers is approximately 5 
cm posterior to the sternomanubrial junction. When using external transducers 
and fluid-filled monitoring systems, this transducer location will eliminate 
confounding hydrostatic pressure measurement artifacts.

 •  Because of wave reflection and other physical phenomena, the arterial blood 
pressure recorded from peripheral sites has a wider pulse pressure than when 
measured more centrally.

 •  Dynamic measures of cardiac preload, such as stroke volume and pulse pressure 
variation, are better predictors of intravascular volume responsiveness than static 
indicators, such as central venous pressure (CVP) and pulmonary capillary wedge 
pressure.

 •  Selecting the best site, catheter, and method for safe and effective central venous 
cannulation requires that the physician consider the purpose of catheterization, 
the patient’s underlying medical condition, the intended operation, and the skill 
and experience of the physician performing the procedure. Right internal jugular 
vein cannulation is preferred due to its consistent, predictable anatomic location 
and its relative ease of access intraoperatively.

 •  Mechanical complications from central venous catheters can be decreased by the 
use of ultrasound vessel localization, venous pressure measurement before large 
catheter insertion, and radiographic confirmation that the catheter tip lies outside 
the pericardium and parallel to the walls of the superior vena cava.

 •  CVP is the result of a complex and diverse interplay among many different 
physiologic variables, the main ones being venous return and cardiac function. No 
simple relationship exists between CVP and circulating blood volume. Despite this, 
important pathophysiologic information can be obtained by careful assessment of 
the CVP waveform morphology.

 •  Catheter misuse and data misinterpretation are among the most common 
complications of central venous and pulmonary artery catheters.
1345
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K e y  P o i n t s — c o n t ’ d

 •  Pulmonary artery wedge pressure is a delayed and damped reflection of left 
atrial pressure. The wedge pressure provides a close estimate for pulmonary 
capillary pressure in many cases, but it may underestimate capillary pressure when 
postcapillary pulmonary vascular resistance is increased, as in patients with sepsis.

 •  Use of central venous, pulmonary artery diastolic, or pulmonary artery wedge 
pressures as estimates of left ventricular preload is subject to many confounding 
factors, including changes in diastolic ventricular compliance and juxtacardiac 
pressure.

 •  Pulmonary artery catheter monitoring has not been shown to improve patient 
outcome. Reasons cited for these results include misinterpretation of catheter-
derived data and failure of hemodynamic therapies that are guided by specific 
hemodynamic indices.

 •  Thermodilution cardiac output monitoring, the most widely used clinical 
technique, is subject to measurement errors introduced by rapid intravenous fluid 
administration, intracardiac shunts, and tricuspid valve regurgitation.

 •  Mixed venous hemoglobin oxygen saturation is a measure of the adequacy of 
cardiac output relative to bodily oxygen requirements. This measurement is 
also dependent on the arterial hemoglobin oxygen saturation and hemoglobin 
concentration.
INTRODUCTION TO CARDIOVASCULAR 
MONITORING: FOCUSED PHYSICAL 
EXAMINATION

Although electronic devices constitute crucially impor-
tant cardiovascular monitors, the physician’s senses offer 
an integrated, panoramic view of the patient’s condition, 
enhanced further by an understanding of the specific 
clinical context. Whereas electronic instruments accu-
rately and reliably collect massive volumes of data, the 
clinician plays a vital role by evaluating, and interpret-
ing these data.1 Just as inspection, palpation, and aus-
cultation are the cornerstones of physical examination, 
they are also fundamental to perioperative cardiovascular 
monitoring. For example, direct palpation of a pulse can 
differentiate true asystole from monitoring artifact more 
efficiently than troubleshooting an electrocardiogram 
(ECG) monitor, and direct observation of a beating heart 
during cardiac surgery or palpation of the aorta by the 
surgeon provide immediate and invaluable information 
about the potential causes of hemodynamic instability. 
However, the strengths and limitations of all monitoring 
techniques must be understood.

Given that the cardiovascular system is responsible 
for the transport of substrates and by-products to and 
from all organ systems, end-organ function is routinely 
substituted for cardiovascular performance. Inspection 
of mucous membranes, skin color, and skin turgor often 
yields important information about hydration, oxygen-
ation, and perfusion. Empiric estimation of intravascular 
fluid deficits and blood loss, urine output, and changes 
in mental status is also helpful. Unfortunately, inter-
pretation of these clinical signs and symptoms is often 
confounded by anesthetic drugs and preexisting organ 
dysfunction.
STETHOSCOPY

Although Laennec is credited with introducing the 
stethoscope into general medical practice in 1818, nearly 
a century elapsed before Harvey Cushing proposed its 
routine use during surgery.2 Stethoscopy provides a sim-
ple and reliable means of continuous monitoring of heart 
and breath sounds. Precordial stethoscopy consists of a 
heavy metal bell or accumulator attached to a length of 
rubber or plastic extension tubing and a custom-molded 
monaural plastic earpiece. The esophageal stethoscope 
facilitates temperature, clear breath, and heart sound 
monitoring, but it is only practical during general anes-
thesia.3 Although generally considered very low risk, rare 
cases of pharyngeal or esophageal trauma or hypoxemia 
from tracheobronchial compression can occur.

Despite its purported value, widespread use of continu-
ous stethoscopy has decreased in recent years, possibly 
related to routine use of pulse oximetry or capnogra-
phy.4-6 As a practical matter, clinicians may no longer be 
as adept at recognizing changes in heart or breath sounds 
owing to the increasing reliance on electronic monitoring 
devices, distraction, or operating room noise. As a result, 
intraoperative stethoscopy has primarily become limited 
to specialized clinical settings (e.g., pediatric anesthesia, 
remote locations).

HEART RATE MONITORING

The ability to estimate the heart rate quickly with a “finger 
on the pulse” is a skill as important as this expression is 
common, even though electronic devices are most often 
used to continuously monitor this crucial vital sign as an 
important guide to anesthetic depth and surgical stimula-
tion. The ECG is the most common method used in the 
operating room, even though any device measuring the 
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Figure 45-1. Digital heart rate (HR) displays may fail to warn of dangerous bradyarrhythmias. Direct observation of the electrocardiogram (ECG) 
and the arterial blood pressure traces reveals complete heart block and a 4-second period of asystole, whereas the digital display reports a HR of 
49 beats/min. Note that the ECG filter (arrow) corrects the baseline drift so that the trace remains on the recording screen. (From Mark JB: Atlas of 
cardiovascular monitoring, New York, 1998, Churchill Livingstone.)
period of the cardiac cycle will suffice. Accurate detection 
of the R wave and measurement of the R wave–R wave 
interval serve as the basis from which digitally displayed 
values are derived and periodically updated (e.g., at 5- to 
15-second intervals)7 (Fig. 45-1).

Electrical interference in the ECG trace most often arises 
from the electrosurgical unit but other sources may also be 
problematic. Power line noise appears as a 60-Hz artifact 
and may be eliminated by selecting  narrower-bandpass 
ECG filters, including a 60-Hz notch filter. Problems can 
also be caused by random twitching and fasciculations, as 
well as by medical devices such as lithotripsy machines, 
cardiopulmonary bypass equipment, and fluid warmers.8 
High-amplitude pacing spikes may be misinterpreted as 
R waves and confound heart rate measurement, as can 
tall T waves. Decreasing the ECG gain, adjusting R-wave 
detection sensitivity, changing the ECG lead to one with 
a smaller pacing spike or T-wave amplitude, or selecting 
pacing detection modes may improve R-wave detection 
and heart rate measurement.

PULSE RATE MONITORING

The distinction between heart rate and pulse rate is the 
difference between electrical depolarization with sys-
tolic contraction of the heart (heart rate) and a detect-
able peripheral arterial pulsation (pulse rate). Pulse deficit 
describes the extent to which the pulse rate is less than the 
heart rate and may arise in conditions such as atrial fibril-
lation in which, intermittently, a very short R wave–to–R 
wave interval compromises the stroke volume to such an 
extent that no corresponding arterial pulse is detectable 
for that systolic ejection. The most extreme example of a 
pulse deficit is electrical-mechanical dissociation or pulse-
less electrical activity, seen in patients with cardiac tam-
ponade, extreme hypovolemia, and other conditions in 
which cardiac contraction does not generate a palpable 
peripheral pulse.

Many monitors report heart rate and pulse rate sepa-
rately, the former from the ECG trace and the latter from 
the pulse oximeter plethysmograph or arterial blood pres-
sure monitor. In addition to indicating the pulse rate, this 
waveform may also provide supplementary diagnostic 
clues to cardiovascular function.9,10 Although monitor-
ing both heart rate and pulse rate may seem redundant, 
such redundancy is intentional, improves accuracy, and 
reduces measurement errors and false alarms.11

ARTERIAL BLOOD PRESSURE 
MONITORING

Like heart rate, arterial blood pressure is a fundamental 
cardiovascular vital sign included in the mandated stan-
dards for basic anesthetic monitoring.12 Blood pressure is 
usually measured either by indirect cuff devices or direct 
arterial cannulation with pressure transduction. These 
techniques measure different physical signals and differ 
in their degree of invasiveness. However, both are sub-
ject to numerous confounding factors that often result in 
significantly discrepant results, even with simultaneous 
measurements.13

INDIRECT MEASUREMENT OF ARTERIAL 
BLOOD PRESSURE

Manual Intermittent Techniques
Most indirect methods of arterial blood pressure measure-
ment use a sphygmomanometer, first described by Riva-
Rocci in 1896.14 Using an arm-encircling inflatable elastic 
cuff, a rubber bulb to inflate the cuff, and a mercury 
manometer to measure cuff pressure, the radial arterial 
pulse was palpated as the pressure in the cuff was increased 
(or later on rapid cuff deflation), identifying the systolic 
blood pressure (SBP). Detecting both systolic and diastolic 
pressure became possible with the description of the aus-
cultatory method of blood pressure measurement by 
Korotkoff in 1905.15 The Korotkoff sounds are a complex 
series of audible frequencies produced by turbulent flow 
beyond the partially occluding cuff. The pressure at which 
the first Korotkoff sound is heard is considered the sys-
tolic pressure (phase I). The sound character progressively 
changes (phases II and III), becomes muffled (phase IV),  
and is finally absent (phase V). Diastolic blood pressure 
(DBP) is recorded at phase IV or V (i.e., significant muf-
fling or disappearance of the sounds altogether).

A fundamental shortcoming of the auscultatory 
method is its reliance on blood flow to generate Korot-
koff sounds. Decreased peripheral blood flow from any 
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etiology, including shock or intense vasoconstriction, 
can attenuate or obscure sound generation or detec-
tion.16 In contrast, changes in vessel or tissue compliance 
underlying the cuff (such as in severe edema, shivering, 
or calcific arteriosclerosis) require excessively high cuff-
occluding pressures and may yield completely inaccurate 
readings.17

Other common sources of error during intermittent 
manual blood pressure measurement include selection 
of an inappropriate cuff size and excessively rapid cuff 
deflation. A well-fitted cuff has a bladder that extends 
to 40% of arm circumference and 80% of length of the 
upper arm.17 The cuff should be applied snugly and con-
tain no residual air, with the bladder centered over the 
artery. Although too large a cuff often provides acceptable 
results, the use of a cuff that is too small usually results in 
falsely high readings.17 The cuff pressure should decrease 
slowly enough for the changes in Korotkoff sounds to be 
detected and properly interpreted. An excessively rapid 
deflation would cause changes in the sounds to be missed 
and yield a falsely low pressure reading.

Automated Intermittent Techniques
Automated noninvasive blood pressure (NIBP) devices 
are standard equipment in most critical care settings 
because they provide frequent, regular pressure measure-
ments, free the operator to perform other vital clinical 
duties, provide audible alarms, and can transfer data to 
a computerized information system. Most NIBP devices 
are based on oscillometry, a technique first described by 
Marey in 1876.17 In this method, small changes in cuff 
pressure with arterial pulsation during cuff deflation are 
used to estimate mean arterial blood pressure (MAP). In 
contrast to the auscultatory method, in this case, the 
maximal degree of detectable pulsation is determined to 
be the MAP. SBP and DBP pressures are calculated accord-
ing to proprietary algorithms that vary by manufacturer; 
they are thus less reliable than the values for MAP.17-19 
Systolic pressure is typically identified as the pressure at 
which escalating pulsations reach 25% to 50% of maxi-
mum. Diastolic pressure is the most unreliable oscillo-
metric measurement and is commonly recorded when 
the pulse amplitude has declined to a small fraction of its 
peak value. In clinical practice, oscillometric automated 
NIBP measurement is from the upper arm.

In general, automated NIBP measurements closely 
approximate directly measured arterial pressure, espe-
cially at mean pressures of 75 mm Hg and lower.17,20 
However, significant shortcomings have been identified 
in clinical studies and are important to recognize. Stan-
dards for performance of automated NIBP devices have 
been established by the Association for the Advance-
ment of Medical Instrumentation (AAMI) and the Brit-
ish Hypertension Society (BHS); however, given the 
ethical conflict that is posed by a requirement for valida-
tion of noninvasive devices against invasive direct arte-
rial measurements, auscultation remains the standard 
against which all devices are evaluated. Consequently, 
the minimum performance standards that all NIPB 
devices are required to meet are significantly affected 
by the fundamental nature of the auscultatory method 
and the specific protocols used during each validation 
procedure.21 At present, in a pool of 85 subjects, new 
automatic devices must demonstrate average differences 
no more than ± 5 mm Hg, with standard deviations no 
greater than 8 mm Hg. This implies that some values 
may deviate up to 20 mm Hg from the true pressure and 
still achieve “acceptable performance” as defined by the 
AAMI.22 However, attempts to reproduce these valida-
tion procedures in clinical situations indicate that with 
at least one very commonly used device, only 74% of 
diastolic and 60% of mean and systolic measurements 
were within 10% of direct measured values. Although 
the device did meet the minimum performance stan-
dards, (MAP ≤ 5 mm Hg difference from the standard), 
the variances were large.23

Clinical studies comparing NIPB with direct arte-
rial pressure measurements also reflect the problematic 
nature of NIBP monitoring. Oscillometric methods often 
underestimate systolic and overestimate diastolic mea-
surements, significantly underestimating pulse pressure 
calculations.24 These devices also tend to underestimate 
mean values during periods of hypertension and overes-
timate during hypotension, potentially biasing clinical 
decisions in unstable patients.25 Ankle, calf, and thigh 
cuffs have never been validated at all, although there is 
sometimes no choice but to use a cuff in such a manner. 
Several well-conducted studies in critically ill patients 
have shown that NIBP measurements show acceptable 
agreement when a well-fitted cuff is used on the upper 
arm. The devices can also be reliably used in unstable 
patients or in alternative locations to identify patients 
who are hypotensive (MAP ≤ 65 mm Hg), and to differ-
entiate those who have responded to a therapeutic inter-
vention from those who have not (e.g., MAP ≤ 65 mm 
Hg versus MAP > 65 mm Hg). However, they cannot be 
reliably used to titrate therapy outside of these variables, 
and averaging of several measurements is necessary for a 
measurement to be considered reliable.20,26

NIBP devices are validated against a technique that 
measures something slightly different—and in a funda-
mentally different manner. The auscultatory method 
measures the systolic and diastolic pressures, estimating 
the mean, whereas oscillometric devices measure the 
mean and calculate (in different ways) the systolic and 
diastolic. Furthermore, directly measured arterial pressure 
measurements use another technique altogether. It has 
been stated that “current protocols for validating blood 
pressure monitors give no guarantee of accuracy in clini-
cal practice.”21 Perhaps expecting these techniques to 
yield identical or even similar values is unrealistic, espe-
cially in complex and unstable clinical situations.

Complications of Noninvasive Blood 
Pressure Measurement
Although automated, noninvasive blood pressure mea-
surement is generally safe, severe complications, though 
rare, do occur27 (Box 45-1). Compartment syndromes 
have developed after prolonged periods of frequent cuff 
cycling, likely related to trauma or impaired distal limb 
perfusion. Other contributing factors include cuff place-
ment over a joint or other vulnerable tissue, or repeated 
use in the face of a significant confounding factor such 
as muscle tremors, significant dysrhythmias, or a kinked 
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cable. Also, patients with peripheral neuropathies, arterial 
or venous insufficiency, severe coagulopathies, or recent 
use of thrombolytic therapy may be vulnerable to compli-
cations from a noninvasive blood pressure monitor.

Automated Continuous Techniques
Advances in microprocessor and servomechanical control 
technology have enabled noninvasive techniques to pro-
vide a reasonable representation of the arterial pressure 
waveform and a nearly continuous assessment of blood 
pressure without resorting to direct arterial cannulation. 
One such device measures finger blood pressure with an 
arterial volume-clamp method designed and first reported 
by Penaz in 1973.28 Although reasonable accuracy of fin-
ger blood pressure as a surrogate for intraarterial pressure 
measurements are possible, many factors have precluded 
more widespread application of this technology.29 Under 
many circumstances, finger blood pressure monitoring 
will not reflect brachial arterial pressure. In addition, 
finger arteries are prone to spasm with the potential for 
distal ischemia, hand position will influence pressure val-
ues, and blood sampling cannot be performed without 
indwelling catheters. Changes in finger physiology also 
influence noninvasive hemoglobin (SpHb) monitoring 
(also see Chapter 61).

Other automatic continuous noninvasive techniques 
are available to measure arterial blood pressure, using 
technologies based on arterial wall displacement, pulse 
transit time, arterial tonometry, and other methods. All 
techniques have limitations, including need for calibra-
tion, sensitivity to motion artifact, and limited applicabil-
ity in critically ill patients.17,30,31 It is not clear whether 
any noninvasive technique will reduce the need for direct 
arterial pressure monitoring or whether these methods 
will replace automated intermittent oscillometry as the 
standard NIBP monitoring method in anesthesia and 
critical care.

DIRECT MEASUREMENT OF ARTERIAL 
BLOOD PRESSURE

Arterial cannulation with continuous pressure transduc-
tion remains the accepted reference standard for arterial 
blood pressure monitoring. Despite its increased risk, cost, 
and need for technical expertise for placement and man-
agement, its utility in providing crucial and timely infor-
mation outweighs its risks in many cases (Box 45-2). The 
Australian Incident Monitoring Study of 1993 confirmed 
the superiority of direct arterial pressure monitoring over 
indirect monitoring techniques for the early detection of 
intraoperative hypotension.26,32

Pain
Petechiae and ecchymoses
Limb edema
Venous stasis and thrombophlebitis
Peripheral neuropathy
Compartment syndrome

BOX 45-1 Complications of Noninvasive 
Blood Pressure (NIBP) Measurement
Perhaps the most underemphasized value of direct 
arterial pressure monitoring is the potential for arterial 
pressure waveform analysis to provide diagnostic infor-
mation regarding changes in the patient’s condition. 
This was directly proposed more than a half century ago 
by Eather and associates, who advocated monitoring of 
“arterial pressure and pressure pulse contours” in anes-
thetized patients.33 Some aspects are readily apparent 
and routinely used, such as identification of the dicrotic 
notch to guide proper timing for intraaortic balloon 
counterpulsation. Others, such as recognition of exces-
sive variation in arterial blood pressure variables as a sign 
of preload reserve, have only gained significant attention 
more recently.34

Percutaneous Radial Artery Cannulation
The radial artery is the most common site for invasive 
blood pressure monitoring because it is technically easy 
to cannulate and complications are uncommon.35,36 Slog-
off and coauthors described 1700 cardiovascular surgical 
patients who underwent radial artery cannulation with-
out ischemic complications despite evidence of radial 
artery occlusion after decannulation in more than 25% of 
patients.37 Furthermore, most investigations of hand per-
fusion, in both the early and late postoperative periods 
following radial artery harvest for coronary artery bypass 
and flap transfer procedures, have reported no significant 
decrease relative to the contralateral hand.38-43

Before attempting radial artery cannulation, many cli-
nicians assess the adequacy of collateral flow to the hand 
by performing a modified Allen test. This bedside exami-
nation is a variation on a technique originally described 
in 1929 to assess arterial stenosis in the hands of patients 
with thromboangiitis obliterans.44 The examiner com-
presses both the radial and ulnar arteries and asks the 
patient to make a tight fist, exsanguinating the palm. The 
patient then opens the hand, avoiding hyperextension 
of the wrist or fingers. As occlusion of the ulnar artery 
is released, the color of the open palm is observed. Nor-
mally, the color will return to the palm within several 
seconds; severely reduced ulnar collateral flow is pres-
ent when the palm remains pale for more than 6 to 10 
seconds.

Although the Allen test is often used to identify patients 
at increased risk for ischemic complications from radial 
artery cannulation, the predictive value of this test is poor. 
Numerous reports of permanent ischemic sequelae note 
that a normal Allen test result was present before vessel 
cannulation.38,45 In contrast, there are many descriptions 
of uncomplicated radial artery monitoring in the face of a 

Continuous, real-time blood pressure monitoring
Planned pharmacologic or mechanical cardiovascular 

manipulation
Repeated blood sampling
Failure of indirect arterial blood pressure measurement
Supplementary diagnostic information from the arterial 

waveform

BOX 45-2 Indications for Arterial 
Cannulation
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documented abnormal Allen test.37,46 In recent years, the 
radial artery has been used safely as an access site for coro-
nary catheterization and stenting or harvested for use in 
coronary bypass grafting, even in individuals who have 
an abnormal Allen test.46,47 Although most patients show 
radial artery dominance with respect to overall hand per-
fusion, total radial artery occlusion does not compromise 
distal perfusion, perhaps as the result of collateral recruit-
ment.47 Overall, the diagnostic accuracy of the modified 
Allen test with a 5-second threshold is only 80% with 
76% sensitivity and 82% specificity. It appears that the 
test is unable to provide a cutoff point below which per-
fusion can be deemed vulnerable.48 Unfortunately, use of 
pulse oximetry, plethysmography, or Doppler ultrasound 
as adjuncts to visual inspection of the palm for return of 
circulation does not seem to improve its accuracy. Oxim-
etry is able to detect blood flow at extremely low flows, 
leading to poor specificity, whereas no established ultra-
sound criteria are available by which to evaluate radial 
or ulnar blood flow and identify abnormalities.38,49,50 In 
general, although a normal modified Allen test may be 
useful in identifying patients acceptable for radial artery 
harvest or use for coronary angiography, it does not pre-
dict clinical outcomes following cannulation for arterial 
blood pressure monitoring as currently practiced.38

In preparation for cannulation of the radial artery, the 
wrist and hand are immobilized and secured with the 
wrist resting across a soft pad. Dorsiflexion of the wrist 
should be mild at most to avoid attenuating the pulse 
by stretch or extrinsic tissue pressure. The course of the 
radial artery proximal to the wrist is identified by gentle 
palpation, the skin is prepared with an antiseptic, and a 
local anesthetic is injected intradermally and subcutane-
ously beside the artery. Arterial catheterization can be 
performed with a standard IV catheter or an integrated 
guidewire-catheter assembly designed for this purpose. A 
recent educational video provides great detail about this 
standard procedure.50-52

Once the catheter is fully advanced into the vessel 
lumen, the radial artery is occluded by applying proximal 
pressure, the needle is removed, the monitoring system 
pressure tubing is fastened to the catheter, an appropri-
ate sterile dressing is applied, and the apparatus is taped 
and secured to the wrist. Although a soft arm board can 
be used to maintain the wrist in an anatomically neu-
tral position during arterial pressure monitoring, extreme 
wrist dorsiflexion should be avoided to prevent injury to 
the median nerve.53,54

Some clinicians choose the “transfixion” technique for 
arterial cannulation, in which the front and back walls 
of the artery are punctured intentionally, the needle is 
removed from the catheter, the catheter is withdrawn 
until pulsatile blood flow appears, and then advanced 
into the vessel lumen either directly or over a wire using 
the Seldinger technique. Although it is unnecessary to 
place an additional hole in the back wall of the radial 
artery for successful cannulation, the technique per se is 
not associated with a more frequent rate of complications 
or failure.55

Other aids to arterial cannulation include the use of 
ultrasound imaging to guide catheter insertion, especially 
as a rescue method following a failed attempt.56 Although 
ultrasound techniques improve first-pass cannulation 
success rates, improved clinical outcomes and shorter 
times required to place have not been documented as a 
justification for routine use.57-60

Alternative Arterial Pressure  
Monitoring Sites
If the radial arteries are unsuitable or unavailable, mul-
tiple alternatives exist. The ulnar artery is cannulated 
in a manner similar to that for the radial and has been 
used safely even following failed attempts to access the 
ipsilateral radial artery.37,61 Similarly, the brachial artery, 
although lacking collateral branches to protect the hand, 
has a long track record of safe use. Bazaral and associ-
ates reported more than 3000 brachial artery catheters 
in patients undergoing cardiac surgery, with only one 
significant thrombotic complication and no long-term 
sequelae.62 The axillary artery has the advantages of 
patient comfort, mobility, and access to a central arterial 
pressure waveform, and complications are similar in inci-
dence to those for use of radial and femoral arteries.36 A 
slightly longer catheter is preferred for the brachial or axil-
lary sites because of their relatively deeper location and 
position with respect to the shoulder and elbow joints. 
However, the risk of cerebral embolization is significantly 
increased when more centrally located vessels are used.

The femoral artery is the largest vessel in common use 
for monitoring, but its safety appears to be comparable 
to those for other sites.36 As with axillary artery pressure 
monitoring, the femoral artery waveform more closely 
resembles aortic pressure than do waveforms recorded 
from peripheral sites. The risk of distal ischemia may be 
reduced because of the large diameter of the artery, but 
risk of atherosclerotic plaque embolization is significant 
during initial vessel manipulation. Catheterization of the 
femoral artery is best achieved with a guidewire tech-
nique, and the point of vessel entry must be distal to the 
inguinal ligament to minimize the risk of arterial injury, 
hidden hematoma formation, or even uncontrolled hem-
orrhage into the pelvis or peritoneum.63

Less commonly used alternatives include the dorsalis 
pedis, posterior tibial, and superficial temporal arteries, 
with the pedal vessels being more popular for pediatric 
patients.

Complications of Direct Arterial  
Pressure Monitoring
Large clinical investigations confirm the infrequent inci-
dence of long-term complications after radial arterial 
monitoring.35-37 Although vascular complications from 
radial artery cannulation are uncommon, factors that 
may increase risk include vasospastic arterial disease, pre-
vious arterial injury, thrombocytosis, protracted shock, 
high-dose vasopressor administration, prolonged cannu-
lation, and infection.38,64,65 Catheter diameter and com-
position as well as artery size and patient gender may be 
associated with arterial injury.38

Rare complications can occur after arterial cannulation 
at any location (Box 45-3). In most cases, catheter place-
ment was technically difficult or there were contributory 
factors such as shock or coagulopathy. In a large obser-
vational study of 2000 untoward clinical events resulting 
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from vascular access of all kinds, only 13 were related to 
peripheral arterial cannulation, fewer than those associ-
ated with central venous18 or peripheral venous can-
nulation.33 Of these cases, 5 involved problems with 
equipment; in 3 cases the arterial line was used inadver-
tently for drug injection, and in the remainder, the arte-
rial line was either disrupted or kinked. In only 1 case did 
transient vasospasm follow radial artery cannulation.32,66 
A second report from this study noted that direct pressure 
monitoring was problematic in 10 cases, resulting from 
incorrect calibration or interpretation of the pressure dis-
play or unrecognized subclavian artery stenosis. Further-
more, the anesthesia closed claims study reported claims 
related to arterial pressure monitoring at any site consti-
tute only 8% of all claims related to any vascular access 
(2% of total claims). Of these, almost 54% were related to 
radial artery use (ischemic injury, median or radial nerve 
injury, or retained wire fragment), less than 8% were asso-
ciated with use of the brachial artery, and the remainder 
followed severe thrombotic or hemorrhagic complications 
after femoral artery monitoring.67 Although patient physi-
ology is important, equipment misuse, careful placement 
technique and catheter care, as well as improper data 
interpretation are primary issues in many complications 
related to arterial pressure monitoring.

Technical Aspects of Direct Blood  
Pressure Measurement
Direct measurement of arterial blood pressure requires 
that an accurate and appropriate pressure waveform be 
reproduced on the monitor. Unfortunately, several fac-
tors, including extension tubing, stopcocks, flush devices, 
recorders, amplifiers, and transducers, influence this pro-
cess and may introduce significant error.68

Most invasive blood pressure monitoring systems are 
underdamped second-order dynamic systems modeled 
after mass-spring systems that demonstrate simple har-
monic motion dependent on elasticity, mass, and fric-
tion.68-70 These three properties determine the system 
operating characteristics (i.e., frequency response or 
dynamic response), which in turn are characterized by 
critical system parameters, natural frequency (fn, ω) and 
damping coefficient (τ, Z, α, D). The natural frequency 
of a system determines how rapidly the system oscillates 
after a stimulus, whereas the damping coefficient reflects 
frictional forces acting on the system and determines 
how rapidly it returns to rest after a stimulus. Both vari-
ables may be estimated or measured at the bedside and 
dramatically influence the appearance of the displayed 
pressure waveform.

Distal ischemia, pseudoaneurysm, arteriovenous fistula
Hemorrhage
Arterial embolization
Infection
Peripheral neuropathy
Misinterpretation of data
Misuse of equipment

BOX 45-3 Complications of Direct Arterial 
Pressure Monitoring
Natural FrequeNcy, DampiNg coeFFicieNt, aND DyNamic 
respoNse oF pressure moNitoriNg systems. The displayed 
arterial blood pressure waveform is a periodic complex 
wave produced via Fourier analysis of a summation of 
a series of simpler but diverse propagated and reflected 
pressure waves. As such, it is a mathematic re-creation of 
the original complex pressure wave created by stroke vol-
ume ejection.71,72 The original pressure wave is character-
ized by its fundamental frequency, manifested clinically 
as the pulse rate. Although the pulse rate is measured in 
beats per minute, fundamental frequency is expressed as 
cycles per second or Hertz (Hz).

The sine waves that sum to produce the final complex 
wave have frequencies that are multiples or harmonics 
of the fundamental frequency. A crude arterial waveform 
depicting a systolic upstroke and peak, dicrotic notch, and 
so forth can be reconstructed with reasonable accuracy 
from only two sine waves, the fundamental frequency 
and the second harmonic (Fig. 45-2). If the original arte-
rial pressure waveform contains high-frequency compo-
nents such as a steep systolic upstroke, higher-frequency 
sine waves (and more harmonics) are needed to provide 
a faithful reconstruction of the original pressure wave-
form. As a general rule, 6 to 10 harmonics are required 
to provide distortion-free reproductions of most arterial 
pressure waveforms.71,73 Hence, accurate arterial blood 
pressure measurement in a patient with a pulse rate of 
120 beats/min (2 cycles/sec or 2 Hz) requires a monitor-
ing system dynamic response of 12 to 20 Hz (i.e., 6 to 
10 waveforms × 2 Hz). The faster the heart rate and the 
steeper the systolic pressure upstroke, the greater the 
dynamic response demands on the monitoring system.

All monitoring systems have an intrinsic natural fre-
quency and damping coefficient. If the natural frequency 
is too low, frequencies in the monitored pressure wave-
form will overlap that of the measurement system, the 
system will resonate, and pressure waveforms recorded 
on the monitor will be exaggerated or amplified versions 
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Figure 45-2. Arterial blood pressure waveform produced by summa-
tion of sine waves. The fundamental wave (top) added to 63% of the 
second harmonic wave (middle) results in a pressure wave (bottom) 
resembling a typical arterial blood pressure waveform (box). (From 
Mark JB: Atlas of cardiovascular monitoring, New York, 1998, Churchill 
Livingstone.)
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of true intraarterial pressure. An underdamped pressure 
waveform displays systolic pressure overshoot and may 
contain elements produced by the measurement system 
itself rather than the original propagated pressure wave 
(Fig. 45-3). In contrast, an overdamped waveform is rec-
ognizable by its slurred upstroke, absent dicrotic notch, 
and loss of fine detail. Such waves display a falsely nar-
rowed pulse pressure, although MAP may remain reason-
ably accurate (Fig. 45-4).

Catheter-tubing transducer systems in routine clini-
cal use tend to be underdamped but have an acceptable 
natural frequency that exceeds 12 Hz68 (Fig. 45-5). In 
general, the lower the natural frequency of the monitor-
ing system, the more narrow the range of damping coef-
ficients necessary to ensure faithful reproduction of the 
pressure wave. For example, if the monitoring system’s 
natural frequency is 10 Hz, the damping coefficient must 
be between 0.45 and 0.6 for accurate pressure waveform 
monitoring. If the damping coefficient is too low, the 
monitoring system will be underdamped, resonate, and 
display factitiously elevated systolic blood pressure; if the 
damping coefficient is too high, the system will be over-
damped, systolic pressure will be falsely decreased, and 
fine detail in the pressure trace will be lost.

For any specific system, the most rapid possible natural 
frequency facilitates an optimal dynamic response.72 In 
theory, this is achieved best by using short lengths of stiff 
pressure tubing and limiting the number of stopcocks 
and other monitoring system appliances. Blood clots and 
air bubbles concealed in stopcocks and other connections 
have a similar impact on system dynamic response. As 
a general rule, adding air bubbles to a monitoring sys-
tem will not improve its dynamic response because any 
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Figure 45-3. Underdamped arterial pressure waveform. Systolic 
pressure overshoot and additional small, nonphysiologic pressure 
waves (arrows) distort the waveform and make it hard to discern the 
dicrotic notch (boxes). Digital values displayed for direct arterial blood 
pressure (ART 166/56, mean 82 mm Hg) and noninvasive blood pres-
sure (NIBP 126/63, mean 84 mm Hg) show the characteristic relation-
ship between the two measurement techniques in the presence of an 
underdamped system. (From Mark JB: Atlas of cardiovascular monitor-
ing, New York, 1998, Churchill Livingstone.)
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Figure 45-4. Overdamped arterial pressure waveform. The over-
damped pressure waveform (A) shows a diminished pulse pressure 
compared with the normal waveform (B). The slow-speed recording 
(bottom) demonstrates a 3-minute period of damped arterial pressure. 
Note that despite the damped system, mean arterial pressure remains 
unchanged. (From Mark JB: Atlas of cardiovascular monitoring, New 
York, 1998, Churchill Livingstone.)
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Figure 45-5. Interaction between damping coefficient and natural 
frequency. Depending on these two parameters, catheter tubing-
transducer systems may be classified by their dynamic response range. 
Systems with an optimal or adequate dynamic response will record 
and display all or most pressure waveforms encountered in clinical 
practice. Overdamped and underdamped systems skew measure-
ments in predictable ways, with those having a natural frequency <7 
Hz proving unacceptable. The rectangular crosshatched box indicates 
the ranges of damping coefficients and natural frequencies commonly 
encountered in clinical pressure measurement systems. The red dot 
within the box marks the mean values of 30 such systems.74 (From 
Mark JB: Atlas of cardiovascular monitoring, New York, 1998, Churchill 
Livingstone.)



Chapter 45: Cardiovascular Monitoring 1353
increase in system damping is necessarily accompanied 
by a decrease in natural frequency. Somewhat paradoxi-
cally, monitoring system resonance may increase and 
cause even greater systolic pressure overshoot (Fig. 45-6).

The fast-flush test provides a convenient bedside 
method for determining dynamic response of the sys-
tem and assessing signal distortion.68,70,72 The nature and 
duration of the flush artifact following a brief opening 
of the fast-flush valve are noted. Natural frequency is 
inversely proportional to the time between adjacent oscil-
lation peaks, calculated as 1 cycle/1.7 mm × 25 mm/sec = 
14.7 cycles/sec (14.7 Hz) (Fig. 45-7, A). Shorter oscillation 
cycles indicate a more rapid natural frequency.72 Alter-
natively, the damping coefficient is related to the ampli-
tudes of successive oscillation peaks. The amplitude ratio 
thus derived indicates how quickly the measuring system 
returns to a resting state. The damping coefficient can be 
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Figure 45-6. Effect of small air bubbles within arterial pressure moni-
toring systems. Arterial pressure waveforms are displayed, along with 
superimposed fast-flush square-wave artifacts. A, Original monitoring 
system has an adequate dynamic response (natural frequency 17 Hz, 
damping coefficient 0.2). B, A small 0.1-mL air bubble added to the 
monitoring system produces a paradoxical increase in arterial blood 
pressure. Note decreased natural frequency of the system. C, A larger 
0.5-mL air bubble further degrades dynamic response and produces 
spurious arterial hypotension. (From Mark JB: Atlas of cardiovascular 
monitoring, New York, 1998, Churchill Livingstone.)
calculated mathematically, but it is usually determined 
graphically from the amplitude ratio.68,72 For example, 
the amplitudes of two successive oscillation cycles are 
24 and 17 mm, giving an amplitude ratio of 17/24 or 
0.71. This corresponds to a damping coefficient of 0.11 
based on the graphic solution (Fig. 45-7, B). Note that 
the monitoring system illustrated has an adequate natu-
ral frequency (approximately 15 Hz) but is underdamped 
(damping coefficient 0.11, optimal range 0.45 to 0.6, see 
earlier). One would expect to find systolic pressure over-
shoot in such a system.

Although the technical requirements for accurate arte-
rial blood pressure measurement are well known, these 
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Figure 45-7. Clinical measurement of natural frequency and damp-
ing coefficient. A, Two square-wave fast-flush artifacts interrupt an 
arterial pressure waveform recorded on standard 1-mm grid paper at 
a speed of 25 mm/second. Natural frequency is determined by mea-
suring the period of one cycle of adjacent oscillation peaks (1.7 mm). 
Damping coefficient is determined by measuring the heights of adja-
cent oscillation peaks (17 and 24 mm). From these measurements, a 
natural frequency of 14.7 Hz and an amplitude ratio of 0.71 may be 
calculated. B, Relation between amplitude ratio and damping coef-
ficient. The amplitude ratio determined in the fast-flush test in (A) 
corresponds to a damping coefficient of 0.11. (From Mark JB: Atlas 
of cardiovascular monitoring, New York, 1998, Churchill Livingstone.)
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conditions are often lacking in routine clinical practice. 
Examination of the frequency response of 30 radial artery 
catheter-transducer systems used in routine intensive care 
monitoring showed natural frequency (mean 14.7 ± 3.7 Hz)  
and damping coefficient (mean 0.24 ± 0.07) values that fell 
within the range of underdamped systems.68,74 Further-
more, the range of frequency responses (10.2 to 25.3 Hz)  
and damping coefficients (0.15 to 0.44) measured in this 
setting suggests that distortion of the arterial waveform is 
common in clinical practice, particularly systolic arterial 
pressure overshoot resulting from underdamped systems 
(see Fig. 45-5).

pressure moNitoriNg system compoNeNts. Arterial pres-
sure monitoring systems have a number of components, 
beginning with the intraarterial catheter and including 
extension tubing, stopcocks, inline blood sampling set, 
pressure transducer, continuous-flush device, and elec-
tronic cable connecting the bedside monitor and wave-
form display screen. The stopcocks in the system provide 
sites for blood sampling and allow the transducer to be 
exposed to atmospheric pressure to establish a zero refer-
ence value. Needleless blood sampling ports and inline 
aspiration systems permit blood drawing without use 
of sharp needles and allow aspirated waste blood to be 
returned to the patient within a convenient closed sys-
tem. Modifications such as these are intended to reduce 
the risk of needle injury and decrease waste of the 
patient’s blood during sampling. However, these addi-
tional features may degrade the dynamic response of the 
monitoring system and further exacerbate systolic arterial 
pressure overshoot.

The flush device provides a continuous, slow (1 to 3 mL/
hr) infusion of saline to purge the monitoring system and 
prevent thrombus formation within the arterial catheter. 
Dextrose solutions should not be used, because flush con-
tamination of sampled blood may cause serious errors in 
blood glucose measurement.75 A dilute concentration of 
heparin (1 to 2 units heparin/mL saline) has been added 
to the flush solution to reduce further the incidence of 
catheter thrombosis, but this practice increases the risk 
of heparin-induced thrombocytopenia and should be 
avoided. The flush device not only ensures continuous 
slow flushing of the line and catheter but also includes 
a spring-loaded valve for periodic, high-pressure flush-
ing. This rapid flushing is used to purge the extension 
line of blood after an arterial sample has been taken or to 
restore the dynamic response characteristics of the pres-
sure monitoring system, which otherwise slowly deterio-
rate over time.76

traNsDucer setup: ZeroiNg aND leveliNg. Before use, 
pressure transducers must be zeroed, calibrated, and lev-
eled to the appropriate position relative to the patient. 
A zero pressure reference value must be established by 
opening the appropriate stopcock and exposing the trans-
ducer to atmospheric pressure and executing the zero-
command, a specific maneuver that may vary with each 
manufacturer. This underscores the fact that all pressures 
displayed on the monitor are referenced to local atmo-
spheric pressure. To be precise, it is the air-fluid inter-
face at the level of the stopcock that is the zero pressure 
locus. This point must be specifically positioned relative 
to the patient to ensure correct transducer level. When a 
significant or unexpected change in pressure occurs, the 
zero reference value can be rechecked quickly by open-
ing the stopcock and noting that the pressure value on 
the bedside monitor is still zero.72 Occasionally, a faulty 
transducer, cable, or monitor will cause the zero base-
line to drift introducing significant error into all subse-
quent pressure measurements until the zero reference is  
reestablished.77,78

Historically, transducer calibration closely followed 
zeroing. Calibration is an adjustment in system gain 
to ensure accurate transducer measurement relative to 
a known reference. Although traditionally calibrated 
against a mercury manometer, current disposable pres-
sure transducers meet accuracy standards established by 
the AAMI and the American National Standards Insti-
tute.77 As such, formal bedside transducer calibration 
is no longer performed. However, it is good practice to 
routinely compare pressures obtained via a newly placed 
arterial catheter with a blood pressure obtained via other 
means as a more informal but useful calibration. On occa-
sion, despite successful transducer zeroing, the measured 
blood pressure values seem erroneous, and a malfunc-
tioning pressure transducer, cable, or monitor is identi-
fied and replaced.78

The final step in transducer setup is to adjust the pres-
sure monitoring zero point to the appropriate level relative 
to the patient. Note that transducer zeroing and leveling 
are two distinct procedures. Zeroing established the zero 
reference point for the transducer system, whereas level-
ing matches this reference point to a specific point on the 
patient’s body. That is, it determines where the value 0 
will be and, hence, from where measurements will begin. 
Although the precise location for the zero reference level 
is important for accurate blood pressure monitoring, it is 
even more critical when the physiologic range of values is 
smaller, such as for cardiac filling pressures. In such cases, 
a small absolute error would have a large influence on the 
displayed pressures.

Arterial pressure transducers should be placed to best 
estimate aortic root pressure. Although the midchest 
position is often used in supine patients, several inves-
tigators have shown that cardiac filling pressures are sig-
nificantly overestimated when transducers are leveled to 
the midchest rather than a position approximately 5 cm 
posterior to the sternal border.79,80 This preferred (more 
anterior) transducer location obviates the confounding 
effect of hydrostatic pressure on cardiac filling pressure 
measurements.

The position of the pressure transducer relative to the 
patient must be considered in interpreting blood pressure 
measurements. In some circumstances, the clinician may 
choose to place the arterial transducer at a level differ-
ent from the standard. In such a case, the displayed pres-
sure is the pressure measured at that level and, important 
to note, is not the same at the aortic root. For example, 
when the arterial pressure transducer is elevated to the 
level of the patient’s ear to approximate the location of 
the circle of Willis during a sitting neurosurgical pro-
cedure, arterial blood pressure at the level of the brain 
is being measured and displayed, and that at the aortic 
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Figure 45-8. Effect of patient position on the relation between direct arterial blood pressure (ART) and indirect noninvasive blood pressure 
(NIBP) measurements. A, In the supine patient, pressures measured from the right (R) or left (L) arms by either technique will be the same. B, In 
the right lateral decubitus position, ART pressures recorded directly from the right and left radial arteries will remain unchanged so long as the 
respective pressure transducers remain at heart level. However, NIBP will be higher in the dependent right arm and lower in the nondependent 
left arm. Differences in NIBP are determined by the positions of the arms above and below the level of the heart and are equal to the hydrostatic 
pressure differences between the level of the heart and the respective arm. A 20-cm difference in height produces a 15-mm Hg difference in pres-
sure. (From Mark JB: Atlas of cardiovascular monitoring, New York, 1998, Churchill Livingstone.)
root is higher (by an amount equal to the vertical height 
difference between the two points). There is no need to 
re-zero the transducer when it is moved, as atmospheric 
pressure changes very little over the few inches of height 
adjustment. Errors are also common when pressure trans-
ducers are fixed to an intravenous pole and the patient’s 
bed height is adjusted. Raising the height of the bed rela-
tive to the transducer will cause overestimation of arterial 
blood pressure, whereas lowering the patient below the 
transducer will lead to underestimation.

For proper interpretation of blood pressure measure-
ments from a patient in the lateral decubitus position, it 
is helpful to differentiate zeroing and leveling pressure 
transducers and to appreciate the differences between 
noninvasive and invasive blood pressure measurement. In 
this position, although the aortic root remains stationary, 
one arm is necessarily higher than the other. However, as 
long as the pressure transducer remains fixed at the level of 
the heart, the location of the arms or in which vessel the 
catheter resides has no influence on the measured arterial 
pressure. On the other hand, noninvasive cuff blood pres-
sure measurements will be different in the two arms—
higher in the dependent (down) arm and lower in the 
nondependent (up) arm (Fig. 45-8). As a result, to check 
the accuracy of a cuff measurement, it may be necessary 
to temporarily move the pressure transducer to the level 
of the blood pressure cuff in question.

Normal Arterial Pressure Waveforms
In the early era of arterial pressure monitoring, signifi-
cant diagnostic information was gleaned from waveform 
analysis.33 Unfortunately, this practice declined, possibly 
because of increasing reliance on cuff sphygmomanom-
etry, which provides “numbers which came to be linked 
in a simplistic way to cardiac strength (systolic pressure) 
and arteriolar tone (diastolic pressure). Pseudoscience had 
arrived with (these) numbers …”81 With the advent of 
automated graphic analysis and high-resolution, multi-
colored displays, renewed interest in waveform analysis 
is attracting new attention.34 However, full apprecia-
tion of the diagnostic clues provided by the direct arte-
rial pressure waveform requires understanding of normal 
waveform components, their relationship to the cardiac 
cycle, and the implications of waveform variations when 
recorded from different arterial sites.

The systemic arterial pressure waveform results from 
ejection of blood from the left ventricle into the aorta 
during systole, followed by peripheral runoff during dias-
tole. The systolic waveform components consist of a steep 
pressure upstroke, peak, and ensuing decline, and imme-
diately follow the ECG R wave. The downslope of the 
arterial pressure waveform is interrupted by the dicrotic 
notch, continues its decline during diastole after the 
ECG T wave, and reaches its nadir at end-diastole (Fig. 
45-9). The dicrotic notch, known as the incisura when 
recorded at the central aorta (from the Latin, meaning 
“a cutting into”) is sharply defined and thought to result 
from aortic valve closure.82 In contrast, more peripheral 
arterial waveforms generally display a later, more blunted 
dicrotic notch that is more dependent on properties of 
the arterial wall. Note that the systolic upstroke starts 120 
to 180 milliseconds after beginning of the R wave (see Fig. 
45-9). This interval reflects total time required for depo-
larization of the ventricular myocardium, isovolumic left 
ventricular contraction, opening of the aortic valve, left 
ventricular ejection, propagation of the aortic pressure 
wave, and finally, transmission of the signal to the pres-
sure transducer.

The bedside monitor displays values for the peak sys-
tolic and end-diastolic nadir pressures. MAP is dependent 
on the algorithm used by the monitor. In simplest terms, 
MAP is equal to the area beneath the arterial pressure 
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curve divided by the beat period, averaged over multiple 
cardiac cycles. Although MAP is often estimated as dia-
stolic pressure plus one third times pulse pressure, this 
estimate is only valid at slower heart rates, because the 
proportion of the cardiac cycle spent in diastole decreases 
as the heart rate increases.83

An important feature of the arterial pressure wave-
form is distal pulse amplification. Pressure waveforms 
recorded simultaneously from different sites have dif-
ferent morphologies due to the physical characteristics 
of the vascular tree, namely, impedance and harmonic 
resonance31,81 (Fig. 45-10). As the pressure wave trav-
els from the central aorta to the periphery, the arterial 
upstroke becomes steeper, the systolic peak increases, the 
dicrotic notch appears later, the diastolic wave becomes 
more prominent, and end-diastolic pressure decreases. As 
a result, compared with central aortic pressure, peripheral 
arterial waveforms have higher systolic, lower diastolic, 
and wider pulse pressures. Furthermore, as the signal is 
delayed in arriving at the peripheral site, the systolic pres-
sure upstroke begins approximately 60 milliseconds later 
in the radial artery than in the aorta. MAP in the aorta is 
only slightly higher than that in the periphery.

Reflection of pressure waves within the arterial tree has 
a great impact on changes to the arterial pressure wave-
form as it travels peripherally.81 As blood flows from the 
aorta to the radial artery, mean pressure decreases only 
slightly because there is little resistance to flow in the 
major conducting arteries. At the arteriolar level, though, 
mean blood pressure decreases markedly as a result of a 
dramatic increase in vascular resistance. This resistance 
to flow diminishes pressure pulsations in smaller down-
stream vessels but augments upstream arterial pressure 
pulses by way of pressure wave reflection.84 The summa-
tion of these antegrade and reflected waves determine 
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Figure 45-9. Normal arterial blood pressure waveform and its rela-
tion to the electrocardiographic R wave. (1) Systolic upstroke, (2) sys-
tolic peak pressure, (3) systolic decline, (4) dicrotic notch, (5) diastolic 
runoff, and (6) end-diastolic pressure. (From Mark JB: Atlas of cardio-
vascular monitoring, New York, 1998, Churchill Livingstone.)
the shape of the arterial pulse wave recorded from dif-
ferent arterial sites. For example, reduced arterial compli-
ance causes premature return of reflected pressure waves, 
resulting in arterial pressure waveforms with increased 
pulse pressure, a late systolic pressure peak, attenuated 
diastolic pressure waves, and at times, an early systolic 
hump distorting the smooth upstroke (Fig. 45-11).

From these considerations, the morphology of the 
arterial waveform and the precise values of systolic and 
diastolic blood pressure vary throughout the arterial sys-
tem under normal conditions in otherwise healthy indi-
viduals. These variations are augmented and at times 
greatly exaggerated by various factors, including but not 
limited to age, pathologic processes, and pharmacologic 
interventions.
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Figure 45-10. Distal pulse wave amplification of the arterial pres-
sure waveform. Compared with pressure in the aortic arch, the more 
peripherally recorded femoral artery pressure waveform demonstrates 
a wider pulse pressure (compare 1 and 2), a delayed start to the sys-
tolic upstroke (3), a delayed, slurred dicrotic notch (compare arrows), 
and a more prominent diastolic wave. (From Mark JB: Atlas of cardio-
vascular monitoring, New York, 1998, Churchill Livingstone.)
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Figure 45-11. Impact of pressure wave reflection on arterial pres-
sure waveforms. In older individuals with reduced arterial compliance, 
early return of peripherally reflected waves increases pulse pressure, 
produces a late systolic pressure peak (arrow), attenuates the diastolic 
pressure wave, and at times, distorts the smooth upstroke with an 
early systolic hump.
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Figure 45-12. Arterial pressure gradients following cardiopulmonary bypass. A, Femoral and radial artery pressure traces recorded 2 minutes 
after bypass (2 min post-bypass), when radial artery pressure underestimates the more centrally measured femoral artery pressure and 30 minutes 
later (30-min post-bypass), when radial and femoral arterial pressures have equalized and radial pressure has resumed a more typical morphol-
ogy. Note that dicrotic notch (arrows) is visible in the femoral pressure trace immediately after bypass, but is delayed in the radial pressure trace.  
B, Femoral and radial artery pressure traces recorded before cardiopulmonary bypass (pre-bypass), 2 minutes following bypass (2 min post-
bypass), and 30 minutes following bypass (30 min post-bypass). Note changing relationship between femoral and radial artery pressure measure-
ments at these different times.
Arterial Blood Pressure Gradients
A number of pathophysiologic conditions cause exag-
gerated arterial pressure gradients between monitoring 
sites, be they real, iatrogenic, or artifactual. Frank and 
 co-workers demonstrated that 21% of patients undergo-
ing peripheral vascular surgery had a blood pressure dif-
ference between the two arms that exceeded 20 mm Hg.85 
Clearly, monitoring blood pressure in an arm that has 
yielded a lower NIBP measurement or has a weaker pal-
pable pulse will likely lead to errors in measurement and 
perhaps management. Atherosclerosis or pathologic con-
ditions such as arterial dissection, stenosis, or embolism 
may preclude accurate pressure monitoring from affected 
sites. In addition, unusual patient positions during sur-
gery may produce regional arterial compression, whereas 
surgical retraction can compromise perfusion and moni-
toring to a more localized area.86,87

The nature of the operative procedure is important 
when choosing the appropriate site for arterial pressure 
monitoring. Procedures requiring placement of a descend-
ing thoracic aortic cross-clamp may interrupt arterial flow 
to the left subclavian artery, perfusion to the left arm, and 
all vessels distal to the clamp unless some form of bypass 
is used. In such cases, blood pressure monitored in the 
right arm provides the best estimate of aortic root and 
carotid arterial pressure. Femoral artery pressure may be 
monitored simultaneously to estimate perfusion pressure 
distal to the aortic cross-clamp.

Significant physiologic disturbances, such as sepsis or 
shock, may produce generalized arterial pressure gradi-
ents that can affect the choice of site for arterial pressure 
monitoring. In patients receiving vasopressor infusions 
for septic shock, the femoral arterial pressure was noted 
to exceed the radial pressure by more than 50 mm Hg.88 
Such gradients, albeit less severe, have been noted with 
anesthetics, neuraxial blocks, and changes in patient tem-
perature.31 During hypothermia, thermoregulatory vaso-
constriction causes systolic pressure in the radial artery 
to exceed that in the femoral artery, whereas during 
rewarming, vasodilation reverses the gradient.89

Characteristic gradients between central and peripheral 
sites have been described in cardiac surgery patients under-
going cardiopulmonary bypass (Fig. 45-12) (see Chapter 
67). The mean radial artery pressure decreases on initiation 
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of bypass and remains less than mean femoral artery pres-
sure throughout the bypass period.90 Notably, this pattern 
persists in the first few minutes following separation from 
bypass, often by more than 20 mm Hg.91 In most patients, 
this gradient resolves within the first hour, but occasion-
ally, it remains well into the postoperative period.

Abnormal Arterial Pressure Waveforms
Detailed examination of the morphologic features of indi-
vidual arterial pressure waveforms can provide important 
diagnostic information (Table 45-1) (Fig. 45-13, A to D). 
Aortic stenosis produces a fixed obstruction to ejection 

TABLE 45-1 ARTERIAL BLOOD PRESSURE 
WAVEFORM ABNORMALITIES

Condition Characteristics

Aortic stenosis Pulsus parvus (narrow pulse pressure)
Pulsus tardus (delayed upstroke)

Aortic regurgitation Bisferiens pulse (double peak)
Wide pulse pressure

Hypertrophic 
cardiomyopathy

Spike and dome (mid-systolic 
obstruction)

Systolic left ventricular 
failure

Pulsus alternans (alternating pulse 
pressure amplitude)

Cardiac tamponade Pulsus paradoxus (exaggerated 
decrease in systolic blood pressure 
during spontaneous inspiration)
resulting in reduced stroke volume and a slowed rate of 
ejection. As a result, the waveform is small in amplitude 
(pulsus parvus), and has a slowly rising systolic upstroke 
on the arterial pressure waveform and a delayed peak in 
systole (pulsus tardus) (see Fig. 45-13, B). A distinct shoul-
der, termed the anacrotic notch, often distorts the pres-
sure upstroke and even the dicrotic notch may not be 
discernible. These features may make the arterial pressure 
waveform appear overdamped.

In aortic regurgitation, the arterial pressure wave dis-
plays a sharp increase, wide pulse pressure, and decreased 
diastolic pressure owing to the runoff of blood into both 
the left ventricle and the periphery during diastole. The 
arterial waveform may have two systolic peaks (bisferiens 
pulse), with the first peak resulting from antegrade ejec-
tion and the second from a reflected wave originating 
in the periphery (see Fig. 45-13, C). In hypertrophic car-
diomyopathy, the arterial pressure waveform assumes 
a peculiar bifid shape termed a spike-and-dome con-
figuration. After an initial sharp blood pressure increase 
resulting from rapid, early systolic ejection, arterial pres-
sure plummets as left ventricular outflow obstruction in 
mid-systole impedes ejection. This is finally followed by 
a second, late-systolic increase associated with arrival of 
reflected waves from the periphery (see Fig. 45-13, D).

Observation of how arterial waveform patterns change 
over time is another source of useful information. Pulsus 
alternans is a pattern of alternating beats of larger and 
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Figure 45-13. Influence of pathologic conditions on arterial pressure (ART) waveform morphology. A, Normal ART and pulmonary artery pres-
sure (PAP) waveform morphologies demonstrating the similar timing of these waveforms relative to the electrocardiographic R wave. B, In aortic 
stenosis, the ART waveform is distorted with a slurred upstroke and delayed systolic peak. These changes are particularly striking in comparison 
with the normal PAP waveform. Note the beat-to-beat respiratory variation in the PAP waveform. For A and B, the ART scale is on the left and the 
PAP scale is on the right. C, Aortic regurgitation produces a bisferiens pulse and a wide pulse pressure. D, Arterial pressure waveform in hyper-
trophic cardiomyopathy shows a peculiar spike-and-dome configuration. The waveform assumes a more normal morphology following surgical 
correction of this condition. (From Mark JB: Atlas of cardiovascular monitoring, New York, 1998, Churchill Livingstone.)
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smaller pulse pressures that also vary with the respiratory 
cycle although its underlying mechanism remains poorly 
understood (Fig. 45-14, A). It may be a sign of severe left 
ventricular systolic dysfunction but can also be seen in 
patients with advanced aortic stenosis. Pulsus alternans 
should be distinguished from bigeminal rhythms, which 
are usually ventricular in origin. Although both appear as 
alternating pulse pressures in the arterial pressure wave-
form, pulsus alternans presents a regular rhythm.

Pulsus paradoxus is exaggerated variation in arterial 
pressure (<10 to 12 mm Hg) during quiet breathing92,93 
(Fig. 45-14, B). Pulsus paradoxus is not truly paradoxical, 
but rather an exaggeration of a normal variation in blood 
pressure that accompanies spontaneous ventilation. Pul-
sus paradoxus is highly characteristic, almost universal, 
in patients with cardiac tamponade but may also develop 
with pericardial constriction, severe airway obstruction, 
bronchospasm, dyspnea, or any condition that involves 
large swings in intrathoracic pressure. It is important to 
note, though, that in cases of cardiac tamponade, the 
pulse pressure and left ventricular stroke volume decrease 
during inspiration, in contrast to the arterial blood pres-
sure changes observed in patients with forced breathing 
patterns and exaggerated changes in intrathoracic pres-
sure in which pulse pressure remains constant.94

ARTERIAL PRESSURE MONITORING  
AND WAVEFORM ANALYSIS FOR 
PREDICTION OF INTRAVASCULAR  
VOLUME RESPONSIVENESSS

The starting point for hemodynamic resuscitation begins 
with optimizing cardiac preload, or more precisely, 
determining whether a specific patient has sufficient 
residual preload reserve. The limitations of static indica-
tors of preload such as central venous pressure are well 
documented, as are the array of factors that confound 
their interpretation.95 Newer dynamic markers of preload 
reserve and intravascular volume responsiveness have 
been studied for their ability to discriminate between 
those who would and those who would not benefit from 
volume expansion. Variations in arterial blood pressure 
observed during positive pressure ventilation, as well as a 
variety of derived indices, are the most widely studied of 
these dynamic indicators. Such changes in blood pressure 
may be visible on the bedside monitor in patients who 
are receiving direct arterial blood pressure monitoring, 
and they result from changes in intrathoracic pressure 
and lung volume that occur during the respiratory cycle.

During positive pressure ventilation, increases in lung 
volume compress lung tissue and displace blood con-
tained within the pulmonary venous reservoir into the 
left heart chambers, thereby increasing left ventricular 
preload. Simultaneously, the increase in intrathoracic 
pressure reduces left ventricular afterload. The increase in 
left ventricular preload and decrease in afterload produce 
an increase in left ventricular stroke volume, an increase 
in cardiac output, and in the absence of changes in periph-
eral resistance, an increase in systemic arterial pressure. In 
most patients the preload effects are more prominent, but 
in patients with severe left ventricular systolic failure, the 
reduction in afterload plays an important role in increas-
ing ventricular ejection. Simultaneously with increasing 
left heart filling during early inspiration, rising intratho-
racic pressure causes a decrease in systemic venous return 
and right ventricular preload. The increased lung volume 
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Figure 45-14. Beat-to-beat variability in arterial pressure waveform morphologies. A, Pulsus alternans. B, Pulsus paradoxus. The marked decline 
in both systolic blood pressure and pulse pressure during spontaneous inspiration (arrows) is characteristic of cardiac tamponade. (From Mark JB: 
Atlas of cardiovascular monitoring, New York, 1998, Churchill Livingstone.)
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Figure 45-15. Systolic pressure variation. Compared with systolic blood pressure recorded at end expiration (1) a small increase occurs during 
positive-pressure inspiration (2, Δ Up) followed by a decrease (3, Δ Down). Normally, systolic pressure variation does not exceed 10 mm Hg. In 
this instance, the large Δ Down indicates hypovolemia even though systolic arterial pressure and heart rate are relatively normal. (From Mark JB: 
Atlas of cardiovascular monitoring, New York, 1998, Churchill Livingstone.)
may also increase pulmonary vascular resistance slightly 
and thereby increase right ventricular afterload. These 
effects combine to reduce right ventricular ejection dur-
ing early inspiration. During early expiration, the situ-
ation is reversed. The smaller amount of blood ejected 
from the right ventricle during inspiration traverses the 
pulmonary vascular bed and enters the left heart, result-
ing in reduced left ventricular filling. Left ventricular 
stroke volume falls, and systemic arterial blood pressure 
decreases. This cyclic variation in systemic arterial pres-
sure is known as the systolic pressure variation (SPV).

SPV is often subdivided into inspiratory and expira-
tory components by measuring the increase (Δ Up) and 
decrease (Δ Down) in systolic pressure relative to the 
end-expiratory, apneic baseline pressure (Fig. 45-15). In 
a mechanically ventilated patient, normal SPV is 7 to 10 
mm Hg, with Δ Up being 2 to 4 mm Hg and Δ Down being 
5 to 6 mm Hg.96 This observation has been used clinically 
in attempts to identify hypovolemic patients.97 Both in 
experimental animals and critically ill patients, hypovo-
lemia causes a dramatic increase in SPV, particularly the 
Δ Down component. However, it may be more accurate 
to describe the patients identified by increased SPV as 
having residual preload reserve. Although not identical 
to hypovolemia, preload reserve describes a physiologic 
state in which intravascular volume expansion or fluid 
challenge shifts the patient upward on the Frank-Starling 
curve, resulting in increased stroke volume, and increased 
cardiac output as long as systemic vascular resistance 
remains unchanged.

In a heterogeneous group of intensive care patients, 
Marik demonstrated that a large SPV (>15 mm Hg) was 
highly predictive of a low pulmonary artery wedge pres-
sure (PAWP) (<10 mm Hg).98 Using echocardiography to 
measure the left ventricular cross-sectional area as a sur-
rogate for preload, Coriat and colleagues found Δ Down 
to be a better predictor of preload than wedge pressure.99 
Using receiver-operator curve analysis, Tavernier and co-
workers showed that compared with PAWP or left ventric-
ular end-diastolic area, Δ Down was a far better indicator 
of volume responsiveness.100

Another dynamic marker of preload reserve is pulse 
pressure variation (PPV). Many automated devices are 
now available that provide real-time PPV, and although 
calculated according to slightly different and proprietary 
algorithms, PPV should not exceed 13% to 17%101-105 
(Fig. 45-16). In addition to SPV and PPV, more sophisti-
cated pulse contour methods for measurement of cardiac 
output (see later) allow online measurement of variations 
in stroke volume variation (SVV). As with other dynamic 
indicators of preload reserve, normal SVV is approxi-
mately 10% to 13%, whereas greater variability predicts 
a positive response to volume expansion.104,106 Although 
SVV may be theoretically superior to PPV, clinical studies 
have not borne this out.104

Devices based on respiratory cycle–induced varia-
tion in the pulse plethysmogram have been developed 
as a less invasive but similar alternative. Measures such 
as photoplethysmography variation (ΔPOP) or the pleth-
ysmography variability index (PVI) appear to be useful 
when conditions are good, but this particular physiologic 
signal is even more subject to confounding influences 
than arterial blood pressure waveform.103,107,108 Both 
numeric pulse oximetry and the photoplethysmogra-
phy waveform are sensitive to sympathetic variations in 
regional circulation, especially in the skin and extremities 
in critically ill patients. Tidal volume, core and peripheral 
temperature, ambient light, and cardiac dysrhythmias 
pose significant impediments to valid and reproducible 
data collection and interpretation. There is no consen-
sus regarding meaningful threshold values, and validity 
seems especially poor in children, under conditions of 

PPMax =150−70=80
PPMin =120−60=60
PPV =(PPMax−PPMin)/([PPMax+PPMin]/2)
PPV =80−60/([80+60]/2)=29%

Note: The arterial blood pressure tracing is not drawn to scale

PPMax

PPMin

Figure 45-16. Pulse pressure variation. Pulse pressure variation (PPV) 
is calculated as the difference between maximal (PPMax ) and minimal 
(PPMin ) pulse pressure values during a single mechanical respiratory 
cycle, divided by the average of these two values. (Note that the arte-
rial blood pressure trace is drawn for illustrative purposes and not to 
scale.)
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mechanical ventilation in a sedated but not paralyzed 
patient, and in the setting of an open abdomen.108 Fur-
thermore, there are sophisticated autogaining features 
incorporated in most commercially available monitoring 
systems to optimize signal display. As such, the degree 
of variation visible to the naked eye may not correlate 
with true signal variation, resulting in erroneous clinical 
decisions.

Dynamic measures are significantly superior to static 
indices of intravascular volume and are more valuable 
for making informed clinical decisions, especially in 
critically ill patients. Both PVV and SVV are accurate fol-
lowing cardiac surgery (also see Chapter 67) in patients 
with normal and reduced ventricular function, whereas 
PPV was proved accurate in assessing intravascular 
fluid responsiveness in patients with septic shock.109,110 
Intraoperative use has also been examined with similar 
results.111,112 Indeed, the ability of clinicians to “eye-
ball” respiratory variation in the arterial blood pressure 
waveform as displayed on the monitor seems reasonably 
accurate. Subjective estimates of such pressure varia-
tion were incorrect only 4.4% of the time, a rate that 
would have resulted in only 1% of treatments being 
erroneous.105

Newer automated monitors have obviated the need to 
interrupt mechanical ventilation and establish an apneic 
baseline in order to differentiate Δ Up from Δ Down and 
are able to continuously display PPV or SVV.96,113,114 How-
ever, the automated nature of these monitors makes it 
important to recognize clinical conditions under which 
their use was validated. The magnitude of arterial blood 
pressure variation observed is influenced by positive-
pressure ventilation variables, and most patients are no 
longer routinely ventilated in a manner similar to that 
in the supporting clinical studies. In general, mechanical 
ventilation with tidal volumes of 8 to 10 mL/kg, positive 
end-expiratory pressure of 5 mm Hg or greater, regular 
cardiac rhythm, normal intraabdominal pressure, and a 
closed chest are necessary to duplicate the experimental 
conditions. Also, effects of changes in patient position 
such as steep  Trendelenberg or the lateral position are not 
clear.104 In addition, patients with pulmonary hyperten-
sion or reduced right ventricular ejection fraction may 
not have reliable responses to changes in intrathoracic 
pressure, resulting in overhydration and worsening right 
heart failure.115 Increased respiratory rates, especially 
when coupled with respiratory failure or significant bra-
dycardia, may disrupt the relationship between respira-
tory cycle–induced changes in intrathoracic pressure and 
cardiac chamber volume, thus invalidating the theoretic 
basis for blood pressure variation analysis completely in 
these patients.104

As noted earlier, respiratory cycle–induced arterial 
pressure variations are not solely related to changes in left 
ventricular preload, but also depend in part on changes 
in afterload. Indeed, decreased arterial compliance and 
increased baseline pulse pressure seen with both normal 
and pathologic vascular aging results in an exaggerated 
PPV response to changes in stroke volume due to any 
stimulus. As such, PPV thresholds should be higher in 
such patients than in those with more elastance in their 
vascular tree.116,117
There is disagreement on precise threshold values that 
differentiate responders from nonresponders, and the 
variety of techniques, devices, and approaches have not 
been standardized.103 In a recent systematic review, mean 
discriminatory thresholds for PVV and SVV were found 
to be 12.5% ± 1.6% and 11.6% ± 1.9%, respectively, with 
acceptable sensitivities and specificities (89%, 88% and 
82%, 86%, respectively).118 However, simply differentiat-
ing patients into responders and nonresponders does not 
take into account the nature of the clinical intervention at 
issue. Intravascular volume expansion does not result in 
a dichotomous outcome; it does not yield a simple posi-
tive or negative result with an equivalent range of values 
on each side. The asymmetric nature of the Frank-Star-
ling curve dictates that the cost-benefit ratio of acting in 
one direction will be different from acting in the other. 
Any particular change in preload will result in a differ-
ent change in stroke volume in one direction than in the 
other, with the differential change being dependent on 
how close to the peak of the curve the patient begins. 
Consequently, the concept of the “gray zone” has been 
proposed, in which two cutoffs are identified, two values 
between which evidence-based decision making is not 
possible.119 For PPV, this zone has been described as 9% to 
13%, such that those below 9% should receive intravascu-
lar volume expansion, whereas those above 13% should 
not. For those between the two values, the measurement 
is not able to provide meaningful information and the 
decision should be made on other criteria.104,120

CENTRAL VENOUS PRESSURE 
MONITORING

Cannulation of a central vein and direct measurement of 
central venous pressure (CVP) are frequently performed 
in hemodynamically unstable patients and those under-
going major operations. A central venous catheter may 
be inserted to provide secure vascular access for many 
reasons, including administration of vasoactive drugs or 
fluids, CVP monitoring, transvenous cardiac pacing, tem-
porary hemodialysis, pulmonary artery catheterization, or 
aspiration of entrained air. A central venous catheter may 
also be inserted when no peripheral access can be obtained 
or when repeated blood sampling is required (Box 45-4).

CENTRAL VENOUS CANNULATION

When intraoperative cannulation is required, the deci-
sion to perform central venous cannulation before or 
after induction of anesthesia is guided most often by indi-
vidual patient and physician preferences or institutional 
practice. Preoperative central venous cannulation should 
be terminated in any patient who becomes overly sedated 
or uncooperative during the procedure. The need for cen-
tral venous cannulation can be reevaluated after induc-
tion of anesthesia and intubation of the trachea.

Choosing the Catheter, Site, and Method 
for Central Venous Cannulation
choosiNg the catheter. Central venous catheters come 
in a variety of lengths, diameter, composition, and lumen 
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configuration.121,122 Different catheters are chosen accord-
ing to the purpose of catheterization, whether for CVP 
monitoring or other therapeutic indication, and whether 
intended for short- or long-term use. The most com-
monly used catheter is a 7-Fr, 20-cm multiport catheter 
that allows simultaneous CVP monitoring and infusion 
of drugs and fluids.123 Rapid intravascular fluid resusci-
tation is most efficient with short, large-bore, peripheral 
intravenous catheters, because central venous catheters 
are longer and have narrower individual lumina, signifi-
cantly increasing resistance to flow. For example, accord-
ing to the manufacturer’s product specifications, the 
maximal flow rate of the 16-gauge lumen of a standard 
7-Fr 20-cm central venous catheter is one quarter that of 
a 16-gauge, 3-cm intravenous catheter.

A popular alternative method for multilumen cen-
tral venous access uses a large introducer sheath with 
one or two integrated ports for multiple drug infusions, 
combined with a single-lumen catheter inserted through 
the hemostasis valve for continuous CVP monitoring. 
Although use of these larger introducer sheaths is not free 
from complications, they do allow rapid placement of a 
pacing wire or pulmonary artery catheter should the need 
arise.

choosiNg the iNsertioN site. Selecting the best site for 
central venous cannulation requires consideration of the 
indication for catheterization (pressure monitoring ver-
sus drug or fluid administration), the patient’s underlying 
medical condition, the clinical setting, and the skill and 
experience of the clinician performing the procedure. In 
patients with severe bleeding diatheses, a puncture site 
should be selected where bleeding from the vein or adja-
cent artery is easily detected and controlled with local 
compression. In such a patient, an internal or external 
jugular approach would be preferable to a subclavian site. 
Likewise, patients with severe emphysema or others who 
would be severely compromised by a pneumothorax would 
be better candidates for internal jugular than subclavian 
cannulation, owing to the more frequent pneumothorax 
risk with the latter approach. If transvenous cardiac pacing 

Central venous pressure monitoring
Pulmonary artery catheterization and monitoring
Transvenous cardiac pacing
Temporary hemodialysis
Drug administration
 •  Concentrated vasoactive drugs
 •  Hyperalimentation
 •  Chemotherapy
 •  Agents irritating to peripheral veins
 •  Prolonged antibiotic therapy (e.g., endocarditis)
Rapid infusion of fluids (via large cannulas)
 •  Trauma
 •  Major surgery
Aspiration of air emboli
Inadequate peripheral intravenous access
Sampling site for repeated blood testing

BOX 45-4 Indications for Central Venous 
Cannulation
is required in an emergency situation, catheterization of 
the right internal jugular vein is recommended, because 
it provides the most direct route to the right ventricle. 
Trauma patients, with their necks immobilized in a hard 
cervical collar, are best resuscitated using a femoral or sub-
clavian catheter; the latter may be placed even more safely 
if the risk of pneumothorax is obviated by prior placement 
of a thoracostomy tube. The physician must recognize that 
the length of catheter inserted to position the catheter tip 
properly in the superior vena cava will vary according to 
puncture site, being slightly (3 to 5 cm) greater when the 
left internal or external jugular veins are chosen, compared 
with the right internal jugular vein.124 Finally, a physi-
cian’s personal experience undoubtedly plays a significant 
role in determining the safest site for central venous can-
nulation, particularly when the procedure is performed 
under urgent or emergent circumstances.

Since its introduction into clinical practice in the 
late 1960s, percutaneous puncture of the right internal 
jugular vein has been the method preferred by anesthe-
siologists for central venous cannulation.125-127 Reasons 
for this preference include the consistent, predictable 
anatomic location of the internal jugular vein, readily 
identifiable and palpable surface landmarks, and a short 
straight course to the superior vena cava. An internal jug-
ular vein catheter is highly accessible during most surgi-
cal procedures and has a high rate of successful placement 
(90% to 99%).126,128

Left internal jugular vein cannulation may be accom-
plished reliably and safely, although several anatomic 
details make the left side less attractive than the right. 
The cupola of the pleura is higher on the left, theoreti-
cally increasing the risk of pneumothorax. The thoracic 
duct may be injured during the procedure as it enters the 
venous system at the junction of the left internal jugular 
and subclavian veins.129 The left internal jugular vein is 
often smaller than the right and demonstrates a greater 
degree of overlap of the adjacent carotid artery.130 Most 
important, any catheter inserted from the left side of 
the patient must traverse the innominate (left brachio-
cephalic) vein and enter the superior vena cava perpen-
dicularly. As a result, the catheter tip may impinge on 
the right lateral wall of the superior vena cava, increas-
ing the risk of vascular injury. This anatomic disadvan-
tage pertains to all left-sided catheterization sites and 
highlights the need for radiographic confirmation of 
proper catheter tip location. Finally, most operators 
have less experience performing left internal jugular 
vein cannulation, which leads to more adverse events 
and morbidity.131,132

The subclavian vein is an important site for central 
venous cannulation and is particularly popular among 
surgeons and other physicians who place central venous 
catheters for emergency volume resuscitation and long-
term intravenous therapy or dialysis, rather than for 
shorter-term monitoring purposes.133,134 Advantages of 
subclavian venous cannulation include a less frequent 
risk of infection compared with femoral sites, ease of 
insertion in trauma patients who may be immobilized in 
a cervical collar, and increased patient comfort, especially 
for long-term intravenous therapy, such as hyperalimen-
tation and chemotherapy.135,136
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Both the right and left external jugular veins provide 
safe, albeit somewhat technically challenging, alternatives 
to internal jugular or subclavian vein cannulation. Because 
the external jugular veins are superficial, they allow central 
venous cannulation with essentially no risk of pneumo-
thorax or unintended arterial puncture. In most instances, 
it is best to use an 18-gauge catheter rather than the thin-
wall needle to introduce the guidewire (i.e., the modified 
Seldinger, as opposed to the Seldinger technique), because 
of the tortuous course of the external jugular vein and 
the frequent need to manipulate the guidewire repeatedly 
to guide it into the superior vena cava. A J-tip guidewire 
should always be used, because it may be advanced under 
the clavicle and into the central circulation more success-
fully than a straight-tip wire.137,138 When the guidewire 
does not advance as desired and appears to be moving 
peripherally into the subclavian vein, abducting the ipsi-
lateral shoulder beyond 90 degrees before advancing the 
wire may facilitate central venous passage. Alternatively, 
the patient’s ipsilateral arm is placed at the side, and an 
assistant applies mild caudad traction on the shoulder to 
straighten the course of the external jugular vein while 
the wire is advanced. Essentially, the only factors that pre-
clude use of the external jugular veins for CVP monitoring 
are an inability to visualize and cannulate the vessel in 
the neck and to advance a catheter into the central cir-
culation. Advancing catheters and stiff dilators into the 
external jugular vein requires extreme caution. The cath-
eter needs to travel around the sharp angle in the vein as it 
enters the subclavian vein. This may be the site for venous 
injury if undue force is used during insertion of the cath-
eter. Not surprisingly, approximately 20% of the problems 
occur in attempted external jugular central venous cath-
eterizations, thus limiting more widespread application of 
this technique.139,140

Femoral vein cannulation is useful when the more 
common jugular and subclavian sites are not accessible, as 
is commonly the case in patients with burns, with trauma, 
during surgical procedures that involve the head, neck, 
and upper thorax, or during cardiopulmonary resuscita-
tion (also see Chapters 85, 66, and 108). Use of the femo-
ral vein obviates many of the common complications of 
central venous catheterization, particularly pneumotho-
rax, but it also carries the risk of injury to the femoral 
artery and, more rarely, the femoral nerve. Femoral veni-
puncture using the landmark technique is performed 
below the inguinal ligament just medial to the palpated 
femoral arterial pulse. Central venous pressure measure-
ments may be made using longer (40 to 70 cm) catheters 
that reside in the inferior vena or with shorter (15 to 20 
cm) catheters that terminate in the common iliac vein. 
Both provide CVP measurements that correlate with right 
atrial pressure, although the shorter more distally located 
catheters appear to provide wider variations in CVP val-
ues.141,142 This holds true in both mechanically and spon-
taneously ventilated patients.142,143 Disadvantages of the 
femoral venous route include increased risk of thrombo-
embolic complications, as well as vascular injury that may 
lead to intraabdominal or retroperitoneal hemorrhage.144 
In addition, patients with femoral vascular catheters are 
generally unable to ambulate, which can delay and com-
plicate postoperative recovery.
In patients with extensive, severe burn injuries, the 
axillary region is often spared and provides a useful site 
for either arterial or venous pressure monitoring.145 Stan-
dard 20-cm CVP catheters placed in the axillary vein, 
approximately 1 cm medial to the palpated axillary artery, 
allow pressure measurement from the superior vena cava. 
Even more distal pressures measured from peripheral 
veins in the hand and forearm may provide a reasonably 
accurate estimate of CVP in selected surgical patients.146 
Modified volumetric infusion pumps can even measure 
in-line peripheral venous pressures without the need for 
additional transducers and monitoring equipment.147 
Although this method of measuring CVP incurs no risk 
beyond that associated with placing any standard periph-
eral intravenous catheter, it has not been validated widely 
and cannot replace central venous cannulation in most 
circumstances.

Peripherally inserted central venous catheters (PICC) 
have become a popular alternative to centrally inserted 
catheters in patients requiring long-term intravenous 
therapy. Advantages of the PICC include bedside place-
ment under local anesthesia, extremely low risk of major 
insertion-related complications, and safe placement by 
non-physicians (i.e., registered nurses and physician 
assistants). This technique may be particularly cost-effec-
tive, because it eliminates the need for a minor opera-
tive procedure in those patients who require a Hickman 
or Broviac central venous catheter.148 Venous access for 
a PICC is obtained through an antecubital vein, prefer-
ably the basilic vein, which is generally more successfully 
catheterized than the cephalic vein due to its more lin-
ear course. Early reports described only modest success 
with positioning PICCs in an appropriate central location 
as well as a considerable risk of venous thrombosis, but 
improvements in catheter design and insertion technique 
now result in successful placement with few complica-
tions in most patients.148-150 Most PICCs are inserted for 
long-term therapeutic indications (chemotherapy or par-
enteral nutrition), using very flexible, nonthrombogenic 
silicone catheters. Less commonly, a standard polyure-
thane 40-cm intravenous catheter is inserted peripherally 
and advanced to a central location for short-term infu-
sion of vasoactive drugs or monitoring CVP or PAP. Cen-
tral venous pressure recorded via PICCs is slightly higher 
than the pressure measured using centrally inserted 
catheters, but this difference is clinically insignificant.151 
When these standard long venous catheters are inserted 
from an antecubital vein, the catheter tip may advance 
into the heart as the arm is abducted, thereby increas-
ing the risk of cardiac perforation or arrhythmias.152,153 
Whenever a PICC line is in place, the clinician should 
cautiously place any additional central venous catheters 
because of the risk of shearing the PICC line within the 
central venous circulation.

choosiNg the ceNtral veNous caNNulatioN methoD. A 
central vein may be cannulated using either a landmark 
technique or ultrasound guidance. Ultrasound technol-
ogy is rapidly gaining acceptance, and numerous specialty 
groups and governmental agencies have issued practice 
recommendations for its use during central line place-
ment.154-156 See other sources for detailed  descriptions 
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Figure 45-17. A, Transverse plane ultrasound image showing the right internal jugular vein and its typical anatomic position anterior and lateral 
to the right common carotid artery. B, Needle entering the right internal jugular vein. It is essential that the operator directly visualize the needle 
entering the vessel lumen, as shown here, to avoid inadvertent puncture of the posterior wall of the vein. C, The wire is seen as an echodense 
structure within the vessel lumen. Confirmation of the location of the wire should always precede the use of the vessel dilator.
and tutorials on the various insertion techniques for dif-
ferent access sites using surface landmarks.123,157

Regardless of the insertion technique used or the can-
nulation site chosen, certain general principles should 
be emphasized for all central line placements. Ideally, a 
protocol or checklist describing the basic procedural steps 
for central line insertion should be in place at every insti-
tution, and all staff members should feel empowered to 
speak up when they witness a protocol violation. Stan-
dardized equipment, routine use of an assistant, hand 
washing and maximal barrier precautions all contribute 
to the sterility of the procedure.154 The use of real-time 
ultrasound guidance for vessel localization and venipunc-
ture should be strongly considered, especially when the 
internal jugular vein site is selected. Pressure manometry 
or waveform measurement should be used to confirm 
venous placement of the catheter before use. Finally, the 
position of the catheter tip should be verified as soon as 
clinically appropriate to avoid delayed complications (see 
later).

Ultrasound-Guided Central Venous 
Cannulation
First described in 1984, ultrasound-guided central venous 
catheter placement has proved beneficial in most set-
tings, including the intensive care unit and the operating 
room156,158 (also see Chapter 58). Fewer needle passes are 
required for successful venous cannulation when real-
time two-dimensional ultrasound guidance is used. In 
addition, ultrasound guidance reduces the time required 
for catheterization, increases overall success rates, and 
results in fewer immediate complications.159,160 The ben-
efits of ultrasound-guided catheterization are clear for 
internal jugular vein catheters, when inexperienced oper-
ators perform the procedure, and for adult rather than 
pediatric patients. Based on this evidence, the Agency for 
Healthcare Research and Quality has listed the use of real-
time ultrasound guidance for central venous catheteriza-
tion as one of 11 practices to improve health care.155 It is 
unknown whether the additional equipment and manip-
ulation associated with real-time ultrasound guidance 
may increase the rate of catheter-related infections or 
whether the increased dependence on this technology by 
trainees will prove detrimental in those clinical settings.

As an alternative to real-time ultrasound-guided cath-
eterization, ultrasound can be used to confirm vessel 
location and patency, provide a clear target to mark the 
skin, and then allow venipuncture to proceed in the usual 
fashion.154,161

Real-time, two-dimensional ultrasound guidance 
for internal jugular vein cannulation requires a 7.5- to 
10-MHz transducer. A rapid ultrasound scan should be 
performed once the patient is placed in the Trendelen-
burg position and before the skin is cleansed to identify 
the target vein location, confirm its patency, and rule 
out anatomic abnormalities. This simple step is aimed at 
avoiding futile insertion attempts when the patient has a 
thrombosed, narrowed, or anomalous central vein.

Once the site is prepped and draped, the operator 
holds the ultrasound probe protected by a sterile sheath 
with the nondominant hand to obtain a view of the tar-
get vessel. The vein and artery appear as two circular black 
structures on the ultrasound image. The vein is identi-
fied by anatomic location and by its compressibility. The 
artery appears mildly pulsatile, is generally smaller, and 
has a thicker wall (Fig. 45-17, A). When using ultrasound 
guidance, either the transverse (short axis) or longitudi-
nal (long axis) view is adequate. In general, the transverse 
view is easier to learn and allows simultaneous identifi-
cation of the artery and vein, whereas the longitudinal 
view allows visualization of the needle tip at all times, 
which may reduce perforation of the posterior wall of the 
vein.162 After positioning the vein in the center of the 
ultrasound screen, the vessel is punctured under direct 
vision using an 18-gauge needle (see Fig. 45-17, B) and 
then proceeds as a standard Seldinger (wire through 
needle) or modified Seldinger (wire through catheter) 
technique. An additional recommended safety stop is to 
confirm intravenous location of the guidewire before pro-
ceeding with vessel dilation (see Fig. 45-17, C).

Ultrasound imaging of the subclavian vessels is more 
difficult and often hampered by the patient’s body hab-
itus and ultrasound probe size and shape. When using 
ultrasound to guide subclavian vein cannulation, the 
transducer is placed in the infraclavicular groove at the 
level of the middle or lateral third of the clavicle and the 
axillary vein and artery are imaged as they exit the bony 
canal formed by the clavicle and the first rib.163 The artery 
is usually identified by its location cephalad to the vein, 
its noncompressibility, and its not varying size with res-
pirations. Either a transverse or longitudinal view can be 
obtained and used to guide needle insertion.164 Another 
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approach has been described for children in whom the 
probe is placed in the supraclavicular space to obtain a 
longitudinal view of the subclavian vein while cannula-
tion is performed via the usual infraclavicular route165 
(also see Chapter 93).

Confirming Catheter Position
Central venous catheters placed in the operating room are 
commonly used for the duration of the surgical procedure 
without radiologic confirmation of the location of the 
catheter tip. Before monitoring or infusion commences, 
aspiration of blood should confirm intravenous location 
of each lumen of a multilumen catheter and remove any 
residual air from the catheter-tubing system. Following 
surgery, however, the position of the catheter tip must be 
confirmed radiographically. Catheter tips located within 
the heart or below the pericardial reflection of the supe-
rior vena cava increase the risk of cardiac perforation and 
fatal cardiac tamponade. Ideally, the catheter tip should 
lie within the superior vena cava, parallel to the vessel 
walls, and be positioned below the inferior border of the 
clavicles and above the level of the third rib, the T4 to 
T5 interspace, the azygos vein, the tracheal carina, or the 
takeoff of the right mainstem bronchus.166,167 Using fresh 
human cadavers, Albrecht and colleagues confirmed that 
the tracheal carina was always more cephalad than the 
pericardial reflection on the superior vena cava, suggest-
ing that a central venous catheter tip should always be 
located superior to this radiographic landmark.168

COMPLICATIONS OF CENTRAL VENOUS 
PRESSURE MONITORING

Complications of central venous cannulation are becom-
ing increasingly recognized as major sources of morbid-
ity, with more than 15% of patients experiencing some 
sort of related adverse event.144 Although serious immedi-
ate complications are infrequent when these procedures 
are performed by well-trained, experienced clinicians, 
infectious complications are common, and use of central 
venous catheters continues to result in significant mor-
bidity and mortality. Complications are often divided 
into mechanical, thromboembolic, and infectious etiolo-
gies (Box 45-5).

Mechanical Complications of Central 
Venous Catheterization
The incidence of complications depends on a number 
of factors, including the catheter insertion site and the 
patient’s medical condition. Large retrospective and 
observational studies provide the best estimates of inci-
dence for these types of complications.

Vascular injuries from central venous catheterization 
have a range of clinical consequences. The most common 
minor complications are localized hematoma or injury to 
the venous valves.169 More serious complications include 
perforation into the pleural space or mediastinum, result-
ing in hydrothorax, hemothorax, hydromediastinum, 
hemomediastinum, and/or chylothorax.129,170-173

In general, unintended arterial puncture is the most 
common acute mechanical complication, with incidence 
ranging from 1.9% to 15%.174 Many of these injuries 
result in localized hematoma formation, but in rare occa-
sions even small-gauge needle punctures may lead to seri-
ous complications such as arterial thromboembolism.175 
If arterial puncture with a small needle occurs during cen-
tral venous cannulation, the needle should be removed 
and external pressure applied for several minutes to pre-
vent hematoma formation. When unintentional carotid 
artery cannulation with a dilator or large-bore catheter 
occurs, the dilator or catheter should be left in place and a 
vascular surgeon consulted promptly regarding removal. 
Immediate removal of the catheter has resulted in severe 
complications such as hemothorax, arteriovenous fistula, 
pseudoaneurysm, and cerebral infarction.176,177 Open or 
endovascular repair followed by careful neurologic moni-
toring (and hence postponement of any elective surgical 
procedure) is usually required.176

Other catastrophic but rare vascular injuries have 
been reported, including aortic perforation and avulsion 
of the facial vein.178,179 Delayed vascular complications 
following central venous catheterization are uncommon 
but should be considered as consequences of this proce-
dure. A number of these have been described in the litera-
ture, including aortoatrial fistula, venobronchial fistula, 
carotid artery–internal jugular vein fistula, and pseudoa-
neurysm formation.180-183

The most important life-threatening vascular compli-
cation of central venous catheterization is cardiac tam-
ponade resulting from perforation of the intrapericardial 
superior vena cava, right atrium, or right ventricle. These 
vascular injuries may cause hemopericardium or uninten-
tional pericardial instillation of intravenous fluid leading 
to cardiac compression.184 This injury was the second-
most common complication related to central catheters 
reported in the American Society of Anesthesiologists 
Closed Claims Project in 2004.185 Cardiac tamponade 
resulted in death in 81% of the cases in this report, and 

Mechanical
Vascular injury

Arterial
Venous
Cardiac tamponade

Respiratory compromise
Airway compression from hematoma
Pneumothorax

Nerve injury
Arrhythmias

Thromboembolic
Venous thrombosis
Pulmonary embolism
Arterial thrombosis and embolism
Catheter or guidewire embolism

Infectious
Insertion site infection
Catheter infection
Bloodstream infection
Endocarditis

Misinterpretation of data
Misuse of equipment

BOX 45-5 Complications of Central Venous 
Pressure Monitoring
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often had a delayed presentation (1 to 5 days), indicating 
that this complication is related to catheter maintenance 
and use more often than to the vascular access procedure 
itself. Most reports document the avoidable nature of this 
catastrophic event and highlight that patients are predis-
posed to this complication when central venous catheter 
tips are malpositioned within the heart chambers or abut-
ting the wall of the superior vena cava at a steep angle. 
This latter position can be recognized radiographically as 
a gentle curvature of the catheter tip within the superior 
vena cava.186 These observations emphasize that objective 
confirmation of proper catheter tip location is manda-
tory, regardless of whether the catheter is inserted from 
a central or peripheral site. In fact, many early reports 
of catheter-related cardiovascular perforation suggested 
that peripheral catheters may present an unusually high 
risk for this complication because arm abduction may 
cause the catheter tip to advance into a dangerous loca-
tion within the heart.152,187 When cardiac tamponade is 
caused by catheter-induced cardiac perforation, symptoms 
develop suddenly, requiring a high index of suspicion if 
severe hypotension occurs in any patient with a central 
venous catheter in place. Cardiac arrhythmias may pro-
vide an early clue to the intracardiac location of the cath-
eter tip.153 Occasionally, both posteroanterior and lateral 
chest radiographs, as well as injection of radiopaque con-
trast, are required to locate the catheter tip precisely.188

Pneumothorax is the most common complication of 
subclavian vein cannulation, although unintended arte-
rial puncture may actually be more frequent.66,189 Mans-
field and associates reported 821 patients who underwent 
attempted subclavian venous cannulation, with a 1.5% 
incidence of pneumothorax and a 3.7% incidence of arte-
rial puncture when using the landmark technique.189 
Pneumothorax is even less frequent with the internal jug-
ular approach. Shah and colleagues reported an incidence 
of pneumothorax of 0.5% in their series of nearly 6000 
internal jugular catheterizations.174 This is most likely a 
larger-than-expected estimate, because these patients had 
undergone sternotomy for cardiac surgery, a procedure 
that may have been responsible for the pneumothorax 
in many cases. Small pneumothoraces may be managed 
conservatively, whereas tube thoracostomy is the best 
treatment for larger air collections or for patients receiv-
ing positive-pressure mechanical ventilation or scheduled 
for major surgery. The physician must always be pre-
pared for the possibility of tension pneumothorax and 
its adverse hemodynamic sequelae. In addition to pneu-
mothorax, other respiratory tract injuries occur following 
central venous catheterization, including subcutaneous 
and mediastinal emphysema, tracheal perforation, and 
rupture of an endotracheal tube cuff.190

Nerve injury is another potential complication of cen-
tral venous cannulation. Damage may occur to the bra-
chial plexus, stellate ganglion, phrenic nerve, or vocal 
cords.191,192 In addition, chronic pain syndromes have 
been attributed to this procedure.193

Thromboembolic Complications of Central 
Venous Catheterization
Catheter-related thrombosis varies according to the site 
of central venous catheterization, occurring in as many 
as 21.5% of patients with femoral venous catheters and 
1.9% of those with subclavian venous catheters.135 Cath-
eters that are positioned low in the right atrium may 
be more prone to thrombus formation, possibly due to 
mechanical irritation of the right atrial endocardium by 
the catheter.194 Thrombi that form at the catheter tip or 
adhere to the endocardium have the potential to become 
a nidus for infection, cause superior vena cava syndrome, 
or embolize into the pulmonary circulation.195-197 Occa-
sionally, surgical removal is required.198

In addition to thromboembolism, other reported 
embolic complications of central venous catheterization 
include embolism of portions of the catheter or guide-
wire, and air embolism.199,200 Almost invariably, these are 
the result of equipment misuse, highlighting the need for 
proper education and training of nurses and physicians 
responsible for the use of these devices.

Infectious Complications of Central  
Venous Catheterization
By far, the most common major late complication of cen-
tral venous cannulation is infection. Central line–associ-
ated bloodstream infections (CLABSI) have decreased in 
incidence, likely because of a focus on evidence-based best 
practices for catheter insertion and maintenance. Despite 
this, in 2009, CLABSI still represented 14% of all health 
care–related infections in the United States.201 Although 
most of these cases occurred in non-ICU patients (inpa-
tient wards and outpatients receiving hemodialysis), 
many were diagnosed in ICU patients201-203 (also see 
Chapters 101 and 102).

As previously noted, the starting point for prevention of 
infection is meticulous attention to aseptic technique.204 
A recent review showed, in addition to a declining CLABSI 
rate, equal rates of infection for internal jugular, femoral, 
and subclavian insertion sites.205 Multilumen catheters 
may create a more frequent risk of infection than single-
lumen catheters, although the added clinical function-
ality of such catheters often mandates their use.136,144 
Catheters are made from a wide variety of materials, 
including silicone, polyvinyl chloride, Teflon, and poly-
urethane. Furthermore, catheters of the same material 
may be manufactured differently, which influences their 
surfaces and the frequency of bacterial adherence to the 
surface.206 Heparin-bonded central venous catheters have 
been shown to reduce the incidence of catheter-related 
thrombosis and infection in children and adults.207,208 
The incorporation of antimicrobial treatments such as 
silver (this metal has broad antimicrobial activity and is 
nontoxic), combinations of the antiseptics chlorhexidine 
and silver sulfadiazine, or the antibiotics monocycline 
and rifampin onto the catheter surfaces reduces rates 
of catheter colonization and in some cases bloodstream 
infection.208-210 The added expense has prevented more 
widespread adoption of these catheters, although an 
analysis has suggested their cost-effectiveness in settings 
in which the rate of catheter-related infections remains 
frequent, such as immunocompromised patients (more 
than 3.3/1000 catheter days).211

A chlorhexidine gluconate–impregnated sponge dress-
ing reduces catheter colonization in infants and children, 
but it does not reduce the rate of catheter-associated 
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bloodstream infections212,213 (also see Chapter 93). Cur-
rent guidelines from the Centers for Disease Control and 
Prevention (CDC) do not support routine catheter site 
changes or scheduled changes over a guidewire. CDC 
guidelines provide other detailed recommendations for 
catheter management to reduce the risk of infectious 
complications.136

Other Complications of Central Venous 
Catheterization
Miscellaneous other adverse sequelae of central venous 
cannulation have been reported, and although their inci-
dence is not clearly known, most appear to be uncom-
mon (see Box 45-5). All physicians performing these 
procedures should be familiar with them, particularly 
since many of these complications are related to operator 
error.66,214

Use of guidewires, vessel dilators, and large-bore cath-
eters carries certain additional risks that mandate metic-
ulous attention to technique. The proximal tip of the 
guidewire must remain under the physician’s control at 
all times to avoid inserting the wire too far into the heart, 
thus causing arrhythmias, or potentially losing the guide-
wire within the circulation.199,215 By design, vessel dilators 
are stiffer than catheters and may cause significant trauma 
if inserted forcefully or further than necessary to dilate the 
subcutaneous tissue tract from skin to vein.216 Large-bore 
introducer sheaths and multilumen catheters are popular 
because of their clinical utility, yet their size may increase 
the risk of cannulation-associated trauma, hemorrhage 
from unrecognized line disconnections, and major venous 
air embolism. Not only may air be entrained during initial 
cannulation, but improperly connected large-bore cannu-
las may pose an additional risk because of the large site for 
air entry directly into the central venous circulation.200,217

Although many complications of CVP monitoring 
relate to equipment misuse, the impact of data misinter-
pretation is unknown. It is extremely likely, though, that 
clinicians have a poor understanding of CVP monitoring 
and are thus more prone to misinterpretation of mea-
sured values. A similar phenomenon has been repeatedly 
demonstrated for pulmonary artery catheter monitoring 
(see discussion later). Safe and effective use of CVP moni-
toring requires a detailed understanding of cardiovascu-
lar physiology, normal CVP waveforms, and common 
pathologic abnormalities in these measurements.

PHYSIOLOGIC CONSIDERATIONS FOR 
CENTRAL VENOUS PRESSURE MONITORING

Cardiac filling pressures are measured directly from a 
number of sites in the vascular system. Central venous 
pressure monitoring is the least invasive method, fol-
lowed by pulmonary artery and left atrial pressure moni-
toring. Proper interpretation of all cardiac filling pressures 
requires knowledge of normal values for pressures within 
the cardiac chambers, great vessels, and other measured 
and derived hemodynamic variables (Table 45-2).

CVP is the result of a complex interplay among a diverse 
array of physiologic variables, many of which are impos-
sible to measure in the operating room or intensive care 
unit. Not surprisingly, CVP sometimes fails as a predictor 
of intravascular volume status or fluid responsiveness. 
There is, fundamentally, no simple relationship between 
CVP and circulating blood volume.95,218,219 Despite this, 
the CVP waveform is important, so its components and 
potential pitfalls must be understood.

NORMAL CENTRAL VENOUS PRESSURE 
WAVEFORMS

Mechanical events during the cardiac cycle are respon-
sible for the sequence of waves seen in a typical CVP 
trace. The CVP waveform consists of five phasic events: 
three peaks (a, c, v) and two descents (x, y) (Table 45-3) 
(Fig. 45-18).220,221 The most prominent wave is the a 
wave of atrial contraction, which occurs at end-diastole 
following the ECG P wave. Atrial contraction increases 
atrial pressure and provides the atrial kick to fill the 
right ventricle through the open tricuspid valve. Atrial 
pressure decreases following the a wave, as the atrium 
relaxes. This smooth decline in pressure is interrupted 
by the c wave. This wave is a transient increase in atrial 
pressure produced by isovolumic ventricular contraction, 
which closes the tricuspid valve and displaces it toward 
the atrium. The c wave always follows the ECG R wave 
because it is generated during onset of ventricular sys-
tole. Note that the c wave observed in a jugular venous 
pressure trace might have a slightly more complex ori-
gin. This wave is due to early systolic pressure transmis-
sion from the adjacent carotid artery and may be termed 
a carotid impact wave. 222 Because the jugular venous 
pressure also reflects right atrial pressure, however, this 
c wave likely represents both arterial (carotid impact) 
and venous (tricuspid motion) origins. Atrial pressure 

TABLE 45-2 NORMAL CARDIOVASCULAR 
PRESSURES

Pressures Average (mm Hg) Range (mm Hg)

Right Atrium
a wave 6 2-7
v wave 5 2-7
Mean 3 1-5
Right Ventricle
Peak systolic 25 15-30
End-diastolic 6 1-7
Pulmonary Artery
Peak systolic 25 15-30
End-diastolic 9 4-12
Mean 15 9-19
Pulmonary Artery Wedge
Mean 9 4-12
Left Atrium
a wave 10 4-16
v wave 12 6-21
Mean 8 2-12
Left Ventricle
Peak systolic 130 90-140
End-diastolic 8 5-12
Central aorta
Peak systolic 130 90-140
End-diastolic 70 60-90
Mean 90 70-105
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continues its decline during ventricular systole, owing to 
continued atrial relaxation and changes in atrial geom-
etry produced by ventricular contraction and ejection. 
This is the x descent, or systolic collapse in atrial pressure. 
The x descent can be divided into two portions, x and 
x′, corresponding to the segments before and after the c 
wave. The last atrial pressure peak is the v wave, which is 
caused by venous filling of the atrium during late systole 
while the tricuspid valve remains closed. The v wave usu-
ally peaks just after the ECG T wave. Atrial pressure then 

TABLE 45-3 CENTRAL VENOUS PRESSURE 
WAVEFORM COMPONENTS

Waveform 
Component

Phase of Cardiac 
Cycle Mechanical Event

a wave End-diastole Atrial contraction
c wave Early systole Isovolumic ventricular 

contraction, tricuspid 
motion toward right 
atrium

v wave Late systole Systolic filling of atrium
h wave Mid- to late diastole Diastolic plateau
x descent Mid-systole Atrial relaxation, descent 

of the base, systolic 
collapse

y descent Early diastole Early ventricular filling, 
diastolic collapse

150

0
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0

ART
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Figure 45-18. Normal central venous pressure (CVP) waveform. 
The diastolic components (y descent, end-diastolic a wave) and the 
systolic components (c wave, x descent, end-systolic v wave) are all 
clearly delineated. A mid-diastolic plateau wave, the h wave, is also 
seen because heart rate is slow. Waveform identification is aided by 
timing the relation between individual waveform components and the 
electrocardiographic R wave. Waveform timing using the arterial (ART) 
pressure trace is more confusing, owing to the relative delay in the sys-
tolic arterial pressure upstroke. (From Mark JB: Atlas of cardiovascular 
monitoring, New York, 1998, Churchill Livingstone.)
decreases, inscribing the y descent, or diastolic collapse, as 
the tricuspid valve opens and blood flows from atrium to 
ventricle. A final component of the CVP waveform, the h 
wave, occasionally appears as a pressure plateau in mid- to 
late diastole. The h wave is not normally seen unless the 
heart rate is slow and venous pressure is increased.222,223 
In summary, the normal venous waveform components 
may be remembered as follows: the a wave results from 
atrial contraction; the c wave results from tricuspid valve 
closure and isovolumic right ventricular contraction; the 
x descent is the systolic decrease in atrial pressure due to 
atrial relaxation; the v wave results from ventricular ejec-
tion, which drives venous filling of the atrium; and the y 
descent is the diastolic decrease in atrial pressure due to 
flow across the open tricuspid valve.

In relation to the cardiac cycle and ventricular 
mechanical actions, the CVP waveform can be considered 
to have three systolic components (c wave, x descent, v 
wave) and two diastolic components (y descent, a wave). 
By recalling the mechanical actions that generate the 
pressure peaks and troughs, these waveform components 
can be identified properly by aligning the CVP waveform 
and the ECG trace and using the ECG R wave to mark 
end-diastole and onset of systole. When the radial artery 
pressure trace is used for CVP waveform timing instead of 
the ECG, confusion may arise because the arterial pres-
sure upstroke occurs nearly 200 milliseconds after the 
ECG R wave (see Fig. 45-18). This normal physiologic 
delay reflects the times required for the spread of the 
electrical depolarization through the ventricle (≈60 mil-
liseconds), isovolumic left ventricular contraction (≈60 
milliseconds), transmission of aortic pressure rise to the 
radial artery (≈50 milliseconds), and transmission of the 
radial artery pressure rise through fluid-filled tubing to 
the transducer (≈10 milliseconds).82,224

The normal CVP peaks are designated systolic (c, v) or 
diastolic (a) according to the phase of the cardiac cycle in 
which the wave begins. However, one generally identi-
fies these waves not by their onset or upstroke, but rather 
by the location of their peaks. For instance, the a wave 
generally begins and peaks in end-diastole, but the peak 
may appear delayed to coincide with the ECG R wave, 
especially in a patient with a short PR interval. In this 
instance, a and c waves merge, and this composite wave 
is termed an a-c wave. Designation of the CVP v wave as a 
systolic event may be even more confusing. Although the 
ascent of the v wave begins during late systole, the peak 
of the v wave occurs during isovolumic ventricular relax-
ation, immediately before atrioventricular valve open-
ing and the y descent. Consequently, the most precise 
description would be that the v wave begins in late sys-
tole, but peaks during isovolumic ventricular relaxation, 
the earliest portion of diastole. For clinical purposes, it is 
simplest to consider the v wave to be a systolic wave.

Although three distinct CVP peaks (a, c, v) and two 
troughs (x, y) are discernible in the normal venous pres-
sure trace, heart rate changes and conduction abnor-
malities alter this pattern. A short ECG PR interval 
causes fusion of a and c waves, and tachycardia reduces 
the length of diastole and the duration of the y descent, 
causing v and a waves to merge. In contrast, bradycardia 
causes each wave to become more distinct with separate 
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x and x′ descents visible and a more prominent h wave. 
Although there are circumstances in which other patho-
logic waves may be evident in the CVP trace, one should 
resist the temptation to assign physiologic significance to 
each small pressure peak, because many will arise as arti-
facts of fluid-filled tubing-transducer monitoring systems. 
It is more useful to search for the expected waveform 
components, including those waveforms that are charac-
teristic of the pathologic conditions suspected.

ABNORMAL CENTRAL VENOUS PRESSURE 
WAVEFORMS

Various pathophysiologic conditions may be diagnosed 
or confirmed by examination of the CVP waveform 
(Table 45-4). One of the most common applications is the 
rapid diagnosis of cardiac arrhythmias.225 In atrial fibrilla-
tion, the a wave disappears and the c wave becomes more 
prominent because atrial volume is larger at end-diastole 
and onset of systole, owing to the absence of effective 
atrial contraction (Fig. 45-19, A). Occasionally, atrial 
fibrillation or flutter waves may be seen in the CVP trace 
when the ventricular rate is slow. Isorhythmic atrioven-
tricular dissociation or junctional (nodal) rhythm alters 
the normal sequence of atrial contraction before ven-
tricular contraction (see Fig. 45-19, B). Instead, retrograde 
conduction of the nodal impulse throughout the atrium 
causes atrial contraction to occur during ventricular sys-
tole while the tricuspid valve is closed, resulting in a tall 
“cannon” a wave in the CVP waveform. Absence of nor-
mal atrioventricular synchrony during ventricular pacing 
can be identified in a similar fashion by searching for can-
non waves in the venous pressure trace (see Fig. 45-19, 
C). In these instances, the CVP helps diagnose the cause 
of arterial hypotension; loss of the P wave may not be as 
evident in the ECG trace as are the changes in the CVP 
waveform.

Right-sided valvular heart diseases alter the CVP 
waveform in different ways.226 Tricuspid regurgitation 

TABLE 45-4 CENTRAL VENOUS PRESSURE 
WAVEFORM ABNORMALITIES

Condition Characteristics

Atrial fibrillation Loss of a wave
Prominent c wave

Atrioventricular dissociation Cannon a wave
Tricuspid regurgitation Tall systolic c-v wave

Loss of x descent
Tricuspid stenosis Tall a wave

Attenuation of y descent
Right ventricular ischemia Tall a and v waves

Steep x and y descents
M or W configuration

Pericardial constriction Tall a and v waves
Steep x and y descents
M or W configuration

Cardiac tamponade Dominant x descent
Attenuated y descent

Respiratory variation during 
spontaneous or positive-
pressure ventilation

Measure pressures at end-
expiration
produces abnormal systolic filling of the right atrium 
through the incompetent valve. This results in a broad, 
tall systolic c-v wave, beginning in early systole and oblit-
erating the systolic x descent in atrial pressure (Fig. 45-20, 
A). The CVP trace is said to be ventricularized, resembling 
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Figure 45-19. Central venous pressure (CVP) changes caused by car-
diac arrhythmias. A, Atrial fibrillation. Note absence of the a wave, 
a prominent c wave, and a preserved v wave and y descent. This 
arrhythmia also causes variation in the electrocardiographic (ECG) 
R-R interval and left ventricular stroke volume, which can be seen in 
the ECG and arterial (ART) pressure traces. B, Isorhythmic atrioven-
tricular dissociation. In contrast to the normal end-diastolic a wave in 
the CVP trace (left panel), an early systolic cannon wave is inscribed  
(*, right panel). Reduced ventricular filling accompanying this arrhyth-
mia causes a decreased arterial blood pressure. C, Ventricular pacing. 
Systolic cannon waves are evident in the CVP trace during ventricu-
lar pacing (left panel). Atrioventricular sequential pacing restores the 
normal venous waveform and increases arterial blood pressure (right 
panel). ART scale left, CVP scale right. (From Mark JB: Atlas of cardiovas-
cular monitoring, New York, 1998, Churchill Livingstone.)
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right ventricular pressure. Note that this regurgitant wave 
differs in onset, duration, and magnitude from a normal 
v wave caused by end-systolic atrial filling from the vena 
cavae. In patients with tricuspid regurgitation, right ven-
tricular end-diastolic pressure is overestimated by the 
numeric display on the bedside monitor, which reports 
a single mean value for CVP. Instead, right ventricular 
end-diastolic pressure is estimated best by measuring 
the CVP value at the time of the ECG R wave, before 
the regurgitant systolic wave (see Fig. 45-20, A). Unlike 
 tricuspid regurgitation, tricuspid stenosis produces a dia-
stolic defect in atrial emptying and ventricular filling 
(see Fig. 45-20, B). Mean CVP is elevated, and a pressure 
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Figure 45-20. Central venous pressure (CVP) changes in tricuspid 
valve disease. A, Tricuspid regurgitation increases mean CVP, and 
the waveform displays a tall systolic c-v wave that obliterates the x 
descent. In this example, the a wave is not seen because of atrial fibril-
lation. Right ventricular end-diastolic pressure is estimated best at the 
time of the electrocardiographic R wave (arrows) and is lower than 
mean CVP. B, Tricuspid stenosis increases mean CVP, the diastolic 
y descent is attenuated, and the end-diastolic a wave is prominent. 
(From Mark JB: Atlas of cardiovascular monitoring, New York, 1998, 
Churchill Livingstone.)
gradient exists throughout diastole between right atrium 
and ventricle. The a wave is unusually prominent and the 
y descent is attenuated, owing to the impaired diastolic 
egress of blood from the atrium. Other conditions that 
reduce right ventricular compliance, such as right ven-
tricular ischemia, pulmonary hypertension, or pulmonic 
valve stenosis, may produce a prominent end-diastolic 
a wave in the CVP trace but do not attenuate the early 
diastolic y descent. CVP waveform morphology changes 
in other characteristic ways in the presence of pericar-
dial diseases and right ventricular infarction. These pat-
terns are interpreted best in conjunction with pulmonary 
artery pressure monitoring, which is discussed later.

Perhaps the most important traditional application of 
CVP monitoring is to provide an estimate of the adequacy 
of the circulating blood volume. Several randomized tri-
als and systematic reviews have demonstrated a very poor 
relationship between CVP and circulating blood volume, 
as well as the inability of a static CVP value to predict the 
hemodynamic response to a fluid challenge.227-229 This is 
not surprising given the complexity of the interactions 
among the many variables that affect CVP. Perhaps the 
important clinical question with regard to intravascular 
volume responsiveness should be phrased in the nega-
tive—that is, whether a patient is unlikely to respond to 
an intravenous fluid challenge. The subset of patients 
that will suffer all the deleterious effects of fluid admin-
istration (capillary leak and tissue edema) and no benefit 
(increased cardiac output) is in most instances the group 
of clinical interest.

PULMONARY ARTERY CATHETER 
MONITORING

In 1970, Swan, Ganz, and colleagues introduced pulmo-
nary artery catheterization into clinical practice for the 
hemodynamic assessment of patients with acute myo-
cardial infarction.230 These catheters allowed accurate 
measurement of important cardiovascular physiologic 
variables at the bedside, and their popularity soared. By 
the mid-1990s, estimated annual pulmonary artery cath-
eter (PAC) sales in the United States approached 2 million 
catheters, with an estimated cost associated with their use 
in excess of 2 billion dollars each year.231

The PAC provides measurements of several hemody-
namic variables that many clinicians, including experts 
in intensive care, cannot predict accurately from stan-
dard clinical signs and symptoms.232 However, it remains 
uncertain whether PAC monitoring improves patient 
outcome.233

PULMONARY ARTERY CATHETERIZATION

The standard PAC has a 7.0- to 9.0-Fr circumference, is 110 
cm in length marked at 10-cm intervals, and contains four 
internal lumina. The distal port at the catheter tip is used 
for pulmonary artery pressure monitoring, whereas the 
second port is 30 cm more proximal and is used for CVP 
monitoring. The third lumen leads to a balloon near the 
tip, and the fourth houses wires for a temperature therm-
istor, the end of which lies just proximal to the balloon.
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Figure 45-21. Characteristic waveforms recorded during passage of the pulmonary artery catheter. The right atrial pressure resembles a central 
venous pressure waveform and displays a, c, and v waves. Right ventricular pressure shows a higher systolic pressure than seen in the right atrium, 
although the end-diastolic pressures are equal in these two chambers. Pulmonary artery pressure shows a diastolic step-up compared with ven-
tricular pressure. Note also that right ventricular pressure increases during diastole, whereas pulmonary artery pressure decreases during diastole 
(shaded boxes). Pulmonary artery wedge pressure has a similar morphology to right atrial pressure, although the a-c and v waves appear later 
in the cardiac cycle relative to the electrocardiogram. (From Mark JB: Atlas of cardiovascular monitoring, New York, 1998, Churchill Livingstone.)
PACs can be inserted from any of the central venous 
cannulation sites described earlier, but the right internal 
jugular vein provides the most direct route to the right 
heart chambers. A large-bore introducer sheath with a 
hemostasis valve at its outer end is inserted in a manner 
similar to that for central venous cannulation. The PAC 
is passed through a sterile sheath to allow for later sterile 
manipulation of the PAC position, its distal lumen is con-
nected to a pressure transducer, and then the catheter is 
inserted through the introducer’s hemostatic valve to a 
depth of 20 cm. The gentle curvature of the PAC should 
be oriented to point just leftward of the sagittal plane (the 
11-o’clock position, as viewed from the patient’s head) 
to facilitate passage through the anteromedially located 
tricuspid valve. The balloon at the tip of the catheter is 
inflated with air, and the catheter is advanced into the 
right atrium, through the tricuspid valve, the right ventri-
cle, the pulmonic valve, into the pulmonary artery, and 
finally into the wedge position. Characteristic waveforms 
from each of these locations confirm proper catheter pas-
sage and placement (Fig. 45-21).

After the pulmonary artery wedge pressure is mea-
sured, the balloon is deflated, and the pulmonary artery 
pressure waveform should reappear. Wedge pressure may 
be obtained as needed by reinflating the balloon and 
allowing the catheter to float distally until pulmonary 
artery occlusion again occurs.

Additional Guidelines for Pulmonary Artery 
Catheter Insertion
From a right internal jugular vein puncture site, the right 
atrium should be reached when the PAC is inserted 20 to 
25 cm, the right ventricle at 30 to 35 cm, the pulmonary 
artery at 40 to 45 cm, and the wedge position at 45 to 55 
cm. When other sites are chosen for catheter placement, 
additional distance is required, typically an additional 5 
to 10 cm from the left internal jugular and left and right 
external jugular veins, 15 cm from the femoral veins, and 
30 to 35 cm from the antecubital veins.234 These distances 
serve only as a rough guide; waveform morphology must 
always be verified and catheter position confirmed with a 
chest radiograph as soon as practical. The tip of the PAC 
should be within 2 cm of the cardiac silhouette on a stan-
dard anteroposterior chest film.235
Use of these typical distances helps avoid complica-
tions caused by unintended catheter loops and knots 
within the heart. If a right ventricular waveform is not 
observed after inserting the catheter 40 cm, coiling in 
the right atrium is likely. Similarly, if a pulmonary artery 
waveform is not observed after inserting the catheter 50 
cm, coiling in the right ventricle has probably occurred. 
The balloon should be deflated, the catheter withdrawn 
to 20 cm, and the PAC floating sequence repeated.

If repeated attempts to advance the PAC to the right 
ventricle prove difficult, an abnormal venous anatomy 
may exist. The most common abnormality of the systemic 
veins is persistence of the left superior vena cava (LSVC), 
which is present in approximately 0.1% to 0.2% of the 
general population and 2% to 9% of patients with other 
forms of congenital heart disease.236,237 The persistent 
LSVC descends along the left mediastinum and empties 
into a dilated coronary sinus. Because of the benign nature 
of LSVC, virtually all cases are asymptomatic and discov-
ered incidentally at the time of failed central venous or 
pulmonary artery catheterization. Because a normal right 
superior vena cava is present in most of these patients, 
the anomaly is recognized only when attempted PAC 
placement proceeds from a left-sided vein. More rarely, 
difficult PAC placement is encountered during attempted 
right-sided venous cannulation because the right superior 
vena cava is absent as well. In these cases, the right inter-
nal jugular vein joins the persistent left superior vena 
cava by a bridging innominate vein. A rare form of atrial 
septal defect, termed unroofed coronary sinus, may also be 
encountered in these patients providing coronary sinus–
left atrial communication and the potential for a PAC to 
enter the left atrium and systemic circulation.237 With 
any of these venous anomalies, PAC advancement into 
the coronary sinus may disclose an unexpected pressure 
waveform, coronary sinus pressure.

A few additional points might aid successful position-
ing of the PAC. The air-filled balloon tends to float to 
nondependent regions as it passes through the heart into 
the pulmonary vasculature. Consequently, positioning 
the patient head down will aid flotation past the tricuspid 
valve, and tilting the patient onto the right side and plac-
ing the head up will encourage flotation out of the right 
ventricle, as well as reduce the incidence of arrhythmias 
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during insertion.238,239 Deep inspiration during sponta-
neous ventilation will increase venous return and right 
ventricular output transiently and may facilitate catheter 
flotation in a patient with low cardiac output. On occa-
sion, a catheter may be floated to proper position when 
stiffened by injecting 10 to 20 mL of ice-cold solution 
through the distal lumen. Finally, a catheter that is ini-
tially difficult to place may be positioned easily when 
hemodynamic conditions change, as commonly occurs 
after induction of general anesthesia and initiation of 
positive-pressure ventilation.

COMPLICATIONS OF PULMONARY ARTERY 
CATHETER MONITORING

Complications of PAC use may be divided into those 
resulting from catheter placement, those associated with 
the in vivo presence of the catheter, and those resulting 
from catheter use and misuse. For the most part, prob-
lems encountered during catheter placement are the 
same for both PAC and CVP monitoring (see Box 45-5). 
However, catheterization of the right ventricle and pul-
monary artery causes complications uniquely associated 
with PACs (Box 45-6).240

When all adverse effects from PAC use are considered, 
including self-limited arrhythmias observed during cath-
eter insertion, minor complications occur in more than 
50% of catheterized patients.231 However, major morbid-
ity specifically attributable to PAC use is uncommon.241 
In 2003, the American Society of Anesthesiologists Task 
Force on Pulmonary Artery Catheterization emphasized 
that the reported incidence of complications from PAC 
monitoring varies widely, although serious complica-
tions occur in 0.1% to 0.5% of PAC-monitored surgical 
patients.231 In 1984, Shah and colleagues reported use of 
PACs in 6245 patients undergoing cardiac and noncar-
diac operations.174 Quite remarkably, only 10 patients 
(0.16%) had serious complications resulting in morbidity 
and only 1 patient (0.016%) died as a result of pulmonary 
artery catheterization. Furthermore, a 1998 European 
report of PAC use in 5306 patients undergoing cardiac 
surgery confirms this infrequent incidence of major mor-
bidity, with injury of the right ventricle or PA occurring 
in only 4 patients (0.07%).242 Finally, only 1 of 2000 
adverse events reported in the Australian Incident Moni-
toring Study of 1993 involved use of a PAC, in contrast 
to 64 adverse events involving access to the arterial or 
venous systems.66 However, although these large studies 
indicate an infrequent incidence of serious complications 
attributable to the use of PACs, the frequency of com-
plications in a particular clinical setting or patient group 
remains unknown.

Arrhythmias are the primary complication observed 
during pulmonary artery catheterization. In fact, self- 
limited atrial or ventricular arrhythmias are so common 
during PAC passage through the heart that most clini-
cians do not consider them complications, but rather 
confirmation that the PAC is traversing the cardiac cham-
bers appropriately. Shah and associates observed transient 
premature ventricular contractions in 68% and atrial 
dysrhythmias in 1.3% of their catheterized patients.174 
Of more clinical significance, persistent ventricular 
dysrhythmias requiring treatment occurred in only 3.1% 
of patients, none of whom suffered prolonged hemo-
dynamic instability. Although the balloon-tipped PAC 
is less arrhythmogenic when it strikes the endocardium 
than a standard intravenous catheter or transvenous pac-
ing wire, PACs have been reported to induce sustained 
atrial fibrillation, ventricular tachycardia, and even ven-
tricular fibrillation.242-244

Prophylactic use of IV lidocaine before pulmonary 
artery catheterization is not effective in reducing ven-
tricular ectopy.245 When such problems arise, the balloon 
should be deflated and the catheter withdrawn to the 
right atrium. When hemodynamically significant dys-
rhythmias develop hours or even days after placement, 
it is unlikely that the PAC is responsible. However, the 
position of the catheter tip should always be checked by 
observation of the pressure waveform and chest radio-
graph to identify catheters that have migrated back into 
the right ventricle.

As the PAC passes through the right ventricle and 
strikes the interventricular septum, transient right bun-
dle branch block occurs in up to 5% of patients.246,247 
This is important only in patients with preexisting left 
bundle branch block. In these patients, complete heart 
block may be precipitated, although this is rare. Shah and 
associates catheterized 113 patients with preexisting left 
bundle branch block; only 1 patient developing complete 
heart block (0.9%).174 In a different population of 47 
high-risk patients with left bundle branch block, many of 
whom had acute myocardial infarction or heart failure, 
Morris and colleagues inserted 82 PACs without a single 
episode of complete heart block for the initial 24 hour 
period. 246 However, transcutaneous pacing equipment, 
an external pulse generator, and a temporary transvenous 
pacing wire or pacing PAC should be readily available as 
a precaution, especially as the onset of heart block in this 
setting may be delayed.

Many mechanical problems have been reported with 
PACs or introducer sheaths. In the setting of cardiac sur-
gery, PACs may be damaged by surgical instruments or 
become entrapped in sutures or bypass cannulas.174,248-250 
Whenever right heart structures are involved in surgery, 
free movement of the PAC should be ensured before 
chest closure. Sternal retraction during cardiac surgery 

Catheterization
Arrhythmias, ventricular fibrillation
Right bundle branch block, complete heart block

Catheter residence
Mechanical, catheter knots
Thromboembolism
Pulmonary infarction
Infection, endocarditis
Endocardial damage, cardiac valve injury
Pulmonary artery rupture
Pulmonary artery pseudoaneurysm

Misinterpretation of data
Misuse of equipment

BOX 45-6 Complications of Pulmonary Artery 
Catheter Monitoring
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may pose other problems, particularly when the PAC is 
inserted through the external jugular or subclavian route. 
The PAC may kink as it exits the introducer sheath and 
makes an acute angle between the sheath and vessel 
wall.251,252 These mechanical difficulties should be sus-
pected whenever there is a damped appearance of the 
monitored pressure trace or difficulty in either infusing 
fluids or withdrawing blood through one of the catheter 
lumina.

Although gross structural defects in the catheter 
itself should be recognized by inspection of the catheter 
before insertion, more subtle manufacturing problems 
may escape detection. Some, such as communications 
between the PAP, CVP, and balloon inflation lumina 
may be suspected only when data are contradictory or 
inconsistent.253,254

PACs may dislodge temporary transvenous pacing 
wires, become entangled with other cardiac catheters, or 
form knots within the heart.255,256 Arnaout and colleagues 
reported a PAC knot around the tricuspid valve chordae 
tendinae, which resulted in severe tricuspid valve regur-
gitation following catheter removal.255 Catheter knots 
should be suspected when there is difficulty withdraw-
ing a PAC and the diagnosis may be confirmed by chest 
radiography. Knots may be untied by radiologists using 
intravascular snares and fluoroscopic guidance.257 If the 
knot has already been drawn tight, surgical exploration 
and removal are usually required.

Although both severe tricuspid regurgitation and 
severe pulmonic regurgitation have been reported, these 
are rare complications of PAC use.255,258,259 Using color 
flow Doppler echocardiography, Sherman and associates 
demonstrated that placement of a PAC caused a slight 
increase in the magnitude of tricuspid regurgitation, but 
in no instance did the PAC lead to severe right-sided val-
vular insufficiency.260

Although the incidence of thromboembolic complica-
tions is increased in patients who require PAC monitoring 
for longer periods of time, thrombi have been detected 
on PACs within hours of placement.261 When adminis-
tration of drugs such as aprotinin and aminocaproic acid 
reduce perioperative bleeding, the risk of thrombus for-
mation on the PAC may be increased.262,263 Although 
external surface heparin bonding unquestionably has 
reduced thrombogenicity of PACs, it does not entirely 
eliminate the possibility.261,264 Fortunately, major pulmo-
nary embolism is a rare occurrence.265

The incidence of PAC-related infection increases after 
3 days of continuous monitoring and in patients with 
preexisting sepsis.266 The most catastrophic of these 
infections is endocarditis, most often of the right-sided 
valves.259,267 Using sophisticated microbiologic tech-
niques in 297 critically ill patients, Mermel and col-
leagues demonstrated a 22% incidence of local infection 
of the introducer sheath, but only 0.7% incidence of 
bacteremia related to the PAC.268 Changes of PACs do 
not reduce the risk of bloodstream infection, particularly 
when the catheter is changed over a guidewire.269 How-
ever, cannulation at a new site carries a significant risk 
of vascular complications. The specific risks and benefits 
must be weighed in each patient. Although heparin-
bonded PACs carry an infection risk similar to central 
venous catheters, non–heparin-bonded catheters have 
double the risk.136

Pulmonary artery rupture, the most deadly but also 
most preventable of complications, occurs in approxi-
mately 0.02% to 0.2% of catheterized patients and car-
ries a mortality rate of 50%.174,270 Several factors increase 
the risk of this catastrophic event, including hypother-
mia, anticoagulation, and advanced age, although many 
reported cases involve heart transplant procedures.270-272 
Pulmonary hypertension also may predispose patients 
to arterial injury during balloon inflation owing to the 
increased gradient between the proximal arterial and dis-
tal wedge pressures or because pulmonary hypertension 
distends the pulmonary vasculature and causes the PAC 
to wedge in a distal, less compliant vessel.273

Several mechanisms exist for pulmonary artery injury. 
These include forceful inflation of the PAC balloon and 
chronic erosion by the catheter tip abutting the ves-
sel wall or eccentric balloon inflation forcing the non-
cushioned catheter tip through the vessel wall.272,274 
Regardless of the precise mechanism by which pulmo-
nary arterial injury occurs, case reports highlight that 
this complication often results from suboptimal catheter 
insertion and management techniques. Procedural errors 
include unnecessary catheter manipulation, excessive 
insertion depth, unrecognized persistent wedge pressure, 
prolonged balloon inflation, or improper balloon infla-
tion with liquid rather than air.273-275 It is critical that the 
clinician recognize artifactual “over-wedged” pressure 
recordings that indicate peripheral migration of the PAC 
tip or impaction against the vessel wall and correct this 
problem immediately by withdrawing the catheter into 
the proximal pulmonary artery. This problem is more 
common during cardiopulmonary bypass, owing to the 
repeated cardiac manipulations and temperature changes 
that alter the stiffness of the catheter.276

The hallmark of catheter-induced pulmonary artery 
rupture is hemoptysis, which may cause life-threatening 
exsanguination or hypoxemia. Less commonly, occult 
hypotension or respiratory compromise may develop. 
If the visceral pleura fails to contain the bleeding, free 
rupture into the pleural space produces a large hemotho-
rax. When time allows, a chest radiograph helps deter-
mine the diagnosis by revealing the hemothorax or a 
new infiltrate near the tip of a distally positioned PAC. 
Although its initial appearance may be confused with 
catheter-related pulmonary infarction, the pattern of res-
olution and clinical course differentiate these diagnoses. 
In confusing cases, the diagnosis may be confirmed by 
performing a wedge angiogram, in which radiopaque dye 
injected through the wedged PAC will extravasate into 
the pulmonary parenchyma to identify the site of arterial 
disruption.271

Treatment of pulmonary artery rupture focuses on 
resuscitation and immediate control of the hemorrhage. 
Specific therapeutic steps are highly individualized, 
depending on the setting. The first priority is ensuring 
adequate oxygenation and ventilation and may require 
endobronchial intubation with either a single- or dou-
ble-lumen endotracheal tube to selectively ventilate and 
protect the unaffected lung. In addition, positive end-
expiratory pressure applied to the affected lung may help 
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control hemorrhage.277 Any anticoagulation should be 
reversed unless the patient must remain on cardiopulmo-
nary bypass and bronchoscopy is performed to localize 
and control the site of bleeding. A bronchial blocker may 
be guided into the involved bronchus to tamponade the 
bleeding and prevent contamination of the uninvolved 
lung.278 Management of the PAC itself is more contro-
versial. Some experts recommend removing the catheter, 
but others suggest leaving the PAC in place to monitor 
pulmonary artery pressure and guide antihypertensive 
therapy targeted at decreasing this pressure and reducing 
bleeding.279,280 The PAC balloon may be carefully rein-
flated and the catheter floated into the involved pulmo-
nary artery to occlude the bleeding arterial segment as a 
temporizing measure.278 Although these measures may be 
effective in some cases, many patients will require defini-
tive surgical therapy, such as oversewing the involved 
pulmonary artery or resecting the involved segment, 
lobe, or lung.271,278 In addition, angiography may be rec-
ommended to rule out pseudoaneurysm formation in 
those managed conservatively due to the high morbidity 
associated with secondary hemorrhage.270,278,281,282

A more insidious but possibly more common com-
plication of PAC use is misinterpretation of data.283,284 
Although the magnitude of the problem is not clear, 
widespread knowledge deficits likely exist among prac-
titioners who use PACs. In 1990, Iberti and colleagues 
reported the results of a 31-question multiple-choice 
examination given to 496 resident and staff physicians 
in medicine, surgery, and anesthesiology departments, 
who practiced in 13 North American medical centers. 
The authors found a poor overall level of knowledge of 
PACs, as evidenced by a mean score of only 67% cor-
rect answers. Although higher scores were demonstrated 
by individuals with more training and more experience 
inserting and using PACs, none of these factors ensured 
a high level of knowledge.285 These results have been 
duplicated in a variety of other specialty care groups.286 
It is especially concerning that pulmonary artery wedge 
pressure measurement was performed incorrectly by 30% 
to 50% of the clinicians in these studies and that edu-
cational programs failed to improve performance.287,288 
Taken together, these observations highlight the fact that 
effective use of PACs requires a great deal of expertise and 
clinical experience, and even measuring the most funda-
mental PAC-derived variable, namely wedge pressure, is a 
complicated endeavor.289

NORMAL PULMONARY ARTERY PRESSURES 
AND WAVEFORMS

As the balloon-tipped PAC is floated to its proper position 
in the pulmonary artery, characteristic pressure wave-
forms are recorded (see Fig. 45-21). In the superior vena 
cava or right atrium, a CVP waveform with characteris-
tic a, c, and v waves and low mean pressure should be 
observed. At this point, the PAC balloon is inflated, and 
the catheter is advanced until it crosses the tricuspid valve 
to record right ventricular pressure, characterized by a 
rapid systolic upstroke, a wide pulse pressure, and low dia-
stolic pressure. Next, the PAC enters the right ventricular 
outflow tract and floats past the pulmonic valve into the 
main pulmonary artery. Premature ventricular beats are 
common during this period as the balloon-tipped cath-
eter strikes the right ventricular infundibular wall. Entry 
into the pulmonary artery is heralded by a step-up in dia-
stolic pressure and a change in waveform morphology.

On occasion, it may be difficult to distinguish right 
ventricular pressure from PAP, particularly if only the 
numeric values for these pressures are examined. How-
ever, careful observation of the pressure waveforms, 
focusing on the diastolic pressure contours, allows dif-
ferentiation. During diastole, the PAP will fall because 
of interruption of flow during pulmonic valve closure, 
whereas the pressure in the right ventricle will increase as 
a result of filling from the right atrium234 (see Fig. 45-21).

Under normal conditions, the PAP upstroke slightly 
precedes the radial artery pressure upstroke as a result of 
the longer duration of left ventricular isovolumic contrac-
tion and the time required for pressure wave propagation 
to a distal monitoring site. As a practical matter, though, 
the pulmonary and systemic arterial pressure waveforms 
appear to overlap on the bedside monitor (Fig. 45-22). 
Understanding these temporal relations is critically 
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Figure 45-22. Temporal relations between normal systemic arterial pressure (ART), pulmonary artery pressure (PAP), central venous pressure 
(CVP), and pulmonary artery wedge pressure (PAWP). Note that the PAWP a-c and v waves appear to occur later in the cardiac cycle compared 
with their counterparts on the right side of the heart seen in the CVP trace. ART pressure scale on the left; PAP, CVP, and PAWP pressure scales on 
the right. (From Mark JB: Atlas of cardiovascular monitoring, New York, 1998, Churchill Livingstone.)
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important if one is to properly interpret abnormal pulmo-
nary artery and wedge pressure waveforms, particularly 
when tall v waves are present (see later).

As noted earlier, the wedge pressure is an indirect mea-
surement of pulmonary venous pressure and left atrial 
pressure and should therefore resemble these venous 
waveforms with characteristic a and v waves and x and 
y descents. However, owing to the pulmonary vascular 
bed interposed between the PAC tip and left atrium, 
wedge pressure is a delayed and damped representation 
of left atrial pressure.290 On average, 160 milliseconds 
are required for the left atrial pressure pulse to traverse 
the pulmonary veins, capillaries, arterioles, and arteries. 
Additionally, atrial depolarization originates in the sino-
atrial node located at the junction of the superior vena 
cava and the right atrium, and therefore the left-sided a 
wave appears slightly later than the right-sided a wave 
(Fig. 45-23). As a consequence of these two phenomena, 
the wedge pressure a wave appears to follow the ECG R 
wave in early ventricular systole, even though the a wave 
is an end-diastolic event (see Fig. 45-22). Although the a 
wave is the most prominent pressure peak in a normal 
CVP trace, the v wave is often taller than the a wave in 
a normal left atrial pressure waveform, suggesting that 
atrial contraction is stronger on the right than the left, 
and that the left atrium is less distensible than the right.82 
Finally, the interval between atrial and ventricular con-
traction is approximately 40 milliseconds longer on the 
right than on the left.82 Consequently, a and c waves 
are seen as separate waves in a right atrial pressure trace, 
whereas on the left they merge into a composite a-c wave 
(see Fig. 45-22).

To recognize prominent a or v waves in the wedge 
pressure trace, it is not always necessary to inflate the PAC 
balloon. Because the PAWP trace reflects pressure waves 
transmitted in retrograde fashion from the left atrium, 
these waves will not normally be visible within the ante-
grade pulmonary artery pressure waves produced by right 
ventricular ejection. In the setting of prominent a or v 
waves, the PAP trace becomes a composite wave, reflect-
ing both retrograde and antegrade components. Tall left 
atrial a or v waves will distort the normal pulmonary 
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Figure 45-23. Normal temporal relations between the electrocardio-
graphic, central venous pressure (CVP), and left atrial pressure (LAP) 
traces. The LAP and CVP waveforms have nearly identical morpholo-
gies, although the CVP a wave slightly precedes the LAP a wave. (From 
Mark JB: Atlas of cardiovascular monitoring, New York, 1998, Churchill 
Livingstone.)
artery pressure waveform appearance, with the a wave 
inscribed at the onset of the systolic upstroke and the 
v wave distorting the dicrotic notch290,291 (Fig. 45-24). 
Once these waves are identified by wedging the PAC and 
comparing the PAP and PAWP traces, it is wise to “follow” 
the wedge-pressure a and v waves in the unwedged PAP 
trace, rather than repeatedly inflating the balloon.

The terms pulmonary artery wedge pressure and pulmo-
nary artery occlusion pressure are used interchangeably and 
refer to the same measurement obtained from the tip of 
a PAC following balloon inflation and flotation to the 
wedged position. However, pulmonary capillary pressure 
must not be confused with wedge pressure or left atrial 
pressure, nor should the term pulmonary capillary wedge 
pressure be used at all. The hydrostatic pressure in the pul-
monary capillaries that causes edema formation accord-
ing to the Starling equation is different from LAP. This is 
the pressure that must exceed left atrial pressure in order 
to maintain antegrade blood flow through the lungs. 
Although the magnitude of the difference between pul-
monary capillary pressure and wedge pressure is generally 
small, it can increase markedly when resistance to flow 
in the pulmonary veins is elevated.292 In most situations, 
the major component of pulmonary vascular resistance 
occurs at the precapillary, pulmonary arteriolar level. 
However, rare conditions like pulmonary venoocclusive 
disease may cause a marked increase in postcapillary resis-
tance to flow. Similar situations arise in conditions that 
disproportionately increase pulmonary venous resistance, 
such as central nervous system injury, acute lung injury, 
hypovolemic shock, endotoxemia, and norepinephrine 
infusion.291,293 Under these conditions, measurement of 
wedge pressure will underestimate pulmonary capillary 
pressure substantially and thereby underestimate the 
risk of hydrostatic pulmonary edema. Although pulmo-
nary capillary pressure may be measured at the bedside 
by analyzing the decay in pulmonary artery pressure 
trace following PAC balloon inflation, these techniques 
have not been widely adopted in clinical practice.294,295 
To avoid confusion, the term pulmonary capillary wedge 
pressure should be abandoned because it is imprecise and 
misleading.

ABNORMAL PULMONARY ARTERY  
AND WEDGE PRESSURE WAVEFORMS

PAC monitoring is subject to the same technical artifacts 
inherent in all invasive pressure monitoring techniques, 

PAP LAP

Figure 45-24. Tall left atrial pressure (LAP) a and v waves transmitted 
in a retrograde direction through the pulmonary vasculature distort 
the antegrade pulmonary artery pressure (PAP) waveform. The LAP a 
wave distorts the systolic upstroke, and the v wave distorts the dicrotic 
notch. (From Mark JB: Atlas of cardiovascular monitoring, New York, 
1998, Churchill Livingstone.)
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as well as some additional problems unique to this 
method.274,296,297 Because the PAC is longer and passes 
through the cardiac chambers, it is more prone to distor-
tions from clot or air bubbles, and motion-related arti-
facts are more problematic. Artifactual pressure spikes 
may be distinguished from the underlying physiologic 
pressure waveform by their unique morphology and 
timing.

At the onset of systole, tricuspid valve closure accom-
panied by right ventricular contraction and ejection result 
in excessive catheter motion, causing the most common 
PAC trace artifact.296,298 This pressure artifact is simulta-
neous with the CVP c wave and may produce either an 
artificially low pressure or a pressure peak. If the moni-
tor detects this inappropriate pressure nadir, it may be 
erroneously designated as the pulmonary artery diastolic 
pressure (Fig. 45-25). Repositioning the PAC often solves 
the problem.

Another common artifact in PAC pressure mea-
surement occurs when the balloon is overinflated and 
occludes the lumen orifice. This phenomenon is termed 
overwedging and usually is caused by distal catheter 
migration and eccentric balloon inflation that forces the 
catheter tip against the vessel wall. The catheter now 
records a gradually rising pressure as the continuous flush 
system builds up pressure against the obstructed distal 
opening (Fig. 45-26). For a catheter that has migrated 
to a more distal position, it is possible for overwedging 
to occur without balloon inflation. Note that the over-
wedged pressure is devoid of pulsatility, is higher than 
expected, and increases continuously because of the con-
tinuous flush pressure. This should be corrected by cath-
eter withdrawal.
As emphasized earlier, with each PAC balloon infla-
tion and wedge measurement, the catheter tip migrates 
distally. When a wedge pressure tracing appears during 
partial balloon inflation, it suggests that the PAC is inap-
propriately located in a smaller, distal branch of the pul-
monary artery. The catheter should be withdrawn before 
overwedging results in vascular injury or pulmonary 
infarction.

Pathophysiologic conditions involving the left-sided 
cardiac chambers or valves produce characteristic changes 
in the pulmonary artery and wedge pressure waveforms. 
One of the most easily recognized patterns is the tall v 
wave of mitral regurgitation. Unlike a normal wedge pres-
sure v wave produced by late systolic pulmonary venous 
inflow, the prominent v wave of mitral regurgitation 
begins in early systole. Mitral regurgitation causes fusion 
of c and v waves and obliteration of the systolic x descent, 
as the isovolumic phase of left ventricular systole is elimi-
nated owing to the retrograde ejection of blood into the 
left atrium.226 Because the prominent v wave of mitral 
regurgitation is generated during ventricular systole, the 
mean wedge pressure overestimates left ventricular end-
diastolic filling pressure, which is better estimated by 
the pressure value before onset of the regurgitant v wave 
(Fig. 45-27). Although mean wedge pressure exceeds left 
ventricular end-diastolic pressure in patients with severe 
mitral regurgitation, it remains a good approximation 
for mean left atrial pressure and the subsequent risk of 
hydrostatic pulmonary edema.

When large v waves are present in the wedge pressure 
trace, it is critically important to recognize them and be 
able to distinguish the wedged from the unwedged pres-
sure waveform. At first glance, a wedge trace with a tall 
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Figure 45-25. Artifactual pressure peaks and troughs in the pulmonary artery pressure (PAP) waveform caused by catheter motion. The correct 
value for pulmonary artery end-diastolic pressure is 8 mm Hg (A), although the monitor digital display erroneously reports the PAP as 28/0 mm 
Hg (B). (From Mark JB: Atlas of cardiovascular monitoring, New York, 1998, Churchill Livingstone.)
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Figure 45-26. Overwedging of the pulmonary artery (PA) catheter causes artifactual waveform recordings. The first two attempts to inflate the 
PA catheter balloon (first two arrows) produce a nonpulsatile increasing pressure caused by an occluded catheter tip. After the catheter is with-
drawn slightly, balloon inflation allows proper wedge pressure measurement (third arrow). Before the third attempt at balloon inflation, the PA 
pressure lumen is flushed. This restores the appropriate pulsatile nature to the PA and wedge pressure waveforms on the right side of the trace. 
(From Mark JB: Atlas of cardiovascular monitoring, New York, 1998, Churchill Livingstone.)
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systolic v wave resembles a typical unwedged pulmonary 
artery pressure trace, but closer observation reveals a 
number of discriminating details. The pulmonary artery 
pressure upstroke is steeper and slightly precedes the sys-
temic arterial pressure upstroke, whereas a wedge tracing 
with a prominent v wave has a more gradual upstroke 
that begins after the radial artery pressure upstroke. Fur-
thermore, the wedge pressure v wave reaches its peak later 
in the cardiac cycle, after the ECG T wave as opposed to 
the simultaneous peaks of the systemic and pulmonary 
arterial peaks226,299 (see Fig. 45-27). Another distinguish-
ing feature in patients with severe mitral regurgitation is 
the unusual morphology of the pulmonary artery wave-
form itself. The larger the regurgitant v wave, the more 
it distorts the pulmonary artery waveform, giving it a 
bifid appearance and obscuring the normal end-systolic 
dicrotic notch291 (see Fig. 45-27).
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Figure 45-27. Severe mitral regurgitation. A tall systolic v wave (v) 
is inscribed in the pulmonary artery wedge pressure (PAWP) trace and 
also distorts the pulmonary artery pressure (PAP) trace, giving it a bifid 
appearance. The electrocardiogram (ECG) is abnormal owing to ventric-
ular pacing. Left ventricular end-diastolic pressure is estimated best by 
measuring PAWP at the time of the electrocardiographic R wave, before 
onset of the regurgitant v wave. Note that mean PAWP exceeds left 
ventricular end-diastolic pressure in this condition. (From Mark JB: Atlas 
of cardiovascular monitoring, New York, 1998, Churchill Livingstone.)
A close look at left atrial pressure-volume relations 
helps to explain the apparently paradoxical coexistence 
of severe mitral regurgitation and a normal pulmonary 
artery wedge pressure trace.300,301 Three factors determine 
whether mitral regurgitation produces a prominent v 
wave in the left atrial or wedge pressure traces: left atrial 
volume, left atrial compliance, and regurgitant volume 
(Fig. 45-28). Given that the left atrial pressure-volume 
relation is not linear, the same volume of regurgitation 
will result in a variable increment in systolic pressure, 
depending on the preexisting atrial volume at onset of 
systole. Furthermore, the nature of that relationship is 
dependent on the compliance (i.e., stiffness) of the left 
atrium. Although the total regurgitant volume of blood 
entering the left atrium will influence the height of the v 
wave, this clearly is not the only determinant of v wave 
magnitude. This may explain why patients with acute 
mitral regurgitation tend to have tall wedge pressure v 
waves—they have smaller, stiffer left atria with poorer 
compliance compared with those of patients with long-
standing disease. It is not surprising that wedge pres-
sure v waves are neither sensitive nor specific indicators 
of mitral regurgitation severity, and the height of these 
waves should not be used in such a manner.300 Promi-
nent wedge pressure v waves may exist in the absence of 
mitral regurgitation when left atrial pressure is high, as 
might occur when the left atrium is compressed.302 Tall 
v waves are also seen commonly in patients with hyper-
volemia, congestive heart failure, and ventricular septal 
defect.300 Note that the giant v waves observed in patients 
with ventricular septal defect are not caused by retrograde 
flow, but rather by excessive antegrade systolic flow into 
the left atrium due to the intracardiac shunt.303

In contrast to mitral regurgitation, which distorts the 
systolic portion of the wedge pressure waveform, mitral 
stenosis alters its diastolic aspect. In this condition, the 
holodiastolic pressure gradient across the mitral valve 
results in an increased mean wedge pressure, a slurred 
early diastolic y descent, and a tall end-diastolic a wave. 
Similar hemodynamic abnormalities are seen in patients 
with left atrial myxoma or whenever mitral flow is 
obstructed. Diseases that increase left ventricular stiffness 
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Figure 45-28. V wave height as an indicator of mitral regurgitation severity. Left atrial pressure-volume curves describe the three factors that 
determine v wave height. A, Influence of left atrial volume. For the same regurgitant volume (x), the left atrial v wave will be taller if baseline atrial 
volume is greater (point B versus point A). B, Influence of left atrial compliance. For the same regurgitant volume (x), the left atrial v wave will be 
taller if baseline atrial compliance is reduced (point B versus point A). C, Influence of regurgitant volume. Beginning at the same baseline left atrial 
volume (points A and B), if regurgitant volume increases (X versus x), the left atrial pressure v wave will increase (V versus v). (From Mark JB: Atlas 
of cardiovascular monitoring, New York, 1998, Churchill Livingstone.)
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(e.g., left ventricular infarction, pericardial constriction, 
aortic stenosis, and systemic hypertension) produce 
changes in the wedge pressure that resemble in part those 
seen in mitral stenosis. In these conditions, mean wedge 
pressure is increased and the trace displays a prominent 
a wave, but the y descent remains steep, because there is 
no obstruction to flow across the mitral valve during dias-
tole. Because patients with advanced mitral stenosis often 
have coexisting atrial fibrillation, the a wave will not be 
present in many of these cases226 (Fig. 45-29).
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Figure 45-29. Mitral stenosis. Mean pulmonary artery wedge pressure 
(PAWP) is increased (35 mm Hg), and the diastolic y descent is markedly 
attenuated. Compare the slope of the y descent in the PAWP trace with 
the y descent in the central venous pressure (CVP) trace. In addition, 
compare this PAWP y descent with the PAWP y descent in mitral regurgi-
tation (see Fig. 45-27); a waves are not seen in the PAWP or CVP traces, 
owing to atrial fibrillation. Arterial blood pressure (ART). (From Mark JB: 
Atlas of cardiovascular monitoring, New York, 1998, Churchill Livingstone.)
Myocardial ischemia may be detected by PAC in several 
ways. Ischemia itself impairs left ventricular relaxation 
resulting in diastolic dysfunction, a pattern particularly 
characteristic of demand ischemia associated with tachy-
cardia or induced by rapid atrial pacing.304-306 Impaired 
ventricular relaxation results in a stiffer, less compliant 
left ventricle, resulting in an increased left ventricular end-
diastolic pressure. Not only does this, in turn, increases 
left atrial and wedge pressures, but the morphology of 
these waveforms changes as well, with the phasic a and v 
wave components becoming more prominent as diastolic 
filling pressure increases.307-309 Although myocardial isch-
emia will often be detectable as a rise in pulmonary artery 
diastolic, mean, or systolic pressures, these changes are 
generally less striking than the accompanying change in 
wedge pressure and new appearance of tall a and v waves 
(Fig. 45-30). In patients with left ventricular ischemia, the 
tall wedge pressure a wave is produced by end-diastolic 
atrial contraction into a stiff, incompletely relaxed left 
ventricle.310 Although the diastolic dysfunction accom-
panying myocardial ischemia leads to an increase in left 
ventricular end-diastolic pressure, this pressure elevation 
often coexists with a decreased left ventricular end-dia-
stolic volume or preload.304 The dissociation between fill-
ing pressure and filling volume in this condition must 
be appreciated to avoid diagnostic and therapeutic errors.

Myocardial ischemia also produces a characteristic pat-
tern of left ventricular systolic dysfunction. Systolic dys-
function is the hallmark of supply ischemia, caused by a 
sudden reduction or cessation of coronary blood flow to 
a region of the myocardium.306,311 With severe systolic 
dysfunction, changes in global left ventricular contractile 
performance may be detected with hemodynamic moni-
toring. As ejection fraction falls significantly, left ventric-
ular end-diastolic volume and pressure rise and systemic 
arterial hypotension and elevated pulmonary diastolic 
and wedge pressures develop.312 A more common hemo-
dynamic manifestation of myocardial ischemia occurs 
when left ventricular geometry is distorted or when the 
region of ischemic myocardium underlies a papillary 
muscle, resulting in acute mitral regurgitation.313 This 
form of ischemic mitral regurgitation is often termed 
papillary muscle ischemia or functional mitral regurgita-
tion. As noted earlier, PAC monitoring is particularly well 
suited to detect this event by revealing the onset of new 
regurgitant v waves in the pulmonary artery or wedge 
pressure traces (see Fig. 45-27).

Whether the PAC should be used in high-risk patients 
as a supplemental monitor for detection of myocardial 
ischemia remains controversial.309,314-316 None of the cur-
rent methods for detecting perioperative myocardial isch-
emia is perfectly sensitive or specific. Although patients 
with left ventricular ischemia are likely to have higher 
mean wedge pressures than those without ischemia, these 
differences are small and may be difficult to detect clini-
cally.309 Furthermore, clear quantitative threshold values 
for mean wedge pressure or a and v wave peak pressures 
that are diagnostic of ischemia have not been identified, 
perhaps owing to the wide variations in normal patients. 
Consequently, when a PAC is used to diagnose myocar-
dial ischemia, the best approach is to integrate the PAC 
data with other clinical and monitored information.317
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Figure 45-30. Myocardial ischemia. Pulmonary artery pressure (PAP) is relatively normal and mean pulmonary artery wedge pressure (PAWP) is 
only slightly elevated (15 mm Hg). However, PAWP morphology is markedly abnormal with tall a waves (21 mm Hg) resulting from the diastolic 
dysfunction seen in this condition. (From Mark JB: Atlas of cardiovascular monitoring, New York, 1998, Churchill Livingstone.)
Right ventricular ischemia produces characteristic PAC 
waveform patterns that may be helpful in diagnosis and 
management. Just as left ventricular ischemia increases 
pulmonary artery wedge pressure, right ventricular isch-
emia increases CVP. In fact, this is one of the few situa-
tions in which CVP may be higher than wedge pressure. 
In addition, CVP waveforms may display a prominent a 
wave resulting from right ventricular diastolic dysfunc-
tion, and a prominent v wave resulting from ischemia-
induced tricuspid regurgitation.318,319 This particular CVP 
waveform is described as having an M or W configura-
tion, referring to the tall a and v waves and interposed 
steep x and y descents. Severe pulmonary artery hyper-
tension may also result in right ventricular ischemia and 
dysfunction as well as increased CVP, but this is distin-
guished from primary right ventricular dysfunction in 
that the pulmonary artery pressure and calculated pul-
monary vascular resistance are normal in primary right 
ventricular failure.

The CVP waveform in right ventricular infarction is 
similar to that from a patient with restrictive cardiomy-
opathy or pericardial constriction, including elevated 
mean pressure, prominent a and v waves, and steep x and 
y descents.320 The cardinal feature common to these con-
ditions is impaired right ventricular diastolic compliance, 
often termed restrictive physiology. In restrictive car-
diomyopathy and right ventricular infarction, diastolic 
dysfunction impairs ventricular relaxation and decreases 
chamber compliance, whereas in constrictive pericarditis 
cardiac filling is limited by the rigid, often calcified peri-
cardial shell. Impaired venous return decreases end-dia-
stolic volume, stroke volume, and cardiac output. Despite 
reduced cardiac volumes, cardiac filling pressures are 
markedly elevated and equal in all four chambers of the 
heart at end-diastole (Fig. 45-31). Although PAC monitor-
ing reveals this pressure equalization, the characteristic 
M or W configuration is more apparent in the CVP trace, 
most likely because of the damping effect of the pulmo-
nary vasculature on the left-sided filling pressures.321-323

Another hallmark of pericardial constriction is observed 
in the right and left ventricular pressure traces. These 
demonstrate rapid but short-lived early diastolic ventric-
ular filling, which produces a diastolic dip-and-plateau 
pattern or “square root sign.”93,324 In some cases, particu-
larly when heart rate is slow, a similar waveform pattern 
may be noted in the CVP trace: a steep y descent (the 
diastolic dip) produced by rapid early diastolic flow from 
atrium to ventricle, followed by a mid-diastolic h wave 
(the plateau) from the interruption in flow imposed by 
the restrictive pericardial shell (see Fig. 45-31).

Like pericardial constriction, cardiac tamponade 
impairs cardiac filling, but in the case of tamponade, a 

0

10

20

0

50

0

150

CVP

a v a v* *

PAWP PAP

ART

R
1 sec

Figure 45-31. Pericardial constriction. This condition causes eleva-
tion and equalization of diastolic filling pressures in the pulmonary 
artery pressure (PAP), pulmonary artery wedge pressure (PAWP), and 
central venous pressure (CVP) traces. The CVP waveform reveals tall a 
and v waves with steep x and y descents and a mid-diastolic plateau 
wave (*) or h wave. (From Mark JB: Atlas of cardiovascular monitoring, 
New York, 1998, Churchill Livingstone.)
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compressive pericardial fluid collection produces this 
effect. This results in a marked increase in CVP and a 
reduced diastolic volume, stroke volume, and cardiac 
output. Despite many similar hemodynamic features, 
tamponade and constriction may be distinguished by the 
different CVP waveforms seen in these two conditions. In 
tamponade, the venous pressure waveform appears more 
monophasic and is dominated by the systolic x pressure 
descent. The diastolic y pressure descent is attenuated 
or absent, because early diastolic flow from right atrium 
to right ventricle is impaired by the surrounding com-
pressive pericardial fluid collection321,325,326 (Fig. 45-32). 
Clearly, other clinical and hemodynamic clues help dis-
tinguish these diagnoses, such as the presence of pulsus 
paradoxus, an almost invariable finding in cardiac tam-
ponade327 (see Fig. 45-14). Coexisting abnormalities such 
as tachycardia, arrhythmias, and atrial contractile failure 
may complicate interpretation of these waveforms. On 
occasion, localized pericardial constriction may simulate 
valvular stenosis, and hypovolemia may lower cardiac fill-
ing pressures to within the normal range and confound 
the diagnosis.

Probably the single most important waveform 
abnormality or interpretive problem in PAC monitor-
ing is discerning the correct pressure measurement in 
patients with large intrathoracic pressure swings like 
those receiving positive-pressure ventilation or those 
with labored spontaneous breathing. Just as in the case 
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Figure 45-32. Cardiac tamponade. The central venous pressure 
waveform shows an increased mean pressure (16 mm Hg) and attenu-
ation of the y descent. Compare with Figure 45-31. (From Mark JB: Atlas 
of cardiovascular monitoring, New York, 1998, Churchill Livingstone.)
of CVP monitoring, all transmural cardiac filling pres-
sures are estimated best when end-expiratory pressure 
values are recorded. During positive-pressure ventila-
tion, inspiration increases pulmonary artery and wedge 
pressures. By measuring these pressures at end-expira-
tion, the confounding effect of this inspiratory increase 
in intrathoracic pressure is minimized328 (Fig. 45-33). 
Forceful inspiration during spontaneous ventilation has 
the opposite effect, but again, measurement of these 
pressures at end-expiration eliminates this confounding 
factor. Bedside monitors are designed with algorithms 
that aim to identify and report the numeric values for 
end-expiratory pressures but are often inaccurate.329,330 
The most reliable method for measuring central vascu-
lar pressures at end-expiration is examination of the 
waveforms on a calibrated monitor screen or paper 
recording.330,331

PHYSIOLOGIC CONSIDERATIONS 
FOR PULMONARY ARTERY CATHETER 
MONITORING: PREDICTION OF LEFT 
VENTRICULAR FILLING PRESSURE

One of the main reasons to measure pulmonary artery 
diastolic and wedge pressures is to be able to estimate left 
ventricular end-diastolic pressure, the closest surrogate to 
left ventricular end-diastolic volume, which is the true 
left ventricular preload (also see Chapter 46). When a 
PAC floats to the wedge position, the inflated balloon iso-
lates the distal pressure-monitoring orifice from upstream 
pulmonary artery pressure. A continuous static column of 
blood now connects the wedged PAC tip to the junction 
of the pulmonary veins and left atrium. Thus, wedging 
the PAC, in effect, extends the catheter tip to measure the 
pressure at the point at which blood flow resumes on the 
venous side of the pulmonary circuit. Because resistance 
in the large pulmonary veins is negligible, pulmonary 
artery wedge pressure provides an indirect measure-
ment of both pulmonary venous pressure and left atrial 
pressure.71,332

Pulmonary artery diastolic pressure (PAD) is often 
used as an alternative to PAWP to estimate left ventricu-
lar filling pressure. This is acceptable under normal cir-
cumstances because when pulmonary venous resistance 
is low, the pressure in the pulmonary artery at end of 
diastole will equilibrate with downstream pressure in the 
pulmonary veins and left atrium.333,334 From a monitor-
ing standpoint, PAD has the added advantage of being 
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Figure 45-33. Influence of positive-pressure mechanical ventilation on pulmonary artery pressure. Pulmonary artery pressure should be mea-
sured at end expiration (1, 15 mm Hg) in order to obviate the artifact caused by positive-pressure inspiration (2, 22 mm Hg). (From Mark JB: Atlas 
of cardiovascular monitoring, New York, 1998, Churchill Livingstone.)
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available for continuous monitoring, whereas PAWP is 
only measured intermittently.

For both PAD and PAWP to be valid estimates of left 
ventricular filling pressure, the column of blood con-
necting the tip of the wedged catheter and the draining 
pulmonary vein must be continuous and static. At the 
microcirculatory level, this channel consists of pulmo-
nary capillaries that are subject to external compression 
by surrounding alveoli. West and associates described a 
three-zone model of the pulmonary vasculature based 
on the gravitationally determined relationships between 
relative pressures in the pulmonary arteries, pulmonary 
veins, and surrounding alveoli.335 In West zone 1, alve-
olar pressure exceeds pressure in both the pulmonary 
artery and pulmonary veins, whereas in zone 2, it is 
intermediate between these two pressures (Fig. 45-34). 
A PAC positioned in both zone 1 and 2 will be highly 
susceptible to alveolar pressure, and measurements 
will reflect alveolar or airway pressure rather than left 
ventricular filling pressure. As such, the tip of the PAC 
must lie in zone 3 for PAWP measurements to be accu-
rate. In most clinical settings, the supine position of the 
patient favors zone 3 conditions, a finding that has been 
confirmed by radiographic studies.336 However, when 
patients are placed in the lateral or semi-upright posi-
tion, zone 2 may expand significantly. In general, zones 
1 and 2 become more extensive when left atrial pressure 
is low, when the PAC tip is located vertically above the 
left atrium, or when alveolar pressure is high. Clues to an 
incorrectly positioned catheter include absence of nor-
mal PAWP a and v waves, marked respiratory variation 
in PAWP, and a PAD that exceeds the PAWP measure-
ment without excessively tall a or v waves visible on the 
trace.71

Assuming the PAC resides appropriately in West zone 
3, the end-diastolic wedge pressure following atrial con-
traction is generally the best predictor of left ventricular 
end-diastolic filling pressure as measured at the Z-point. 
F
l
p
(

This is the point at which the slope of the left ventricu-
lar pressure upstroke changes, approximately 50 millisec-
onds after the ECG Q wave, and it generally coincides 
with the ECG R wave82 (Fig. 45-35).

However, in many cases, the left ventricular end-dia-
stolic pressure is either underestimated or overestimated 
by the PAWP and/or PAD. These situations are summa-
rized in Figure 45-36 and Tables 45-5 and 45-6 (also see 
several excellent references for further discussion of this 
topic).71,332,337

USE OF CENTRAL FILLING PRESSURES TO 
ESTIMATE LEFT VENTRICULAR PRELOAD

A detailed understanding of the relationship between left 
ventricular filling pressure and preload is important for 
clinically meaningful interpretation of PAC-derived data. 
Even when surrogate pressures such as pulmonary artery 
diastolic pressure and wedge pressure accurately estimate 
left ventricular end-diastolic pressure, many factors can 
influence the relationship between end-diastolic pressure 
and end-diastolic chamber volume, which is the true pre-
load. For example, a pulmonary artery wedge pressure of 
20 mm Hg is somewhat higher than normal, but depend-
ing on its interpretation and the clinical setting, differ-
ent treatments would be indicated. Proper interpretation 
of filling pressures requires assessment of juxtacardiac 
pressure and ventricular compliance. When juxtacardiac 
pressure and ventricular compliance are normal, a wedge 
pressure of 20 mm Hg is interpreted as hypervolemia, with 
an increased left ventricular end-diastolic volume causing 
the increased PAWP. However, different conclusions are 
reached if juxtacardiac pressure is increased, for example, 
as a result of cardiac tamponade, pericardial constriction, 
or positive-pressure ventilation. Furthermore, a wedge 
pressure of 20 mm Hg may mean that ventricular com-
pliance is decreased, such as might occur with diastolic 
dysfunction from myocardial ischemia, hypertrophy, or 
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cardiomyopathy (Fig. 45-37). Under these two situations, 
a wedge pressure of 20 mm Hg can coexist with a small, 
hypovolemic left ventricle.

A fluid challenge may be useful in deciding whether 
hypovolemia exists. An intravenous bolus of crystal-
loid or colloid solution (250 to 500 mL) is given over 15 
minutes, and the change in wedge pressure is measured. 
Small increases in wedge pressure following the fluid 
challenge (e.g., less than 3 mm Hg) suggest that the ven-
tricle is operating on the flat portion of its diastolic filling 
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Figure 45-35. Relationship between left atrial pressure (LAP) and left 
ventricular end-diastolic pressure (LVEDP). LVEDP is measured at the 
Z-point on the left ventricular pressure (LVP) trace, at the time of the 
electrocardiographic R wave. Mean LAP (9 mm Hg) underestimates 
LVEDP (15 mm Hg), but the LAP a wave pressure peak closely esti-
mates LVEDP.456 (From Mark JB: Atlas of cardiovascular monitoring, 
New York, 1998, Churchill Livingstone.)
curve, whereas large increases in wedge pressure (e.g., 7 
mm Hg or greater) suggest that the steep portion of the 
curve has been reached and that little further increase in 
stroke volume and cardiac output can be achieved with-
out a substantial risk of producing hydrostatic pulmonary 
edema.71,330

The shared septum of the left and right ventricles as 
well as the presence of the pericardium lead to further 
interpretive problems in the use of CVP for assessing 
ventricular preload. Ventricular interdependence and 
pericardial constraint couple changes in right and left 
ventricular function, such that a primary change in right 
ventricular filling may produce a secondary and opposite 
change in left ventricular filling by altering its diastolic 
pressure-volume relation.338,339 For example, acute pul-
monary artery hypertension increases right ventricular 
end-diastolic volume and pressure, shifts the ventricular 
septum leftward, and increases left ventricular end-dia-
stolic pressure while simultaneously decreasing left ven-
tricular end-diastolic volume, owing to a shift in the left 
ventricular pressure-volume relation to a steeper, stiffer 
curve. Conversely, primary changes on the left side can 
adversely affect the right heart structures in similar ways. 
Finally, numerous additional factors may alter the rela-
tionship between CVP and left ventricular preload340 (see 
Fig. 45-37). With all these considerations in mind, both 
CVP and PAWP do not correlate with blood volume and 
do not predict the cardiac output response to an intrave-
nous fluid challenge.227,341

PULMONARY ARTERY CATHETER–DERIVED 
HEMODYNAMIC VARIABLES

The cardiovascular system is often modeled as an electri-
cal circuit, with the relationship between cardiac output, 
blood pressure, and resistance to flow related in a manner 
similar to Ohm’s law:

 
SVR = MAP − CVP

CO
× 80

 

 
PVR = MPAP − PAWP

CO
× 80

 

where SVR = systemic vascular resistance (dyne·sec/cm5)
PVR = pulmonary vascular resistance (dyne·sec/cm5)
MAP = mean arterial pressure (mm Hg)
CVP = central venous pressure (mm Hg)
MPAP = mean pulmonary artery pressure (mm Hg)
PAWP = pulmonary artery wedge pressure (mm Hg)
CO = cardiac output (L/min)
Normal values for SVR and PVR are given in Table 

45-7. When the numeric constant (80) in the above 
equations is not included, the units for SVR and PVR are 
termed Wood units rather than the derived metric unit 
values. Note that these calculations of systemic and pul-
monary vascular resistance are based on a hydraulic fluid 
model that assumes continuous, laminar flow through 
a series of rigid pipes.342 Atrial pressures are used as the 
downstream pressure for systemic or pulmonary flow, 
with CVP used for right atrial pressure in the SVR calcu-
lation and PAWP used for left atrial pressure in the PVR 
calculation.
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Figure 45-36. Anatomic and physiologic factors that influence the relations between various measures of left ventricular (LV) filling and true 
LV preload. The further upstream the filling pressure is measured, the more confounding factors may influence the relation between this mea-
surement and LV preload. CVP, Central venous pressure; LA, left atrium; LAP, left atrial pressure; LVEDP, left ventricular end-diastolic pressure; PA, 
pulmonary artery; PADP, pulmonary artery diastolic pressure; PAWP, pulmonary artery wedge pressure; P-V, pressure-volume; RA, right atrium; RV, 
right ventricle. (From Mark JB: Atlas of cardiovascular monitoring, New York, 1998, Churchill Livingstone.)
These formulas oversimplify the behavior of the car-
diovascular system to a tremendous degree. A more phys-
iologic model of the systemic circulation considers the 
vasculature to be a series of collapsible vessels with intrin-
sic tone. This model, also called the vascular waterfall, 
describes a critical closing pressure in the downstream 
end of the circuit that exceeds right atrial pressure and 
serves to limit flow—an effective downstream pressure 
that is higher than the right atrial pressure used in the 
SVR formula. A detailed consideration of these issues is 
beyond the scope of this discussion and is available in 
other sources.343,344 The important point, though, for cli-
nicians is that therapy focused on the fine adjustment of 
SVR may be very misleading and should be avoided.

TABLE 45-5 UNDERESTIMATION OF LEFT 
VENTRICULAR END-DIASTOLIC PRESSURE 

Condition
Site of 
Discrepancy Cause of Discrepancy

Diastolic dysfunction Mean LAP 
<LVEDP

Increased end-diastolic 
a wave

Aortic regurgitation LAP a wave 
<LVEDP

Mitral valve closure 
before end-diastole

Pulmonic 
regurgitation

PADP 
<LVEDP

Bidirectional runoff for 
pulmonary artery 
flow

Right bundle branch 
block

PADP 
<LVEDP

Delayed pulmonic valve 
opening

Post-pneumonectomy PAWP <LAP 
or LVEDP

Obstruction of 
pulmonary blood 
flow

Modified from Mark JB: Predicting left ventricular end-diastolic pressure. In 
Mark JB, editor: Atlas of cardiovascular monitoring, New York, 1998, 
Churchill Livingstone, p 59.

LAP, Left atrial pressure; LVEDP, left ventricular end-diastolic pressure; 
PADP, pulmonary artery diastolic pressure; PAWP, pulmonary artery 
wedge pressure.
Additional problems arise in considering the pulmo-
nary vasculature and using the formulas as a measure of 
resistance to flow through the lung.345 The pulmonary 
vasculature is more compliant than the systemic vascula-
ture, and marked increases in pulmonary blood flow may 
not produce any significant increase in pulmonary artery 

TABLE 45-6 OVERESTIMATION OF LEFT 
VENTRICULAR END-DIASTOLIC PRESSURE 

Condition
Site of 
Discrepancy Cause of Discrepancy

Positive end-
expiratory 
pressure

Mean PAWP 
>Mean LAP

Creation of lung zone 
1 or 2, or pericardial 
pressure changes

Pulmonary 
arterial 
hypertension

PADP >Mean 
PAWP

Increased pulmonary 
vascular resistance

Pulmonary 
venoocclusive 
disease

Mean PAWP 
>Mean LAP

Obstruction to flow 
in large pulmonary 
veins

Mitral stenosis Mean LAP >LVEDP Obstruction to flow 
across mitral valve

Mitral 
regurgitation

Mean LAP >LVEDP Retrograde systolic v 
wave raises mean 
atrial pressure

Ventricular 
septal defect

Mean LAP >LVEDP Antegrade systolic v 
wave raises mean 
atrial pressure

Tachycardia PADP >Mean LAP 
>LVEDP

Short diastole creates 
pulmonary vascular 
and mitral valve 
gradients

Modified from Mark JB: Predicting left ventricular end-diastolic pressure. In 
Mark JB, editor: Atlas of cardiovascular monitoring, New York, 1998, 
Churchill Livingstone, p 59.

LAP, Left atrial pressure; LVEDP, left ventricular end-diastolic pressure; 
PADP, pulmonary artery diastolic pressure; PAWP, pulmonary artery 
wedge pressure.
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pressure. In addition, flow usually ceases at end-diastole 
in the low resistance pulmonary circuit. Thus, changes in 
pulmonary vascular resistance may result from intrinsic 
alterations in pulmonary vascular tone (constriction or 
dilation), vascular recruitment, or rheologic changes. For 
the pulmonary circuit, a better approach to evaluating 
the changes in pulmonary vascular resistance may be to 
examine the end-diastolic gradient between the pulmo-
nary artery diastolic and wedge pressures (Fig. 45-38).

Another set of common calculations derived from stan-
dard hemodynamic variables adjusts these measurements 
for the patient’s body surface area (BSA) in an attempt 
to normalize these measurements for patients of differ-
ent sizes. The BSA is generally determined from a stan-
dard nomogram based on height and weight. The most 
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Figure 45-37. Influence of juxtacardiac pressure and ventricular 
compliance on left ventricular (LV) preload. Three interpretations of 
an increased transduced pulmonary artery wedge pressure (PAWP, 20 
mm Hg) are possible. A, Juxtacardiac pressure (−5 mm Hg) and LV 
compliance are normal, transmural PAWP is increased (25 mm Hg), 
and LV volume is increased. B, Juxtacardiac pressure is increased (+10 
mm Hg), LV compliance is normal, transmural PAWP is decreased 
(10 mm Hg), and LV volume is normal or decreased. C, Juxtacardiac 
pressure is normal, LV compliance is decreased, transmural PAWP is 
increased (25 mm Hg), and LV volume is normal or decreased. (From 
Mark JB: Atlas of cardiovascular monitoring, New York, 1998, Churchill 
Livingstone.)

TABLE 45-7 NORMAL HEMODYNAMIC VALUES

Average Range

Cardiac output (L/min) 5.0 4.0-6.5
Stroke volume (mL) 75 60-90
Systemic vascular resistance  

(Wood units)
15 10-20

(Dynes-sec-cm-5) 1200 800–1600
Pulmonary vascular resistance  

(Wood units)
1 0.5–3

(Dynes-sec-cm-5) 80 40–180
Arterial oxygen content (mL/dL) 18 16-20
Mixed venous oxygen content  

(mL/dL)
14 13-15

Mixed venous oxygen saturation 
(%)

75 70-80

Arteriovenous oxygen difference 
(mL/dL)

4 3-4

Oxygen consumption (mL/min) 225 200-250
commonly indexed variables are the cardiac index (car-
diac index = cardiac output/body surface area) and stroke 
volume index (stroke volume index = stroke volume/body 
surface area). On occasion, the systemic and pulmonary 
vascular resistances are indexed as well (systemic vascular 
resistance index = systemic vascular resistance × body sur-
face area; pulmonary vascular resistance index = pulmo-
nary vascular resistance × body surface area). In theory, 
normalizing hemodynamic values through “indexing” 
should help clinicians determine appropriate normal 
physiologic ranges to help guide therapy. Unfortunately, 
there is little evidence that these additional calculations 
provide valid normalizing adjustments. Body surface area 
is a biometric measurement with an obscure relation-
ship to blood flow, and it does not adjust for variations 
between individuals based on age, sex, body habitus, or 
metabolic rate.346 The patient’s size and medical history 
is important in interpreting and treating changes in any 
of the measured or calculated hemodynamic variables. 
Therapy should not be solely directed towards achieving 
normal indexed values.

PULMONARY ARTERY CATHETERIZATION 
AND OUTCOME CONTROVERSIES

Pulmonary artery catheterization has stimulated much 
controversy. It is an expensive, invasive technique that is 
widely used but still not proven to improve patient out-
come. The PAC controversy has been fueled in part by 
strongly worded editorials, written by prominent physi-
cians, debating whether PAC use should be suspended 
pending scientific proof of its efficacy.347-349 Although 
similar controversies have surrounded the use of other 
widely adopted, highly technical, clinical monitor-
ing techniques such as electronic fetal monitoring,350 
physicians who use PACs should especially appreciate 
the uncertainties surrounding PAC monitoring and be 
fully informed of the evidence that must guide patient 
selection.351,352

The study published by Connors and colleagues in 
1996 examining the association between PAC use dur-
ing the first 24 hours of intensive care and subsequent 
survival marked a tipping point in the use of PACs for 
monitoring.353 This prospective multicenter cohort 
study included 5735 patients with predicted 6-month 
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Figure 45-38. Pulmonary hypertension. The increased gradient 
across the pulmonary vasculature causes pulmonary artery diastolic 
pressure to exceed pulmonary artery wedge pressure (PAWP). PAP, 
Pulmonary artery pressure. (From Mark JB: Atlas of cardiovascular mon-
itoring, New York, 1998, Churchill Livingstone.)
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mortality in excess of 50%. Patients who were in the 
PAC-monitored group were judged to be sicker by every 
measurement recorded, although to the extent statisti-
cally possible, authors used case-matching analyses and 
applied a propensity score to adjust for these confounding 
medical covariates. After all adjustments, PAC-monitored 
patients had increased lengths of hospital stay and 20% 
increased mortality, and they incurred increased costs. 
Moreover, no subgroup of patients appeared to benefit 
from PAC monitoring. The publication of this study was 
accompanied by a strongly worded editorial calling for a 
moratorium on PAC use or a randomized controlled trial 
to define its efficacy.347

In the years since the study by Connors and col-
leagues, numerous studies have tried to determine 
whether patients are being helped or harmed by use of 
PACs. Many of these studies have been plagued by prob-
lems in study design (lack of randomization, small sam-
ple size), lack of standardization, and heterogeneity of 
both patients and clinical settings (medical versus surgi-
cal, cardiac surgery patients versus patients in acute con-
gestive heart failure). In addition, little consensus exists 
regarding which hemodynamic variables are the most 
relevant to be obtained from catheter use. Furthermore, 
appropriate therapeutic interventions in response to 
specific findings are not clear.283 Several large, random-
ized, adequately powered studies have been published 
regarding the use of the PAC in various settings: general 
noncardiac surgery,233 vascular surgery,354 CABG sur-
gery,338 nonsurgical patients with congestive heart fail-
ure,355 patients with acute lung injury,356 and critically 
ill patients in the intensive care unit.357 Generally, these 
studies have shown no benefit to PAC use, but they also 
show no increase in mortality or in hospital or intensive 
care unit length of stay despite sometimes a more fre-
quent incidence of adverse events, mainly infections or 
insertion-related events.

One common drawback to most of these large ran-
domized studies is that they have necessarily examined 
the routine use of PAC and enrolled a sequential cohort 
of patients, most of them with a relatively moderate 
risk of death or complications. Also, not all of these 
studies have used a specific therapeutic intervention 
protocol.358

In especially high-risk patients, a clinical benefit 
from use of the PAC became evident. A review of 53,312 
patients from the National Trauma Data Bank showed 
no mortality benefit to those treated with PACs in the 
group as a whole. However, in those with an injury 
severity scale greater than 25, those that arrived to the 
hospital in severe shock, or those older than 60 years 
of age, mortality was decreased significantly if PAC was 
used.359 In another cohort study of 7300 mixed medi-
cal and surgical population, PAC use was associated with 
reduced mortality in patients with a high APACHE score 
(>31), but increased mortality in patients with a low 
APACHE score (<25).360 Last, in a cohort of 280 older 
patients undergoing colon surgery, preoperative optimi-
zation with the use of PAC reduced mortality threefold 
in patients with a high Goldman’s cardiac risk index but 
was not beneficial in those at a low cardiac risk (also see 
Chapter 80).361
PULMONARY ARTERY CATHETERIZATION: 
INDICATIONS

The most recent recommendation pertaining to the peri-
operative use of PACs is the American Society of Anes-
thesiologists practice guideline published in 2003.231 The 
task force considered PAC monitoring to be appropriate 
in high-risk surgical patients undergoing high-risk pro-
cedures. Furthermore, the specific practice setting and 
the proficiency and experience of clinicians should be 
considered.

PAC use must be tailored to the degree of risk for the 
patient and the risk posed by the procedure itself. For 
example, a patient with advanced ischemic cardiomy-
opathy who needs lower extremity amputation under 
regional anesthesia would not warrant PAC monitor-
ing whereas a patient with stable ischemic heart disease 
scheduled for extensive abdominal cancer resection 
may benefit from perioperative use. Furthermore, the 
individual practice setting must be considered.231 Keats 
has termed this feature “the role of environment in the 
outcome of operation,” by which he means important 
unmeasurable aspects of the clinical setting, including, 
but not limited to, technical skill and experience.362 
Clearly, all physicians and nurses using PAC must have 
the requisite knowledge and skills to use it safely and 
effectively.

The conclusion is that PAC use should be limited, 
although a moratorium on use is ill-advised. Indeed, data 
demonstrate a significant and continuing decrease in 
PAC usage.316 Use should be reserved to centers with sig-
nificant experience and expertise. PAC generally should 
be used to monitor and guide therapy in patients at high 
risk for hemodynamic instability, those who are judged 
more critically ill by a variety of clinical means, and those 
who are in shock, especially if they are older and suffer 
from other systemic diseases.

Much uncertainty and controversy continue to sur-
round PAC use. Among the many measurements and 
calculations possible from PAC, little consensus exists 
regarding the most meaningful or the most useful. Obvi-
ously, PAC itself has no capacity to benefit unless it 
guides therapies that improve patient outcomes. Future 
research should focus on defining subgroups of patients 
who might benefit from the use of PAC, as well as defin-
ing effective therapeutic interventions based on the 
hemodynamic information gained from PAC.351,358

SPECIAL TYPES OF PULMONARY ARTERY 
CATHETERS

The popularity of PACs is largely due to the fact that they 
are multipurpose and provide a wide range of supplemen-
tary features for therapeutic and diagnostic applications. 
Some catheters have a third lumen, which is often used as 
an additional venous infusion line that opens 20 to 30 cm 
from the catheter tip. Specialized PACs allow temporary 
endocardial pacing or intracardiac ECG recording and 
may even have combinations of electrodes permanently 
implanted along its length to allow bipolar ventricu-
lar, atrial, or atrioventricular pacing.363 These catheters 
can be especially useful for minimally invasive cardiac 
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surgery, where avoiding sternotomy hinders the place-
ment of epicardial pacing leads.364 Other models have a 
special lumen that opens into the right ventricle, through 
which a thin bipolar wire may be introduced for endocar-
dial ventricular pacing, or separate atrial and ventricular 
lumina for passage of two pacing wires for dual-chamber 
sequential pacing.365

Specific PAC modifications were designed to allow for 
continuous cardiac output measurement, mixed venous 
oxygen saturation monitoring, or right heart function 
evaluation, vastly expanding the types of physiologic 
information available to those caring for critically ill 
patients.

Mixed Venous Oximetry Pulmonary  
Artery Catheter
Although the formal Fick cardiac output method is not 
widely applied in clinical practice outside the cardiac cath-
eterization laboratory, the physiologic relations described 
by the Fick equation form the basis for another PAC-based 
monitoring technique termed continuous mixed venous 
oximetry. Rearrangement of the Fick equation reveals the 
four determinants of mixed venous hemoglobin satura-
tion (Sv̇o2):

 
SvO2 = SaO2 − V̇O2

Q̇ × 1.36 × Hgb 

where Svo2 = mixed venous hemoglobin saturation (%)
Sao2 = arterial hemoglobin saturation (%)
V̇o2 = oxygen consumption (mL O2/min)
Q̇ = cardiac output (L/min)
Hgb = hemoglobin concentration (g/dL)
To the extent that arterial hemoglobin saturation, 

oxygen consumption, and hemoglobin concentration 
remain stable, mixed venous hemoglobin saturation 
may be used as an indirect indicator of cardiac output. 
For example, when cardiac output falls, tissue oxygen 
extraction increases and the mixed venous blood will 
have a lower oxygen content and lower hemoglobin 
oxygen saturation. However, as noted in this equation, 
mixed venous hemoglobin saturation also varies directly 
with arterial hemoglobin concentration and saturation, 
and varies inversely with oxygen consumption. When 
any of these other variables change significantly, one 
cannot assume that a change in mixed venous hemo-
globin saturation results solely from a change in cardiac 
output. Although these considerations may confound 
the use of mixed venous hemoglobin saturation as an 
indicator of cardiac output, monitoring this variable 
provides more comprehensive information about the 
balance of oxygen delivery and consumption by the 
body—not just the cardiac output value, but also the 
adequacy of that cardiac output compared with tissue 
oxygen requirements.366

Although mixed venous hemoglobin saturation may 
be determined by intermittent blood sampling from the 
distal port of PAC, a specially designed PAC can provide 
this information reliably and continuously. Fiberoptic 
bundles incorporated into PAC determine the hemoglo-
bin oxygen saturation in pulmonary artery blood based 
on the principles of reflectance oximetry using either a 
two- or three-wavelength system. A special computer con-
nected to this PAC displays the mixed venous hemoglo-
bin saturation continuously. The technology is typically 
incorporated into the standard PAC or the continuous 
cardiac output PAC (see later), in the latter case  providing 
both continuous cardiac output and venous oximetry 
data.

Technical problems with continuous mixed venous 
oximetry are generally limited to improper PAC tip posi-
tioning against the vessel wall or inaccurate calibration.367 
Multi-wavelength fiberoptic technology and reflection 
intensity algorithms help to reduce wall artifacts caused 
by spurious reflections from a PAC thrombus or the pul-
monary arterial walls. These catheters are calibrated at the 
bedside before use but may also be calibrated in vivo from 
a pulmonary artery blood gas sample. Recalibration every 
24 hours is usually recommended because of a drift arti-
fact. One note of caution is that a wedged PAC will read 
spuriously high oxygen saturation values corresponding 
to arterialized pulmonary blood. Most clinical trials com-
paring PAC-derived continuous venous oximetry values 
with laboratory analysis of pulmonary artery blood sam-
ples have shown good agreement between techniques.368 
Mixed venous hemoglobin saturation values reflect 
global, whole-body measurement. Therefore, regionally 
inadequate blood flow and tissue oxygen delivery (such 
as with limb or intestinal ischemia) can coexist with a 
normal or high mixed venous hemoglobin saturation.

Recently, the technology to continuously measure 
oxygen saturation has been incorporated into central 
venous catheters as well. These catheters measure central 
venous saturation, measured in the superior vena cava. 
Normally, this saturation is around 70% versus 75% in 
the pulmonary artery.366 Low central venous saturation 
has been associated with increased complications both in 
trauma patients and in major surgery patients.369,370

The real value of measuring venous oxygen satura-
tion lies in its ability to guide therapeutic interventions. 
Because one of the body’s physiologic compensations 
for anemia is increased oxygen extraction, low venous 
hemoglobin saturation has been used to guide the need 
for blood transfusion.371 Several studies have used venous 
hemoglobin saturation to guide interventions aimed at 
increasing cardiac output, a goal-directed approach. A 
recent randomized study in patients undergoing cardiac 
surgery has shown better outcome in patients random-
ized to protocol-driven interventions aimed at achiev-
ing mixed venous hemoglobin saturation above 70% 
(and blood lactate <2 mg/dL).372 Similarly, optimizing 
the central venous oxygen saturation has been shown 
to improve outcome in patients with early sepsis373 and 
in high-risk noncardiac and off-pump cardiac surgical 
patients.374,375

These studies have used strict protocol-driven thera-
peutic interventions. In contrast, a large Veterans Affairs 
observational trial of 3265 cardiac surgical patients noted 
that 49% of patients received continuous mixed venous 
oximetry PACs, and use of this catheter was associated 
with increased cost but no better outcome than the stan-
dard PAC group.376 In this study, however, no protocol 
was used to guide therapeutic interventions based on 
monitoring results.
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Right Ventricular Ejection Fraction 
Pulmonary Artery Catheter
Although cardiovascular monitoring has focused pre-
dominantly on left ventricular performance, in some 
instances right ventricular dysfunction may be the more 
important factor limiting circulation. Patient populations 
at increased risk for right ventricular dysfunction include 
those with chronic obstructive pulmonary disease, adult 
respiratory distress syndrome, pulmonary hyperten-
sion, and right ventricular ischemia and infarction.377 
Pulmonary artery catheter monitoring in patients with 
right ventricular infarction often reveals the character-
istic hemodynamic patterns described earlier. However, 
accurate evaluation of right ventricular performance has 
proved more complicated. In patients with severe respi-
ratory failure, for example, the confounding effects of 
mechanical ventilation with high levels of positive end-
expiratory pressure (PEEP) have made interpretation 
of cardiac filling pressures difficult and, in some cases, 
misleading.378

Measurement of right ventricular ejection fraction 
(RVEF) with a specially designed PAC offers another 
method for evaluating right ventricular function. This 
method uses a standard PAC equipped with a rapid 
response thermistor that detects and quantifies the small 
changes in pulmonary artery blood temperature that 
occur with each heartbeat, in a manner somewhat analo-
gous to a standard continuous cardiac output PAC. The 
cardiac output computer measures the residual fraction 
of thermal signal following each heart beat and derives 
the RVEF.379 Clearly, all factors that confound standard 
thermodilution cardiac output measurement (described 
later) will also interfere with accurate determination of 
RVEF. In addition, because the temperature changes mea-
sured by the RVEF PAC are small beat-to-beat changes, 
the method will not work if the ECG R waves cannot be 
detected accurately, when the R-R interval is short owing 
to tachycardia, or if the cardiac rhythm is irregular.367 
Comparison of PAC-based RVEF measurements with 
angiographic or nuclear techniques has yielded mixed 
results in terms of accuracy, but this may reflect, in part, 
the absence of a widely accepted reference standard for 
this measurement.379,380 Intraoperative use of the RVEF 
PAC has focused primarily on detection of right ven-
tricular dysfunction in patients with coronary artery 
disease undergoing surgical revascularization. Reduced 
RVEF has been noted following cardiopulmonary bypass, 
particularly in patients with preexisting right coronary 
artery obstruction.381 However, RVEF is an extremely 
load-dependent measurement of right ventricular per-
formance, and the clinician must keep this fact in mind 
to interpret this measurement properly.367,382 Clinical 
use of the RVEF PAC appears to have found its greatest 
application to date in critically ill patients, especially in 
those with respiratory failure.382,383 In these applications, 
the measurement of greatest interest has been the right 
ventricular end-diastolic volume, which is derived math-
ematically from RVEF:

 
RVEDV = SV

RVEF 
where RVEDV = right ventricular end-diastolic volume 
(mL)

SV = stroke volume (mL)
RVEF = right ventricular ejection fraction
The right ventricular end-diastolic volume appears to 

correlate better with volume status than standard preload 
measurements, such as CVP or PAWP.383,384 These find-
ings are not surprising given all the interpretive problems 
associated with cardiac filling pressure monitoring pre-
viously discussed. It should be kept in mind, however, 
that the better correlation between right ventricular end-
diastolic volume and cardiac output may result from the 
mathematical coupling of measurements, because both 
are derivatives of stroke volume determined with PAC. 
Furthermore, as in the case of standard PAC monitoring, 
the benefit of RVEF PAC monitoring, in terms of patient 
outcomes, remains unproven.231

CARDIAC OUTPUT MONITORING

Cardiac output is the total blood flow generated by the 
heart, and in a normal adult at rest, it ranges from 4.0 
to 6.5 L/min. Measurement of cardiac output provides 
a global assessment of the circulation, and in combina-
tion with other hemodynamic measurements (heart rate, 
arterial blood pressure, CVP, pulmonary artery pressure, 
and wedge pressure), it allows calculation of additional 
important circulatory variables, such as systemic and pul-
monary vascular resistance and ventricular stroke work 
(see Table 45-7).

Three factors have driven efforts to measure cardiac 
output in clinical practice. The first is the recognition 
that in many critically ill patients, low cardiac output 
leads to significant morbidity and mortality.385 Second, 
clinical assessment of cardiac output is often inaccurate; 
for example, seriously ill patients with decreased cardiac 
output might have normal systemic arterial blood pres-
sures.386 Finally, newer techniques for cardiac output 
measurement are becoming less invasive and thus might 
provide benefit to many patients without the attendant 
risks of invasive monitoring.386,387 The advantages and 
disadvantages of each technique must be appreciated for 
proper clinical application.

THERMODILUTION CARDIAC OUTPUT 
MONITORING

The thermodilution technique has become the de facto 
clinical standard for measuring cardiac output because of 
its ease of implementation and the long clinical experi-
ence with its use in various settings. It is a variant of the 
indicator dilution method, described in more detail in 
Chapter 44, in which a known amount of a tracer sub-
stance is injected into the bloodstream and its concen-
tration change is measured over time at a downstream 
site.388 For thermodilution, a known volume of iced or 
room-temperature fluid is injected as a bolus into the 
proximal (right atrium) lumen of the PAC, and the result-
ing change in the pulmonary artery blood temperature 
is recorded by the thermistor at the catheter tip. As in all 
other forms of cardiovascular monitoring, it is important 
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to have a real-time display of the thermodilution curve 
resulting from each cardiac output measurement.389 This 
allows the clinician to discern artifacts that would invali-
date the cardiac output measurement, such as unstable 
blood temperature, recirculation, or incomplete indicator 
injection.

Because several groups have demonstrated equiva-
lent accuracy in cardiac output determinations when 
either ice-cold or room-temperature injectates are used, 
it appears that room-temperature injectate is preferred for 
almost all clinical applications.390 In adults, an injectate 
volume of 10 mL should be used, whereas in children, an 
injectate volume of 0.15 mL/kg is recommended.389

Usually, three cardiac output measurements per-
formed in rapid succession are averaged to provide a more 
reliable result. When only a single injection was used to 
determine cardiac output, a difference between sequen-
tial cardiac output measurements of 22% was required to 
suggest a clinically significant change. In contrast, when 
three injections are averaged to determine the thermodi-
lution measurement, a change greater than 13% indicates 
a clinically significant change in cardiac output.391

Even when carefully performed, some studies have 
found that thermodilution cardiac output measurements 
may not agree with other reference methods.392,393 How-
ever, few complications are directly attributable to the 
technique itself, and following the trend in cardiac out-
put is probably more clinically useful than emphasizing 
any absolute value.

Sources of Error in Thermodilution  
Cardiac Output Monitoring
Several important technical issues and potential sources 
of error must be considered to interpret thermodilution 
cardiac output measurements properly388,389 (Box 45-7). 
The thermodilution technique measures right ventricu-
lar output. With intracardiac shunt, right ventricular and 
left ventricular outputs will not be equal. In patients with 
a left-to-right shunt, early recirculation of the thermal 
indicator can be seen to distort the downward slope of 
the thermodilution curve, and in patients with right-to-
left shunt, some of the injected indicator will bypass the 
thermistor, resulting in overestimation of the left ventric-
ular cardiac output.

Patients with tricuspid or pulmonic valve regurgita-
tion pose additional problems for thermodilution car-
diac output measurement owing to recirculation of the 
indicator across the incompetent valve. In patients with 
severe tricuspid regurgitation, the thermodilution curves 
have an abnormally prolonged decay time and the mea-
sured cardiac output is simply unreliable, either underes-
timated or overestimated, depending on the severity of 
valvular regurgitation and the magnitude of the cardiac 
output.389,394

Other technical problems with thermodilution cardiac 
output measurement are caused by inadequate delivery 
of the thermal indicator. Mishandling of an iced injec-
tate syringe can warm the solution and reduce the signal-
to-noise ratio of the thermal indicator administered. In 
addition, fibrin or blood clot on the PAC tip may lead 
to thermistor malfunction and result in spurious car-
diac output values. Unrecognized fluctuation in blood 
temperature may also influence cardiac output measure-
ment. In most patients, pulmonary artery blood tem-
perature falls rapidly in the initial minutes following 
cardiopulmonary bypass when the rewarmed body core 
redistributes the heat gained at the end of bypass. Owing 
to this progressive decline in central core and pulmonary 
artery blood temperature, the thermal baseline is unsta-
ble. Thermodilution cardiac output measurements made 
in the minutes following bypass are notoriously unreli-
able, most often leading to marked underestimation of 
the true cardiac output.395 Other inaccuracies in thermo-
dilution cardiac output measurement occur when pulmo-
nary artery blood temperature changes because of rapid 
fluid infusion.396 Either overestimation or underestima-
tion of cardiac output occurs, depending on the timing of 
the additional fluid bolus.

One controversy surrounding bolus thermodilution 
cardiac output monitoring is the proper timing of mea-
surement in relation to the respiratory cycle, particularly 
in patients receiving positive-pressure mechanical ventila-
tion, because right ventricular stroke output varies as much 
as 50% during the respiratory cycle. Although reproduc-
ibility of consecutive measurements improves markedly 
when the bolus injections are synchronized to the same 
phase of the respiratory cycle, an accurate measurement of 
average cardiac output is achieved more reliably by mak-
ing multiple injections during the different phases of the 
respiratory cycle and then averaging the results.389,397 Last, 
the measured thermodilution cardiac output can overesti-
mate true cardiac output during low-flow states because of 
significant heat loss from slow injectate transit.398

CONTINUOUS THERMODILUTION CARDIAC 
OUTPUT MONITORING

Newer technologies applied to PAC monitoring allow 
nearly continuous cardiac output (CCO) monitoring 
using a warm thermal indicator.388,399 In brief, small quan-
tities of heat are released from a 10-cm thermal filament 
incorporated into the right ventricular portion of a PAC, 
approximately 15 to 25 cm from the catheter tip, and the 
resulting thermal signal is measured by the thermistor 
at the tip of the catheter in the pulmonary artery. The 
heating filament is cycled on and off in a pseudorandom 
binary sequence, and the cardiac output is derived from 
cross correlation of the measured pulmonary artery tem-
perature with the known sequence of heating filament 
activation.399 Typically, the displayed value for cardiac 

Intracardiac shunts
Tricuspid or pulmonic valve regurgitation
Inadequate delivery of thermal indicator

Central venous injection site within catheter introducer sheath
Warming of iced injectate

Thermistor malfunction from fibrin or clot
Pulmonary artery blood temperature fluctuations

Following cardiopulmonary bypass
Rapid intravenous fluid administration

Respiratory cycle influences

BOX 45-7 Factors Influencing Accuracy of 
Thermodilution Cardiac Output Measurement
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output is updated every 30 to 60 seconds and represents 
the average value for the cardiac output measured over 
the previous 3 to 6 minutes. In a laboratory investigation 
examining how CCO measurements responded to unsta-
ble hemodynamic conditions, such as hemorrhage and 
fluid resuscitation, Siegel and associates showed that CCO 
changes were markedly slower than changes detected by 
ultrasonic flow probe, blood pressure, or mixed venous 
oxygen saturation.400 In view of these inherent time 
delays, the PAC CCO method should be considered a con-
tinual rather than a continuous real-time monitor.

In general, the CCO method has good agreement with 
standard bolus thermodilution cardiac output measure-
ments or electromagnetic flow probe techniques.388,401 
The device performed well in patients with a wide range 
of cardiac outputs (1.6 to 10.6 L/min) and core tempera-
tures (33.2° C to 39.8° C). Reproducibility and precision 
appear to be better with the CCO method compared with 
the standard bolus thermodilution technique, probably 
because the continuous method displays a time-weighted 
average cardiac output value, as opposed to a single 
instantaneous measurement.402,403

The CCO PAC has been widely accepted into clinical 
use for a number of practical reasons. Although these 
catheters are more expensive than standard PACs, obviat-
ing the need for bolus injections reduces nursing work-
load and the potential risk of fluid overload or infection. 
Furthermore, because the CCO PAC provides a cardiac 
output value that is an average derived over the previous 
several minutes, beat-to-beat variations in stroke volume 
that occur during a single respiratory cycle are all equally 
represented. As a result, a cardiac output measured by the 
CCO method may provide a more accurate measurement 
of global cardiac output for patients receiving positive-
pressure mechanical ventilation.

However, like cold bolus thermodilution techniques, 
warm thermal CCO has certain methodologic pitfalls that 
must be recognized and avoided. The CCO computer and 
catheter require a significant amount of time to warm up 
and may work poorly in an environment with a great deal 
of thermal noise, such as the cardiac operating room. As 
already emphasized, CCO monitors have an inherent 5- 
to 15-minute delay in responding to abrupt changes in 
cardiac output, and the magnitude of this delay depends 
on the type of physiologic perturbation, as well as the 
CCO computer monitor algorithm.400 Although modifi-
cations of CCO algorithms provide a “STAT mode” rapid 
response time, acute changes in cardiac output are still 
detected more slowly by CCO monitoring than by other 
methods, such as direct arterial pressure or mixed venous 
oximetry. In effect, the CCO technique involves a funda-
mental tradeoff between rapid response time and overall 
accuracy of measurement. The standards for these perfor-
mance characteristics have not been defined, but must 
balance the response time against the stability of the dis-
played value and its immunity from thermal noise.402

TRANSPULMONARY THERMODILUTION 
CARDIAC OUTPUT

For transpulmonary thermodilution measurement, ice-
cold saline is injected into a central venous line while the 
change in temperature is measured in a large peripheral 
artery (femoral, axillary, or brachial artery) via a special 
arterial catheter equipped with a thermistor.404 Several 
studies have shown adequate agreement with standard 
thermodilution cardiac output.405,406 Because the mea-
surement lasts over several cardiac cycles, respiratory 
effects on stroke volume are averaged and eliminated, in 
contrast to standard thermodilution.407

Mathematic derivation from the transpulmonary ther-
modilution curve can produce several additional useful 
indices. Extravascular lung water is a measure of pul-
monary edema and can be used to guide fluid therapy 
in patients with acute lung injury or sepsis.408-410 Other 
derived indices are the global end-diastolic volume and 
intrathoracic blood volume. These indices are a better 
measure of cardiac preload than traditional measurements 
such as CVP or pulmonary artery wedge pressure.411,412 
However, these indices still cannot predict cardiac output 
response to intravenous fluid administration.413 The last 
parameter derived from the transpulmonary thermodilu-
tion curve is called the cardiac function index, calculated 
using cardiac output and the intrathoracic blood volume. 
It correlates closely with echocardiography-derived left 
ventricular ejection fraction.414

LITHIUM DILUTION CARDIAC  
OUTPUT MONITORING

The lithium dilution technique is another cardiac out-
put monitoring method that derives its fundamental 
basis from indicator dilution principles.415 In brief, fol-
lowing an intravenous bolus injection of a small dose of 
lithium chloride, an ion-selective electrode attached to a 
peripheral arterial catheter measures the lithium dilution 
curve, from which the cardiac output is derived. This is 
an accurate technique compared with standard thermo-
dilution or electromagnetic flowmetry.416,417 The lithium 
indicator can be injected through a peripheral intrave-
nous catheter with similar measurement accuracy, thus 
eliminating the need for a central venous line.418 This 
technique can also be used in children.419 Lithium dilu-
tion cannot be used in patients who are taking lithium 
or those who have just received nondepolarizing neuro-
muscular blockers (because these blockers also alter the 
lithium sensor electrode measurement).

OTHER METHODS FOR MONITORING 
CARDIAC OUTPUT AND PERFUSION

ESOPHAGEAL DOPPLER CARDIAC  
OUTPUT MONITORING

All of the ultrasound-based methods for cardiac output 
monitoring employ the Doppler principle (also see Chap-
ters 44 and 46). Cardiac output can be intermittently 
measured by the Doppler technique during transtho-
racic or transesophageal echocardiography examinations 
(see Chapter 46). A special esophageal Doppler probe 
has been developed that could be positioned and left in 
place for continuous monitoring without the need for 
time- consuming measurements and calculations by the 
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physician or ultrasonographer. The transducer is incor-
porated into the tip of a probe resembling a standard 
esophageal stethoscope and allows continuous monitor-
ing of cardiac output by measuring the Doppler shift of 
the interrogated blood flow in the descending thoracic 
aorta. The Doppler probe is inserted into the esophagus 
to a depth of approximately 35 cm from the incisor teeth 
and is adjusted to optimize the audible Doppler flow 
sound from the descending aorta. In most patients, opti-
mal probe tip position is at the T5-T6 vertebral interspace 
or the third sternocostal junction, because the esophagus 
and the descending aorta lie in close proximity and run 
essentially parallel to each other at this location.420 The 
ultrasound transducer is mounted at a fixed angle that is 
anatomically defined and known by the cardiac output 
computer. This angle is then used to correct the resulting 
Doppler shift frequency to provide an accurate velocity 
measurement.

Several limitations of the esophageal Doppler tech-
nique must be recognized to avoid incorrect data interpre-
tation. This monitoring method interrogates blood flow 
in the descending thoracic aorta and therefore measures 
only a fraction of total cardiac output. To report total 
cardiac output, either the esophageal Doppler measure-
ment must be “calibrated” by some alternative method, 
or an empirically determined correction constant of 1.4 
is used.421 This constant is accurate for most patients 
but does not apply universally, especially in the pres-
ence of conditions that redistribute blood flow (such as 
pregnancy), in aortic cross-clamping, and following car-
diopulmonary bypass.420,422 In addition, the descending 
thoracic aorta diameter is either measured using A-mode 
ultrasound or calculated from a nomogram based on the 
patient’s age, sex, height, and weight.423 When calculated, 
the aortic diameter is assumed not to change throughout 
the cardiac cycle.424 In addition, the technique is likely 
to be inaccurate in the presence of aortic valve stenosis 
or regurgitation and in patients with thoracic aortic dis-
ease. It is not easily applied in nonintubated, nonsedated 
patients, and it cannot be used in individuals with esoph-
ageal pathology. Finally, like all ultrasound techniques, 
the acoustic window needed to acquire the Doppler sig-
nal may not be adequate in some individuals, thereby 
precluding use of this method.

Advantages of the esophageal Doppler monitoring 
technique include its ease of use, minimal invasiveness, 
and inherent safety. It appears that limited experience is 
needed for clinical success—as few as 10 to 12 cases for 
accurate application of the technique.420 A recent review 
described 25 clinical trials comparing esophageal Doppler 
cardiac output measurement with PAC thermodilution 
measurements and noted that the Doppler cardiac out-
put values correlated well with thermodilution measure-
ments, showed minimal overall bias, and resulted in good 
tracking of directional changes in thermodilution cardiac 
output with low intra- and interobserver measurement 
variability.420

Recently, the esophageal Doppler method has seen 
renewed popularity.425,426 Current devices provide a clear 
visual display of the spectral Doppler waveform and also 
calculate and display additional hemodynamic variables, 
including the peak blood flow velocity, flow acceleration, 
and heart rate–corrected flow time (Fig. 45-39). Some 
studies have shown that these additional measures pro-
vide useful information about left ventricular preload, 
fluid responsiveness, contractility, and systemic vascu-
lar resistance.421,427,428 One of the more important ben-
efits of this monitor may be focusing clinical attention 
on optimizing stroke volume rather than total cardiac 
output. Indeed, in critically ill patients, complications 
may be better predicted by low stroke volume than by 
low cardiac output.429 Several studies have shown that 
volume resuscitation, guided by maximizing esophageal 
Doppler-measured stroke volume in moderate risk surgi-
cal patients, reduces perioperative morbidity and short-
ens hospital stay.425,426

BIOIMPEDANCE CARDIAC OUTPUT 
MONITORING

The technique of bioimpedance cardiac output monitor-
ing was first described by Kubicek and associates and is 
based on changes in electrical impedance of the thoracic 
cavity occurring with ejection of blood during cardiac 
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systole.430 Their original formula relates these bioimped-
ance measurements to stroke volume:

 
SV = ρL2/Zo2 • VET • max

dZ
dt  

where SV = stroke volume
ρ = specific resistivity of blood
L = thoracic length
ZO = basal thoracic impedance
VET = ventricular ejection time

max
dZ
dt

 = maximum rate of impedance change during 

systolic upstroke

For performing the measurements, disposable elec-
trodes are applied to the skin surface along the sides of 
the neck and lateral aspect of the lower thorax, and a con-
tinuous small electrical current is applied across the chest. 
Patient height, weight, and gender are used to calculate 
the volume of the thoracic cavity. Bioimpedance cardiac 
output is computed for each cardiac cycle and continu-
ously displayed as an average value over several heart 
beats.

Although the bioimpedance method is accurate in 
healthy volunteers, its reliability deteriorates in criti-
cally ill patients, including those with sepsis, pulmonary 
edema, aortic regurgitation, and cardiac pacing431-433 
(also see Chapters 47, 67, and 101). More recent changes 
in signal processing techniques have improved the accu-
racy of thoracic bioimpedance measurements and might 
increase its clinical acceptance.434

PARTIAL CO2 REBREATHING CARDIAC 
OUTPUT MONITORING

Another method for cardiac output monitoring that does 
not require pulmonary artery catheterization is the partial 
CO2 rebreathing technique.435,436 Owing to the difficulty 
encountered in the standard Fick method involving mea-
suring oxygen consumption and mixed venous hemoglo-
bin saturation, this alternative technique is based on a 
restatement of the Fick equation for carbon dioxide elimi-
nation rather than oxygen uptake.

 Q̇ = V̇CO2/(CvCO2 − CaCO2) 

where Q̇ = cardiac output
V̇co2 = rate of carbon dioxide elimination
Cvco2 = carbon dioxide content of mixed venous blood
Caco2 = carbon dioxide content of arterial blood
This method uses the change in CO2 production and 

end-tidal CO2 concentration in response to a brief, sudden 
change in minute ventilation. With a specially designed 
breathing system and monitoring computer, this mea-
surement is easily performed in any tracheally intubated 
patient. Every 3 minutes, a computer-controlled pneu-
matic valve intermittently increases dead space for a 
50-second period, thereby causing partial rebreathing of 
exhaled gases. Changes in end-tidal CO2 in response to 
the rebreathing maneuver are used to calculate cardiac 
output by a differential version of the Fick equation for 
carbon dioxide. This method is entirely noninvasive, it 
can be performed every few minutes, and the brief epi-
sodes of rebreathing pose no substantial risk to most 
patients, with end-tidal CO2 measurements increasing 
by less than 3 mm Hg. Unfortunately, accurate measure-
ments with this technique require tracheal intubation 
for precise measurement of exhaled gases. Furthermore, 
changing patterns of ventilation may have an unpredict-
able influence on the measurement. As with all Fick-based 
techniques, the partial CO2 rebreathing method measures 
pulmonary capillary blood flow as an indicator of total 
cardiac output and thus requires correction for pulmo-
nary shunt.

There is good agreement between the partial rebreath-
ing CO2 cardiac output method and other techniques, 
such as thermodilution. However, the clinical trials 
were small (i.e., number of patients studied) and mainly 
focused on specific patient groups, particularly coronary 
artery bypass surgery patients.437 The clinical role for 
this technique is mainly focused on short-term intra-
operative applications or mechanically ventilated post-
operative patients. Because of the mandatory increase 
in Paco2, the technique is relatively contraindicated in 
patients with increased intracranial pressure.

PULSE CONTOUR CARDIAC OUTPUT 
MONITORING

Analysis of the arterial pulse pressure waveform is one 
of the most recent developments in the area of cardiac 
output monitoring. Basically continuous measurement 
of cardiac output is derived from the analysis of the 
arterial pulse pressure waveform. These methods, gen-
erally termed pulse contour cardiac output, determine 
stroke volume from computerized analysis of the area 
under the arterial pressure waveform recorded from 
an arterial catheter or even a noninvasive finger blood 
pressure waveform.438-441 Pulse contour methods offer 
the potential for noninvasive, continuous, beat-to-beat 
cardiac output monitoring. Also, the change in stroke 
volume from beat to beat (termed stroke volume varia-
tion) can be used to evaluate volume status in ventilated 
patients.118,442

However, several shortcomings need to be consid-
ered.443 First, a baseline calibration with a known cardiac 
output is required to account for individual differences 
in vascular resistance, impedance, and wave reflectance. 
Additionally, recalibration is required every 8 to 12 hours 
to account for changes in vascular characteristics over 
time. This need for external calibration might require the 
use of a more invasive technique, negating the noninva-
siveness advantage of pulse contour methods. Recently, 
several systems were developed with the capability for an 
autocalibration based on patient’s demographic variables. 
However, the accuracy of this autocalibration in various 
clinical situations is questionable.444 A reasonably well-
defined arterial pressure waveform with a discernible 
dicrotic notch is required for accurate identification of 
systole and diastole, a condition that might not exist 
under severe tachycardia or dysrhythmia, or other very 
low output states. Last, for a meaningful use of beat-to-
beat variation in stroke volume (as well as systolic pres-
sure or pulse pressure variation), the patient needs to be 
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on controlled mechanical ventilation with a tidal volume 
of at least 8 mL/kg body weight.445

Still, clinical trials in surgical patients have shown 
that the pulse contour cardiac output methods provide 
an acceptable level of accuracy with a bias of less than 
0.5 L/minute compared with thermodilution cardiac 
output.440,446,447 Stroke volume variation above 10% is 
a useful predictor of responsiveness to intravenous fluid 
administration.106 Finally, goal-directed therapy based 
either on maximizing pulse contour–derived cardiac 
output or minimizing stroke volume variation results in 
improved perioperative outcome.448,449

GASTRIC TONOMETRY

Gastric tonometry aims at monitoring gastric circulation 
as an early indication of splanchnic hypoperfusion.450 A 
balloon-tipped tube is inserted into the stomach, and the 
saline or air in the balloon is allowed to equilibrate with 
the CO2 in the gastric lumen. Intermittently, the saline 
or air is aspirated and the CO2 level is measured. With 
development of gastric hypoperfusion, CO2 clearance 
from the gastric mucosa decreases, whereas CO2 produc-
tion increases from bicarbonate titration of acid released 
by anaerobic metabolism. The CO2 from the mucosa dif-
fuses freely to the gastric lumen and is detected by the 
tonometry device.

Gastric mucosal CO2 and pH are predictors of post-
trauma and perioperative complications or death.451-

453 Also, therapy guided by gastric tonometry can 
improve clinical outcome in critically ill or perioperative 
patients.454,455 However, this somewhat cumbersome and 
time-consuming method for monitoring tissue perfusion 
has not been widely adopted.
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Perioperative Echocardiography
GEORGES DESJARDINS • DANIEL P. VEZINA • KEN B. JOHNSON • MICHAEL K. CAHALAN

K e y  P o i n t s

 •  The latest guidelines for perioperative transesophageal echocardiography (TEE) 
recommend TEE in all patients having open heart and thoracic aortic vascular 
procedures and in patients with unexplained life-threatening circulatory instability 
unless contraindicated by esophageal pathologic abnormalities.

 •  The higher the ultrasound transducer frequency, the better the image quality, but 
the more limited the depth of penetration.

 •  The modified Bernoulli theorem transforms velocities measured by Doppler 
echocardiography into transvalvular pressure gradients. Pressure gradient = 4V2, 
where V = velocity in meters per second.

 •  Tissue Doppler imaging measures myocardial velocities and is the primary tool for 
the assessment of ventricular systolic and diastolic functions.

 •  Three-dimensional TEE in real time is now widely available and proving to be of 
significant value in perioperative patients.

 •  The basic TEE examination is an abbreviated version of the comprehensive 
examination. It is significantly faster to complete than the comprehensive 
examination and will identify the majority of life-threatening perioperative cardiac 
pathologic complications.

 •  The basic transthoracic echocardiography (TTE) examination is performed from 
three standard windows and provides cross sections comparable with those 
produced with TEE.

 •  TEE provides highly reliable and reproducible methods to assess cardiac filling and 
ejection.

 •  TEE is more sensitive than the electrocardiogram for the detection of intraoperative 
myocardial ischemia. It is more predictive of postoperative outcome than 
preoperative cardiac stress testing.

 •  TEE is an essential tool in the cardiac surgical unit where it plays a vital role in 
assessing the need for management changes, as well as guiding those changes 
and evaluating the effectiveness of the surgical procedure.
INTRODUCTION

Echocardiography has transformed the practice of anes-
thesia. Transesophageal echocardiography (TEE) is the 
most powerful cardiovascular diagnostic technique avail-
able in the practice of perioperative medicine today. 
Thousands of published reports document its vital role 
in the determination of hemodynamics, the detection 
of myocardial ischemia, cardiovascular pathologic evalu-
ation, and the assessment of cardiac surgical plans and 
results. With the information provided by TEE, anesthe-
siologists, surgeons, and intensivists can alter therapy to 
decrease morbidity and increase the survival of surgical 
patients. No other diagnostic technique has had such an 
impact on the practice of anesthesia and critical care. As 
a result, routine intraoperative TEE is an expectation in 
most cardiac surgical practices, and basic TEE is a resource 
in many noncardiac practices. In addition, transthoracic 
echocardiography (TTE) has emerged as a highly portable 
tool for cardiac assessment in the patient whose trachea is 
not intubated. This chapter reviews the published litera-
ture documenting echocardiography’s role in periopera-
tive care after presenting a brief summary of its history, 
its underlying physical principles, and the techniques 
required to perform it.

HISTORY

In 1976, Dr. Leon Frazin published the results of studies 
using an esophageal M-mode transducer, thereby intro-
ducing the concept of TEE.1 Subsequently, Matsumoto 
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and associates used M-mode TEE to study left ventricular 
(LV) function during cardiovascular surgery.2 However, 
M-mode echocardiography provides too limited a view 
of spatial relationships to be practical for intraoperative 
monitoring or real-time decision making. In the early 
1980s, Hanrath and associates introduced a two-dimen-
sional (2-D), phased-array transducer mounted on the tip 
of a flexible gastroscope, and TEE’s intraoperative poten-
tial became apparent.3 However, wide adoption of TEE did 
not occur until the mid-1980s, when the TEE transducer 
design was refined and color-flow Doppler (CFD) became 
commercially available. With these advances, TEE could 
provide the high-resolution, real-time images of structure 
and blood flow used today on a daily basis. However, the 
original single-plane and subsequent biplane TEE probes 
limited the potential imaging planes. Multiplane TEE 
imaging uses a rotatable 2-D transducer within the probe 
tip that has substantially resolved those limitations and 
remains the current standard of practice.

Along with advances in probe technology, ultra-
sound manufacturers improved image compression 
algorithms, high-density digital storage, and broad-
band communication networks that have revolution-
ized the storage and processing of TEE images. Secure 
digital servers have replaced videotape libraries of clini-
cal studies, resulting in vastly faster access to and fidel-
ity of stored images. In addition, after decades of work 
on real-time three-dimensional (3-D) imaging, it is 
finally a reality. The impact of 3-D imaging on clinical 
practice continues to evolve but has already become a 
highly valuable tool in valvular pathologic assessment 
and repair.4

TRANSESOPHAGEAL ECHOCARDIOGRAPHY 
PRACTICE GUIDELINES

In 1992, the American Society of Echocardiography (ASE) 
Committee for Physician Training in Echocardiography 
published its guidelines for training in TEE.5 These are 
based on the prior recommendations for training in TTE 
and are directed at training for TEE in both operative 
and nonoperative applications. These guidelines require 
the trainee to attain at least an intermediate level of 
training in echocardiography and to perform and inter-
pret at least 50 supervised TEE examinations. In 1996, a 
joint taskforce of the American Society of Anesthesiolo-
gists (ASA) and the Society of Cardiovascular Anesthesi-
ologists (SCA) published guidelines for perioperative TEE 
that defined two levels of practice: basic and advanced.6 
Anesthesiologists with basic training in perioperative 
TEE “should be able to use TEE for indications that lie 
within the customary practice of anesthesiology” and 
“must be able to recognize their limitations in this set-
ting and request assistance, in a timely manner, from a 
physician with advanced training.” Anesthesiologists 
with advanced training in perioperative TEE “should, in 
addition to the above, be able to exploit the full diagnos-
tic potential of TEE in the perioperative period.” In 2010, 
the ASA House of Delegates approved updated guidelines 
for TEE, which delineated the following three subsets of 
recommendations.7
Cardiac and thoracic aortic surgery: “For adult 
patients without contraindications, TEE should be used 
in all open heart (e.g., valvular procedures) and thoracic 
aortic surgical procedures and should be considered in 
coronary artery bypass graft surgeries to: (1) confirm 
and refine the preoperative diagnosis, (2) detect new or 
unsuspected pathology, (3) adjust the anesthetic and 
surgical plan accordingly, and (4) assess the results of 
surgical intervention. In small children, the use of TEE 
should be considered on a case-by-case basis because 
of risks unique to these patients (e.g., bronchial 
obstruction)” (also see Chapter 94).

Noncardiac surgery: “TEE may be used when the 
nature of the planned surgery or the patient’s known or 
suspected cardiovascular pathology might result in severe 
hemodynamic, pulmonary, or neurologic compromise. 
If equipment and expertise are available, TEE should 
be used when unexplained life-threatening circulatory 
instability persists despite corrective therapy.”

Critical care patients: “TEE should be used when diagnostic 
information that is expected to alter management cannot 
be obtained by transthoracic echocardiography or other 
modalities in a timely manner” (also see Chapter 102).

  

In 1999, a joint taskforce of the ASE and SCA pub-
lished recommendations for a comprehensive TEE exam-
ination.8 These recommendations described in detail the 
20 TEE cross sections that make up the comprehensive 
examination. In addition, in 2002, a joint taskforce of 
the ASE and SCA used the principles and recommen-
dations published in the aforementioned guidelines to 
formulate guidelines for training in perioperative TEE, 
including the prerequisite medical knowledge and train-
ing, echocardiographic knowledge and skills, training 
components and duration, training environment and 
supervision, and equivalence requirements for postgrad-
uate physicians already in practice.9 Minimum numbers 
of cases are delineated; however, these numbers are less 
important than the depth and diversity of the clinical 
experience and quality of training. Similar to prior pub-
lished guidelines, these guidelines provide training rec-
ommendations for a basic level and an advanced level 
of perioperative echocardiography. Unlike prior guide-
lines, these guidelines do not specify the duration of 
training; rather, they emphasize the goals of training 
and the number and diversity of cases required to meet 
these goals (Table 46-1). The time required for periopera-
tive training will vary significantly, depending on the 
patient volume and diversity of the affiliated cardiac sur-
gical program.

The American Heart Association, the American College 
of Cardiology, the European Association of Echocardiog-
raphy, and other professional organizations have issued 
other guidelines that involve TEE.10-12 In 2011, the ASE 
and other societies published updated appropriateness 
criteria for echocardiography, including perioperative 
applications. More than 200 indications were classified as 
appropriate, uncertain, or inappropriate. Unstable coro-
nary syndromes, decompensated heart failure, significant 
arrhythmias, and severe valvular diseases were listed as 
appropriate indications for the perioperative use of echo-
cardiography.13 Recent retrospective reviews performed 
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TABLE 46-1 RECOMMENDATIONS FOR BASIC AND ADVANCED PERIOPERATIVE ECHOCARDIOGRAPHY 

Basic* Advanced*

Minimum number of examinations† 150 300
Minimum number of examinations 

personally performed‡
50 150

Program director qualifications Advanced perioperative echocardiography 
training

Advanced perioperative echocardiography 
training plus at least 150 additional 
perioperative transesophageal 
echocardiographic examinations

Program qualifications Wide variety of perioperative applications of 
echocardiography

Full spectrum of perioperative 
applications of echocardiography

Adapted from Cahalan MK, Abel M, Goldman M, et al: American Society of Echocardiography and Society of Cardiovascular Anesthesiologists task force 
guidelines for training in perioperative echocardiography, Anesth Analg 94:1384-1388, 2002.

*Totals for basic training may be counted toward advanced training, provided the basic training was completed in an advanced training environment.
†Complete echocardiographic examinations interpreted and reported by the trainee under appropriate supervision. May include transthoracic studies 

recorded by qualified individuals other than the trainee.
‡Comprehensive intraoperative echocardiographic examinations personally performed, interpreted, and reported by the trainee under appropriate  

supervision.
on more than 2500 patients showed that echocardiogra-
phy is appropriately used in 80% of the cases and inap-
propriately used in less than 15%.14,15 Published audits 
specifically addressing perioperative echocardiography 
services showed that using appropriate indications leads 
to the identification of significant cardiac pathologic 
complications in 26% of the cases and significant changes 
60% of the time in medical and surgical management.16,17 
The ever-expanding uses of perioperative echocardiog-
raphy will require ongoing outcome-based studies and 
quality assessment programs. The ASE recently published 
recommended components of such programs.18 When 
these guidelines address perioperative TEE, their recom-
mendations are consistent with those previously noted. 
Finally, a section on perioperative TEE for this indication 
will be included in the new Guidelines on Perioperative 
Cardiovascular Evaluation before Noncardiac Surgery to 
be published in 2014.

PROPERTIES OF ULTRASOUND

To noninvasively visualize structures inside the body, 
ultrasound machines generate an imperceptible vibra-
tion within a transducer that, when placed next to tissue 
surfaces, vibrates the surrounding tissue (muscle, blood, 
fat, or bone). During vibration, particles within the tis-
sue compress and then spread apart. This process is called 
compression and rarefaction. The sequence of compression 
and rarefaction is described using sine waves and is char-
acterized in terms of wavelength, frequency, amplitude, 
and propagation velocity (Figure 46-1).

The wavelength is the distance between two peaks of the 
sine wave. Wavelengths used in ultrasound are measured 
in millimeters (mm). Frequency is the number of cycles 
that occur in one second. One cycle per second is defined as 
1 hertz (Hz). Ultrasound is sound with frequencies higher 
than the audible range for humans or greater than 20,000 
cycles per second (20 KHz). Frequencies typically used for 
sonographic imaging are 2 to 10 million hertz (MHz). The 
wavelength is inversely related to the frequency.

The amplitude is a measure of tissue compression. 
Amplitude represents how loud an ultrasound wave is.  
The amplitude can vary over a large range and is described 
using decibels (dB). Decibels is a logarithmic transforma-
tion that allows the presentation of large amplitudes next 
to small amplitudes (i.e., 1000 and 0.001) on the same dis-
play. A rule of thumb is that a change of 6 dB is equivalent 
to a doubling or halving of the amplitude.

The propagation velocity describes the speed of an ultra-
sound wave traveling through tissue. In blood, it is 1540 
meters per second (m/sec). The relationship between 
propagation velocity, frequency, and wavelength is 
described by Equation 1:

 c = f × λ (1)

where c is the propagation velocity, f is the frequency 
(Hz) and λ is the wavelength (mm). Assuming the propa-
gation velocity is constant, the wavelength for any fre-
quency can be calculated using the relationship shown in 
Equations 2 and 3:

 λ (mm) = 1,540,000 (mm/sec) ÷ f (Hz) (2)

or

 λ (mm) = 1.54 (km/sec) ÷ f (MHz) (3)

Compression

Propagation velocity

Rarefaction

WavelengthAmplitude

Figure 46-1. Illustration of terms used to describe ultrasound energy 
transmission from a transducer into adjacent tissue. As ultrasound 
vibrations enter surrounding tissue, particles within the tissue com-
press (compression) and then spread apart (rarefaction). Sine waves are 
used to characterize the sequence of compression and rarefaction. The 
wavelength is the distance between two peaks of the sine wave. The 
amplitude is a measure of tissue compression. The propagation velocity 
is the speed of the ultrasound wave within tissue.
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Wavelengths associated with commonly used trans-
ducer frequencies range from 0.1 to 0.6 mm. Examples 
of commonly used transducer frequencies are presented 
in Table 46-2.

Transducers use crystals that exhibit the piezoelectric 
effect and are typically made out of quartz or titanate 
ceramic. With electricity, the crystal vibrates and emits 
ultrasound. The reverse also holds; when ultrasound 
waves strike a piezoelectric crystal and make it vibrate, 
the crystal generates electricity. Thus the same crystals 
can serve as emitters and receivers of ultrasound. The 
frequency of vibration is determined by the thickness of 
the piezoelectric crystal. To refine and control the emit-
ted ultrasound beam, several layers of material are placed 
adjacent to the crystal (Figure 46-2).

TRANSDUCER FREQUENCY, IMAGE 
RESOLUTION, AND DEPTH OF 
PENETRATION

Echocardiography uses ultrasound waves with frequen-
cies of 2.5 to 7.5 million cycles per second (MHz). Fre-
quencies greater than 7.5 MHz are not used because they 
produce wavelengths too short for adequate penetration 
into tissues. Penetration is limited to between 200 and 
400 times the wavelength. Frequencies less than 2.5 MHz 
are not used because they produce wavelengths too long 

TABLE 46-2 RELATIONSHIP BETWEEN 
FREQUENCY, WAVELENGTH, AND DEPTH  
OF PENETRATION

Frequency Wavelength

Depth of 
Penetration  
(200 to 400 × 
Wavelength)

Approximate 
Resolution
(2 × Wavelength)

3.5 MHz 0.44 mm 9-18 cm 0.9 mm
5.0 MHz 0.31 mm 6-12 cm 0.6 mm
6.0 MHz 0.26 mm 5-10 cm 0.5 mm
7.5 MHz 0.21 mm 4-8 cm 0.4 mm

Transducer

Array of
piezoelectric crystals

Dampening
material

Acoustic
lens

Piezoelectric
crystal

Face plate

Figure 46-2. Illustration of an array of piezoelectric crystals con-
tained within an ultrasound transducer. When pulsed with alternat-
ing current, piezoelectric crystals “ring” much like a bell. The crystal 
continues to vibrate after an electrical pulse has ended. To achieve a 
crisper pulse, a backing material is applied to the crystal to dampen 
the ring after the pulse has ended. To optimize transmission from the 
crystal into tissue, an acoustic lens focuses the ultrasound beam and 
an impedance matching face plate improves the conductance of ultra-
sound from the transducer into tissue.
for the resolution of small objects (resolution is limited 
to approximately twice the wavelength). Thus ultrasound 
transducers in the range of 2.5 to 7.5 MHz resolve objects 
0.4 to 1.2 mm in size and penetrate tissues up to 24 cm.

Image resolution is characterized in terms of axial, lat-
eral, elevational, and temporal resolution. Axial resolu-
tion is resolution along the length of an ultrasound beam. 
It is a function of transducer frequency and pulse width. 
Longer wavelengths have deeper tissue penetration but 
are unable to resolve objects that are close together. 
Shorter wavelengths do the opposite. Similarly, short-
duration ultrasound pulses improve axial resolution.

Lateral resolution is resolution from side to side across 
a 2-D image and is a function of beam formation. The ini-
tial segment (near field) of an ultrasound beam is colum-
nar, and the length is dependent on transducer width and 
wavelength (Figure 46-3, A). Beyond the near field, the 
beam diverges (far field). Divergence is also a function of 
transducer frequency (Figure 46-3, B). As the frequency 
goes up, the near field gets longer and the divergence angle 
decreases. As the width gets smaller, the angle of divergence 
gets larger. The lack of lateral resolution at greater depths 
accounts for the blurring of the image in the far field.

Another feature of ultrasound beam formation that 
influences lateral resolution is the grating lobes (Figure 
46-4). A grating lobe is a diverging ultrasound beam that 
emerges from the transducer along with the main ultra-
sound beam. The angle of the diverging grating lobe is 
determined by the spacing between the crystals in the trans-
ducer array. A grating lobe is formed at the angles where 
the path length of an ultrasound wave between the two 
adjacent transducer crystals differs by one wavelength. An 
example of a grating lobe artifact is when a properly posi-
tioned pulmonary artery catheter appears to go through 
the aorta. The artifact appears as an echo-dense, archlike 
object that traverses structures within the heart and is at 
equal distance from the transducer throughout the image. 
In this example, a diverging ultrasound beam from a grat-
ing lobe is reflected back to the transducer. The ultrasound 
machine cannot differentiate between reflected ultrasound 
from the main beam and the grating lobe beam.

Elevational resolution refers to the thickness of the 
wedge-shaped ultrasound image. The thickness is typi-
cally 10 mm. Temporal resolution is the ability to locate 
moving structures accurately at a particular instant in 
time. The more images displayed per second (frame rate), 
the better the temporal resolution. A typical frame has 
128 lines in a 90-degree 2-D image. If the depth is set at 
20 cm, then the time required for sampling one line is 
0.3 microseconds. To scan all 128 lines requires 33 micro-
seconds. In one second, the sector is scanned 30 times. 
For cardiac applications, imaging moving structures at 
a frame rate of at least 30 frames per second is optimal. 
Decreasing the image depth will improve the temporal 
resolution. Ultrasound machines allow the sonographer 
to zoom in on a region of interest within the 2-D display. 
This function redistributes the number of scan lines used 
to generate a full 2-D image into a smaller region of inter-
est, therefore improving the temporal resolution.

As ultrasound waves penetrate tissue, the signal 
strength is attenuated. Attenuation is a function of tis-
sue absorption (ultrasound energy converted to heat), 
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Far field

Near field

Target #1 Target #2

Imaged target #2

Imaged target #1

A

Θ

Narrow

Wide

3.5 MHz 3.5 MHz

5 MHz

7 MHz

B
Figure 46-3. A, Near- and far-field beam formation. The near field is the columnar portion of the beam, and the far field is the diverging segment 
of the beam. Theta (Θ) represents the angle of divergence. Structures within the near field (Target #1) are imaged with crisp lateral resolution, 
whereas structures in the far field (Target #2) are imaged with blurred lateral resolution. B, Relationship between the near-field length and the 
transducer frequency and width. The length of the near field is a function of transducer width and frequency. As the frequency increases, the near 
field lengthens. The angle of divergence is also a function of transducer frequency. With increasing transducer frequency, the angle of divergence 
decreases. The black dashed, dotted, and solid lines represent the beam divergence for a 3.5-, 5.0-, and 7.0-MHz transducer, respectively. With 
wider transducers, the near field increases in length. The blue dashed lines represent the near and far field for a 3.5-MHz transducer that is twice 
as wide as the narrow transducer.
divergence of ultrasound energy as it moves away from the 
transducer, reflection, and scattering (Figure 46-5). Absorp-
tion is dependent on tissue type. For example, air absorbs 
more ultrasound energy than bone, but bone absorbs 
more than blood or water. A term used to describe absorp-
tion is half-power distance, which is the distance required 
to decrease the ultrasound energy by 50%. The half-power 
distance for air, bone, blood, and water are 0.08, 0.8, 15, 
380 cm, respectively.

As ultrasound waves strike an interface between two 
different tissue types, some of it is reflected and the 

Grating lobe

Grating lobe

Main beam

Figure 46-4. The main ultrasound beam (solid line) emitted from a 
transducer is accompanied by a series of grating lobes (dotted lines). 
The grating lobes are a phenomenon of beam formation that is a 
function of the array of piezoelectric crystals within the transducer. At 
certain angles from the main beam, the ultrasound wave from each 
crystal within the array is exactly one wavelength behind the wave-
length from the adjacent crystal. which generates a grating lobe. The 
clinical implications of grating lobes are that highly echogenic objects 
such as a Swan-Ganz catheter or a mitral valve prosthesis can “appear” 
to be locations within the heart (e.g., the aorta) that are incorrect.
 remainder passes through (see Figure 46-5). As light is 

reflected from a mirror, the reflected ultrasound wave 
has a trajectory angle equal to the incident angle. The 
amplitude of reflected ultrasound waves is decreased by 
40 to 60 dB (100- to 1000-fold). Ultrasound waves that 
pass through to the adjacent tissue are subject to refrac-
tion. Refraction refers to a deflection of the ultrasound 
beam as it travels from one tissue type to another. An 
example of refraction is how an image of an object can 
be distorted when partially submerged in a fish tank or 
swimming pool. Refraction can bend ultrasound beams, 
making objects appear to be in locations where they do 
not exist. Scattering occurs when an ultrasound wave 
strikes a structure (e.g., red blood cell) that is less than 

TEE probe
transducer

Reflection

Refraction

Scatter

Absorption
(heat)

Acoustic impedance
mismatch interface

Tissue (Z1) Blood (Z2)

Figure 46-5. Diagram of specular reflection, refraction, absorption, 
scatter, and acoustic impedance. As ultrasound waves strike an inter-
face between two different tissue types, some of it is reflected and the 
remainder passes through. The reflected ultrasound wave has a trajec-
tory angle equal to the incident angle. Refraction refers to a deflection 
of the ultrasound beam as it travels from one tissue type to another. 
Scattering occurs when an ultrasound wave strikes a structure that is 
less than one wavelength in lateral dimension (e.g., a red blood cell). 
Absorption represents the amount of ultrasound energy that dissipates 
as heat. Acoustic impedance refers to the resistance an ultrasound 
wave meets when traveling through tissue. Acoustic impedance (Z) is 
defined as the product of tissue density multiplied by the propagation 
velocity. TEE, Transesophageal echocardiography.
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one wavelength in lateral dimension. The scattered ultra-
sound energy is radiated in all directions.

Acoustic impedance refers to the resistance an ultra-
sound wave meets when traveling through tissue. It is a 
function of tissue density and is defined by Equation 4:

 Z = ρ × c (4)

Ζ, ρ, and c indicate the acoustic impedance, tissue 
density, and propagation velocity, respectively. As tissue 
density increases, the faster the ultrasound beam moves 
through the tissue. For example, ultrasound waves are sig-
nificantly slower in air (330 m/sec), faster in blood (1540 m/
sec), and extremely fast in bone (4080 m/sec). The extent 
of ultrasound beam reflection is a function of the difference 
in acoustic impedances between two adjacent tissues. The 
larger the difference in acoustic impedance, the more ultra-
sound energy will be reflected. Bone-soft tissue and air-soft 
tissue interfaces reflect most of the ultrasound beam. Imag-
ing structures deep to these interfaces are difficult.

Mismatches in acoustic impedance and attenuation are 
important to consider when imaging the heart with TEE. 
For example, sonographers find it difficult to visualize the 
aortic arch from the esophagus when scanning through 
air-filled trachea or carina. The ultrasound energy emitted 
from the TEE probe is significantly attenuated as it passes 
through the air in the trachea. Most of the ultrasound 
energy that does make it to the trachea-tissue interface 
is reflected as a result of the large difference between the 
acoustic impedances between air and tissue.

BASIC PRINCIPLES OF IMAGE 
OPTIMIZATION: GAIN, DEPTH,  
AND FOCUS

Gain is used to amplify low-amplitude ultrasound waves 
reflected back to the transducer. Gain represents how well 
the ultrasound system listens. It can be used to offset the 
large-amplitude signals returning from proximal struc-
tures from low-amplitude signals returning from distant 
structures. Many ultrasound machines have a series of 
sliding controls that allow the sonographer to adjust the 
gain at a given depth called the time gain compensation 
controls. One temptation when structures are not read-
ily visualized in the brightly lit surgical unit is to turn up 
the gain. Although gain increases structure brightness, it 
comes at the cost of amplifying background noise. A bet-
ter approach is to dim the surgical unit’s lights and keep 
the gain at normal settings.

In echocardiography, the crystals emit very short pulses 
of ultrasound (approximately 1 microsecond [μsec]) and 
receive or “listen” for the reflected ultrasound for 250 to 
500 μsec. The pulse repetition frequency (PRF) is the number 
of pulses that leave and return to the transducer in a single 
second. The PRF can be changed by changing the depth of 
an image. As image depth is increased, the time required 
to reach the target depth and return increases. Thus the 
number of cycles that can be completed within 1 second 
is reduced. The opposite also holds true; as imaging depth 
decreases, the PRF increases. The PRF is also described in 
hertz and is audible, ranging from 1 to 10 kHz.

Early echocardiographic displays used this principal to 
map out the depth of structures within the heart. The first 
echocardiograms, motion or M-mode studies, were one-
dimensional views of cardiac structures produced by sin-
gle crystal transducers with the results traced on moving 
photosensitive paper. Today, M-mode echocardiography 
is principally used to view rapidly moving structures, such 
as valve leaflets, because M-mode transducers can produce 
up to 1800 images per second (Figure 46-6). However, 
M-mode images reveal only a small portion of the heart at 
one time, making orientation and interpretation of spatial 
relationships difficult.

To generate 2-D images, ultrasound machines were 
configured to redirect the beam sequentially over an 
area or sector of interest. Transducers now contain a row 
of piezoelectric crystals (linear array). By introducing a 
small delay in the firing of adjacent crystals in the array 
(phased array), the ultrasound machine is now able to 
steer the resultant ultrasound beam. By varying the time 
delay between crystals, ultrasound machines are there-
fore able to steer the beam through a sector of interest 
(typically a 90-degree sector). Although 2-D techniques 
produce only approximately 30 images per second, the 
definition in 2-D images provides an enormous advan-
tage in recognizing anatomic and pathologic landmarks 
(Figure 46-7). Images are displayed in real time on a mon-
itor screen and digitally recorded for later review. In a 
similar fashion to steering the ultrasound beam, the focal 
depth of an ultrasound beam can be adjusted by triggering 

Figure 46-6. An M-mode transesophageal echocardiogram (TEE) of 
a normal aortic valve is shown. For reference, a single frame (stop 
action) of the two-dimensional cross section is shown (top right). 
The dotted vertical line through the 2-D TEE depicts the single line of 
sampling provided by the M-mode TEE over time (the horizontal axis 
for the lower two thirds of the figure). The TEE defines the systole 
and diastole. The three tilted rectangles are connected by the slightly 
undulating line and visualized in the middle of the M-mode image. 
These rectangles and lines are formed by the motion of the leaflets 
of the aortic valve as they open and close during the cardiac cycles 
shown. From top to bottom in this M-mode TEE, the structures indi-
cated by the white lines are the posterior wall of the left atrium (just 
under the TEE), the posterior wall of the aortic annulus, the aortic 
valve (described above), the anterior wall of the aortic annulus, a pul-
monary artery catheter, and the myocardium of the right ventricular 
outflow tract. (Reproduced with permission from Cahalan MK: Intraoper-
ative transesophageal echocardiography. An interactive text and atlas, 
New York, 1997, Churchill Livingstone.)
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the piezoelectric crystals to concentrate the ultrasound 
beam at a desired depth (Figure 46-8). The focal depth is 
typically set at or just below the structure of interest in a 
2-D image.

INTEGRATION OF FLOW AND STRUCTURE

By measuring the Doppler shift, modern ultrasonogra-
phy quantifies blood-flow velocities. The Doppler shift 

Figure 46-7. A stop-action, short-axis, two-dimensional cross section 
of a normal aortic valve (AV) is shown. This midesophageal short-axis 
view of the AV reveals the morphologic structure of the three cusps 
of this normal valve. LA, Left atrium; RA, right atrium; RVOT, right 
ventricular outflow tract; TV, tricuspid valve. (Reproduced with permission 
from Cahalan MK: Intraoperative transesophageal echocardiography. 
An interactive text and atlas, New York, 1997, Churchill Livingstone.)

Transducer

Phased array of
piezoelectric crystals

Target

TargetFocus Divergence

Figure 46-8. Schematic illustration depicts phasing the start of an 
array of piezoelectric crystals to focus an ultrasound beam. Crystals 
are sequentially fired from the outer edge to the middle of the array. 
The resultant concave wave converges at a point some distance 
from the transducer. The focal distance from the transducer is a 
function of the time delay between firing crystals from the edge to 
the middle of the array.
is the shift in frequency of a wave when the source of 
the wave is moving (e.g., when moving red cells are 
reflecting the wave). When pulses of sound are used 
(pulsed-wave Doppler [PWD]), the operator defines a 
small area, termed sample volume, anywhere in the 2-D 
sector scan, and the ultrasonograph automatically con-
verts the Doppler data in that sample volume to a dis-
play of the real-time blood-flow velocities. Thus PWD 
defines blood-flow velocities and their location within 
the heart and great vessels (Figure 46-9).

However, two important limitations apply. First, the 
Doppler shift is proportional to the cosine of the angle 
between the ultrasound beam and the direction of the 
blood cells. If the cells are moving directly parallel to the 
ultrasound beam, then the angle is zero and the cosine 
of zero is one. Thus at an angle of zero, Doppler echo-
cardiography provides a true estimate of blood-flow 
velocity. At all other angles, the cosine is less than one, 
resulting in less Doppler shift and an underestimation of 
flow velocity. Clinically, angles of less than 15 degrees 
(the cosine is almost one) are insignificant to velocity 
estimation, whereas angles exceeding 20 degrees signifi-
cantly attenuate the Doppler shift, necessitating caution 
in interpreting such data. This relationship is best stated 
in the Doppler equation:

 V = (C × Fd) ÷ (2F0 × cos θ) 

where V is the velocity to be measured, C is the speed 
of sound in tissue (a constant), Fd is the Doppler shift 
in ultrasound frequency measured by the ultrasound 
machine, F0 is the frequency of the transducer, and cos θ is 
the cosine of the angle between the direction of the blood 
flow and the ultrasound waves. Second, the maximum 
velocity of blood flow that can be unambiguously mea-
sured is defined by the Nyquist limit. The Nyquist limit is 
directly related to the ultrasound frequency and the PRF. 
The PRF is the number of pulses of ultrasound emitted per 
second. Because an emitted pulse must return before the 
next is emitted in PWD, an increase in the depth of the 
ultrasound scan decreases the PRF and the Nyquist limit. 
Thus the depth of the ultrasound scan is the principal 
determinant of the Nyquist limit under the control of the 
operator. If the velocity of blood flow exceeds the Nyquist 
limit, then sudden apparent flow reversal, or aliasing, will 
be depicted (Figure 46-10). Aliasing is analogous to the 
sudden apparent reversal of the direction in the stage-
coach wheels visible in old Westerns when the velocity 
of the wheel spokes exceeded the frame rate of the movie 
camera. Typically, aliasing of PWD occurs at blood-flow 
velocities of 0.8 to1.0 m/sec. Normal flow within the 
heart may reach 1.4 m/sec and pathologic flows up to 
6 m/sec. To measure these velocities, continuous-wave 
Doppler (CWD) is needed.

CONTINUOUS-WAVE DOPPLER

CWD uses two separate crystals: one to emit ultrasound 
continuously and one to receive ultrasound continu-
ously. CWD is basically PWD with an infinite PRF that 
eliminates the problem of aliasing (Figure 46-11). How-
ever, this infinite pulse repetition rate allows insufficient 
time for the first pulse to return to the transducer before 



Figure 46-9. Pulsed-wave Doppler (PWD) echocardiogram of the main pulmonary artery (MPA). At the top of the echocardiogram is a still-frame 
image of the two-dimensional cross section used to position the Doppler sample volume (broken white circle at the point of the arrow). The display 
(in white) of the instantaneous blood-flow velocities (vertical axis) versus time (horizontal axis) occurring in that sample volume is visualized on 
the bottom third of the figure. The electrocardiogram (ECG) provides timing, and the bold horizontal line is the baseline (zero flow) for the flow 
velocities. Flow velocities above this line are positive (i.e., toward the transducer) to a maximum of 68 cm/sec. Flow velocities below this line are 
negative (i.e., away from the transducer) to a maximum of −14 cm/sec. (Reproduced with permission from Cahalan MK: Intraoperative transesopha-
geal echocardiography. An interactive text and atlas, New York, 1997, Churchill Livingstone.)

Figure 46-10. Pulsed-wave Doppler (PWD) echocardiogram with aliasing at high velocities. PWD measurement of blood-flow velocities in a 
mitral valve (MV) orifice during four cardiac cycles is shown. At the top of the figure is a still-frame image of the two-dimensional cross section used 
to position the Doppler sample volume (broken white circle). The display (in white) of the instantaneous blood-flow velocities (vertical axis) versus 
time (horizontal axis) occurring in that sample volume is visualized on the bottom third of the figure. The electrocardiogram provides timing, and 
the bold horizontal line is the baseline (zero flow) for the flow velocities. Flow velocities above this line are positive (i.e., toward the transducer) to 
a maximum of 183 cm/sec. Flow velocities below this line are negative (i.e., away from the transducer) to a maximum of −77 cm/sec. This tracing 
documents significant mitral regurgitation (positive systolic velocities) but does not measure the peak velocity of regurgitated flow because it is 
beyond the Nyquist limit—the systolic velocities off the top of the scale are said to alias; that is, they go off scale and wrap around into the domain 
of negative velocities. (Reproduced with permission from Cahalan MK: Intraoperative transesophageal echocardiography. An interactive text and 
atlas, New York, 1997, Churchill Livingstone.)
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Figure 46-11. Continuous-wave Doppler (CWD) echocardiogram measures high-velocity flows without aliasing. CWD measurement of blood-
flow velocities in a mitral valve orifice during four cardiac cycles is shown. At the top of the figure is a still-frame image of the two- dimensional 
cross section used to position the Doppler sample cursor (diagonal white line). The display (in white) of all the instantaneous blood-flow velocities 
(vertical axis) versus time (horizontal axis) occurring anywhere along that cursor is visualized on the bottom third of the figure. The electrocar-
diogram (ECG) provides timing, and the bold horizontal line is the baseline (zero flow) for the flow velocities. Flow velocities above this line are 
positive (i.e., toward the transducer) to a maximum of 753 cm/sec. Flow velocities below this line are negative (i.e., away from the transducer) to 
a maximum of −316 cm/sec. This tracing documents significant mitral regurgitation (positive systolic velocities) with a peak blood-flow velocity of 
approximately 5 m/sec. Each white dot on the vertical axis equals 100 cm/sec or 1 m/sec). LA, Left atrium; LV, left ventricle; (Reproduced with per-
mission from Cahalan MK: Intraoperative transesophageal echocardiography. An interactive text and atlas, New York, 1997, Churchill Livingstone.)
the next is emitted. Consequently, the ultrasonograph 
cannot determine which pulse of sound was frequency 
shifted and therefore cannot precisely define the location 
of the moving target. Nonetheless, the maximum veloc-
ity can prove to be vital information; by simplification of 
the Bernoulli equation, Hatle and colleagues19 and Holen 
and colleagues20 have proven that:

 ΔP = 4V2 

where ΔP is the peak gradient across a stenosis and V is 
the maximum velocity determined by CWD in m/sec.19,20 
Thus CWD defines higher blood-flow velocities than 
PWD but, unlike the latter, CWD cannot precisely define 
the location of the velocities.

COLOR DOPPLER

Point-by-point determination of blood-flow velocities 
by PWD is too time consuming and does not reveal the 
instantaneous distribution of flow velocities within the 
cross-sectional image that is required for many diagnostic 
decisions. Color Doppler imaging was developed for this 
purpose. In color Doppler, a form of PWD, a color code 
is used to depict flow toward (red) and away (blue) from 
the transducer; lighter and darker shades of red and blue, 
respectively, denote relatively faster and slower velocities. 
Continuous color maps of flow are superimposed on gray-
scale, cross-sectional images. However, color Doppler 
generally is a semiquantitative technique and, similar to 
PWD, will alias (color reversal) when the Nyquist limit 
is exceeded. Two aliasing patterns are easily recognized. 
The first pattern is normal aliasing in which the area of 
apparent flow reversal forms one or more broad, rela-
tively homogenous color surfaces (Figure 46-12). Blood-
flow velocities within a normal heart often produce this 
type of aliasing because they exceed the Nyquist limit 
for color Doppler (0.6 to 0.8 m/sec). The second type of 
aliasing results from disturbed or turbulent flow within 
the heart (e.g., mitral regurgitation) and is never normal 
(Figure 46-13). When the ultrasonograph detects two dif-
ferent velocities within the same small sample volume as 
a result of disturbed flow, it displays a mixture, or mosaic, 
of colors. These mosaics form jetlike configurations and 
are called color jets. Because color Doppler presents the 
spatial relationships between structure and blood flow, it 
enhances the recognition of valvular abnormalities and 
intracardiac shunts. The clinical features of PWD, CWD, 
and color Doppler are compared in Table 46-3.
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TISSUE DOPPLER

Tissue Doppler imaging (TDI) is a relatively new use of 
PWD technology adapted to measure myocardial veloci-
ties instead of blood-flow velocities.21 During normal 
LV contraction, the mitral annulus descends toward 
the apex of the heart. TDI measures the velocity of this 
descent (Sm), and Sm correlates with traditional measures 
of LV function including ejection fraction and the rate of 
increase of LV systolic pressure (dP/dt).22,23 In addition, 
Sm decreases in the presence of myocardial ischemia and 
responds as expected with changes in inotropy.24,25 The 
four-chamber cross section is best for measuring Sm; the 
sampling volume is placed at the lateral insertion point 
of the mitral valve into the left ventricle, and the cross 
section is aligned to ensure that the sampling cursor is 
directly parallel with the motion of the annulus. Sm is an 
easy and reproducible measurement. However, similar 
to measures of ejection fraction, it should be interpreted 
with caution when preload changes. Ama and associates 
tested its load dependence in 42 patients who were hemo-
dynamically stable with normal segmental LV function 
after coronary surgery.26 Sm did not significantly change 
in response to a 20% increase or decrease in mean arte-
rial pressure induced by phenylephrine or nitroglycerine. 
However, Sm significantly increased when preload was 
augmented by rapid infusion of colloid. In summary,  

Figure 46-12. Normal color Doppler aliasing. In this echocardio-
gram, normal color Doppler aliasing is depicted because laminar 
flow of blood through the mitral valve and into the left ventricle (LV) 
exceeds the Nyquist limits (68 cm/sec, in this example; see color ref-
erence icon at the upper right of figure), resulting in a reversal of the 
color coding of flow direction. As noted in this figure, the color rever-
sal occurs across fairly broad, regular areas but not in a random or 
point-by-point fashion as occurs with turbulent flows (always abnor-
mal). In this example, the blue flow can be followed from high in 
the left atrium (LA) as it accelerates into the mitral orifice, and the 
color Doppler depicts the increasing flow velocities—the blue color 
becomes lighter and lighter until the Nyquist limit is reached. Then, 
color reversal occurs with light blue becoming yellow. At that reversal 
point, the velocity equals the Nyquist limit (68 cm/sec, in this exam-
ple). Subsequent reversals may occur at that limit or multiples of that 
limit. RA, Right atrium; RV, right ventricle. (Reproduced with permission 
from Cahalan MK: Intraoperative transesophageal echocardiography. 
An interactive text and atlas, New York, 1997, Churchill Livingstone.)
Sm is less dependent on afterload than estimates of ejection 
fraction but, similar to these other two measures, remains 
critically dependent on preload. The few measures of LV 
function that appear to be independent of both preload 
and afterload are not practical for clinical use.

TDI can also measure the diastolic function of the 
myocardium. An early diastolic tissue velocity (e′) and a 
late diastolic tissue velocity (a′) are usually present during 
each cardiac cycle and represent the intrinsic ability of 
the myocardium to relax actively during the early ventric-
ular filling and the late atrial contraction filling. TDI use 
is suggested in combination with other modalities such as 
PWD mitral inflow velocities to assess the diastolic state 
and the estimation of LV filling pressure of patients.27 (See 
the subsequent sections in this chapter on these topics.)

EQUIPMENT DESIGN AND OPERATION

TEE probes are a marvel of engineering. A miniaturized 
echocardiographic transducer (approximately 40 mm long, 
13 mm wide, and 11 mm thick) is mounted on the tip of 
a gastroscope. Typically, the transducer is a phased-array 
configuration with 64 piezoelectric elements operating at 
3.7 to 7.5 MHz. By sequential firing of the elements and 
an acoustic lens in the transducer housing, the ultrasound 
waves are formed into a 90-degree beam approximately 
2 to 10 mm in thickness that emanates at right angles  
to the transducer. Similar to standard gastroscopes, two 
rotary knobs, or wheels, control the movement of the tip 

Figure 46-13. Color Doppler aliasing depicting turbulent flow. In this 
echocardiogram, color Doppler reveals aliasing attributable to severe 
mitral regurgitation. A broad-based systolic color jet emanates from 
the mitral valve and extends far into the left atrium (LA). This color jet 
is made up of a mosaic of colors mixed in a seemingly random, point-
by-point fashion because the color jet results from the turbulent flow 
of mitral regurgitation. Turbulence is never normal in the heart, and 
thus mosaic color jets, such as the one shown in this figure, are highly 
valuable diagnostic signs of an underlying pathologic abnormality. 
LV, Left ventricle; LVOT, left ventricular outflow tract. (Reproduced 
with permission from Cahalan MK: Intraoperative transesophageal 
echocardiography. An interactive text and atlas, New York, 1997, 
Churchill Livingstone.)
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TABLE 46-3 COMPARISON OF ADVANTAGES AND DISADVANTAGES OF DOPPLER MODALITIES

Doppler Type Advantages Disadvantages Clinical Uses

Pulse wave Measures blood-flow velocities at selected 
areas of interest; 3-5 mm wide along 
the ultrasound scan line

Cannot measure fast blood-flow 
velocities (>1 m/sec) because of 
aliasing

Measures blood-flow velocities 
through pulmonary veins, 
mitral valve, and in low flow 
areas in the heart

Continuous wave Detects blood-flow velocities up to 7 m/sec 
(not subject to the Nyquist limit)

Cannot identify the location of 
the peak velocity along the 
ultrasound scan line

Measures blood-flow velocities 
through the aorta, aortic 
valve, stenotic valve lesions, 
and regurgitant valvular jets

Color flow Presents the spatial relationships between 
structure and blood flow

Similar to pulsed-wave Doppler, 
cannot measure fast blood-flow 
velocities because of aliasing

Enhances the recognition of 
valvular abnormalities, aortic 
dissections, and intracardiac 
shunts
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of the scope. One wheel anteflexes and retroflexes the 
transducer (i.e., moves the transducer toward and away 
from the heart). The other wheel flexes the transducer 
rightward and leftward (Figure 46-14).

Currently, most multiplane transducers use the same 
transducer technology but mount the transducer on a 
rotating device that allows it to spin on its axis from 0 
to 180 degrees within the tip of the gastroscope (trans-
ducer housing). Because cardiac structures and blood 
flow are not precisely aligned relative to the transducer, 
this design has significantly refined imaging capability. 
Matrix transducers accomplish the same rotation of the 
beam but do so electronically (i.e., without mechani-
cally moving the transducer). The size of the probes have 
been decreased for pediatric applications by reducing the 
number of crystals and are now small enough for use in 
infants and neonates.

Ultrasonographs contain high-powered computers 
capable of initiating the ultrasound beam and process-
ing the returning data. A series of electronic transforms 
(some guarded commercial secrets) produce the real-time 
images displayed on the video screen. All ultrasonographs 
share common technical aspects including gain, depth, 
and Doppler controls. However, the differences in tech-
nical aspects between manufacturers and even between 
models from the same manufacturer are sufficiently great 
as to prevent the formulation of any universal operating 
instructions. Fortunately, detailed instructions for each 
model are available in the operator’s manual supplied 
with each ultrasonograph. Alternatively, cardiac sonog-
raphers are often excellent sources of instruction in the 
operation of these machines.

THREE-DIMENSIONAL IMAGING

Newer ultrasound machines offer the capability of pro-
ducing 3-D images as recorded clips and as live 3-D images 
(also known as four-dimensional images with time being 
the fourth dimension). This technology represents a sub-
stantial jump in cardiac imaging, similar to the jump from 
M-mode to 2-D imaging in years past. Better visualization 
of heart valves, regurgitant valve lesions, cardiac chamber 
volumes (without geometric assumptions), regional wall 
motion, and 3-D stress imaging, among others, are some 
of the unique advantages of 3-D technology.4
THREE-DIMENSIONAL TRANSDUCERS

Beyond a linear array of transducers as with a 2-D
probe, a 3-D probe has a matrix array of transducers
A matrix array can have 2500 to 3000 piezoelectric
crystals within one probe.28 Significant advances in
computer-processing speed, the miniaturization of the
necessary electronics, and the software were required

Turn to
the left

Rotate
forward Rotate

back

Right LeftAnterior Posterior

Anteflex Retroflex

Turn to
the right

Withdraw

Advance

90°

180°

0°

Flex to
the right
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the left

Figure 46-14. The terminology used to describe the movements
of the transesophageal echocardiographic (TEE) probe is illustrated
(Reproduced with permission from Shanewise JS, Cheung AT, Aronson
S, et al: ASE/SCA guidelines for performing a comprehensive intraopera
tive multiplane transesophageal echocardiography examination: recom
mendations of the American Society of Echocardiography Council fo
Intraoperative Echocardiography and the Society of Cardiovascular Anes
thesiologists Task Force for Certification in Perioperative Transesophagea
Echocardiography, Anesth Analg 89:870-884, 1999.)
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to make this technology available. Transthoracic and 
transesophageal 3-D probes operate in 2 to 4 MHz and 5 
to 7 MHz ranges, respectively. Imaging modes available 
with matrix array probes include multiplane, 3-D, and 
4-D (3-D live).

MULTIPLANE IMAGING

Multiplane imaging mode simultaneously presents a set 
of 2-D images, typically two images. One image is a ref-
erence, whereas the second can be rotated around the 
first in an axial rotation or in an elevational rotation 
(Figure 46-15, A-B). CFD can be superimposed to these 
images. Although not a true 3-D image, this simultane-
ous presentation offers sonographers a depiction of a 
structure from multiple angles and views with CFD in 
real time.

THREE-DIMENSIONAL LIVE  
IMAGING—NARROW VOLUME MODE

Three-dimensional live imaging offers a 3-D image pre-
sented in real time (Figure 46-16, A-B) and interrogates a 
narrow sector pyramidal volume and is useful in diagnos-
ing complex problems (i.e., partial rupture of mitral chor-
dae tendineae). It consists of two narrow sector widths 
(i.e., 30 by 60 degrees). A disadvantage is that it is limited 
in the volume it can interrogate, which may not include 
the entire area of interest. Although this mode provides 
good temporal and spatial resolution, the sector widths 
(i.e., sides of the pyramidal volume) must remain narrow 
to maintain this resolution.

THREE-DIMENSIONAL LIVE  
IMAGING—ZOOM VOLUME MODE

Similar to 3-D live—narrow, 3-D live—zoom offers real-
time interrogation of a wide sector pyramidal volume 
truncated by the zoom window with good temporal and 
spatial resolution (see Figure 46-16, A-B). This feature 
allows sonographers an additional option to capture real-
time 3-D volumes of the cardiac structures not well visu-
alized with narrow 3-D imaging.

THREE-DIMENSIONAL  
IMAGING—FULL-VOLUME MODE

Three-dimensional images—full-volume mode —are 
obtained using gated acquisition. Gated acquisition 
divides the acquisition volume into a set of subvolumes. 
To ensure that each subvolume is measured at the same 
time in the cardiac cycle, the R wave in the electrocardio-
gram (ECG) is used as a trigger. The operator determines 
the number of subvolumes (e.g., 3 to 8), and that number 
determines the number of heartbeats required to cover the 
entire pyramid volume. The full-volume image is stitched 
together from the subvolume images (Figure 46-17, A-B). 
Stitching artifacts may occur in patients with arrhythmias 
in which the R wave is difficult to track or with substantial 
changes in chamber size with respiration (Figure 46-18). 
This technique does not present images in real time.
A
Rotational

Rotated
sector

Rotated
sector

Base
sector

Base
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B

Figure 46-15. A, Rotational (upper) and elevational (lower) rotational 
biplane imaging are presented. Red and blue represent a schematic 
of the base and rotated sectors. B, Axial (top) and elevational (bot-
tom) rotational biplane two-dimensional images. The base sectors (left 
images) and the rotated sectors (right images) are depicted. The white 
dotted line on each base sector image is the axis about which each 
secondary image is rotated.
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Figure 46-16. A, Three-dimen-
sional (3-D) live images—zoom 
(left) and narrow (right) modes 
are demonstrated. A schematic of 
labeled sector widths and depth 
are each presented. B, 3-D live 
images of the mitral valve in the 
zoom mode and the aortic valve 
in the narrow mode are depicted.
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80
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COLOR-FLOW DOPPLER

As with 2-D imaging, CFD can be added to full-volume 
images but requires additional time to capture the 
Doppler information and superimpose it on the 3-D 
image. If using a real-time mode, then CFD may push 
the screen refresh frequency slower than 30 Hz, the fre-
quency necessary for adequate temporal resolution in 
cardiac imaging. To minimize this limitation, pyrami-
dal sector widths should be narrowed, depth reduced, 
or the zoom feature used to ensure an adequate screen 
refresh rate. Color Doppler can also be used in the 3-D 
full-volume mode. With the multiple subvolumes, the 
ultrasound machine will be able to display 3-D and 
color-flow data simultaneously. The same limitations of 
3-D full-volume apply when color Doppler is added—
imaging is not real time and images may suffer from the 
stitching artifact.

TEMPORAL VERSUS SPATIAL RESOLUTION

A major trade-off of the different 3-D imaging modes 
is between temporal and spatial resolution. Determi-
nants of temporal resolution include pyramid width(s), 
image depth, and scan-line density. Spatial resolution is 
a function of the number of scan lines contained within 
a pyramid volume. High scan-line density, as observed 
with 2-D imaging, scans up to 128 lines in a 90-degree 
sector and provides good spatial resolution to visualize 
cardiac structures. When this scan-line density is imple-
mented in three dimensions, however, large-volume 
imaging becomes impractical because the screen refresh 
rate drops well below 30 Hz, a necessary sampling rate 
to maintain adequate temporal resolution in cardiac 
imaging. Narrow and zoom (wide) modes are used in 
real-time 3-D imaging to maintain temporal resolution 
without decreasing the scan-line density and compro-
mising spatial resolution.

Assuming the speed of ultrasound in tissue is 1540  
m/sec, the influence of sector width(s) and pyramid 
volume, depth, and scan-line density on estimates of 
temporal resolution for various modes are presented in 
Table 46-4. Ultrasound machines use parallel processing 
to improve temporal resolution. This method acquires 
reflected ultrasound waves along multiple scan lines from 
a single transmission down one scan line. With this tech-
nique, ultrasound machines can achieve faster screen 
refresh rates. When used at extremes (i.e., the single trans-
mission beam is far away from the receiving scan line), 
the signal-to-noise ratio decreases and the image quality 
deteriorates. Of note, the biplane mode offers the best 
spatial and temporal resolution yet does not offer true 
3-D imaging. The trade-offs between spatial and temporal 
resolutions are evident between narrow and zoom versus 
full-volume imaging.
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Figure 46-17. A, A schematic of a gated acquisition of a full-volume three-dimensional (3-D) image is depicted. Subvolumes are scanned in 
series using the R wave of the electrocardiogram as a trigger to scan each subvolume. The subvolumes are then stitched together to form the 
full-volume image. B, Subvolumes are created from a two-dimensional image by dividing up the image into seven subvolumes (white lines) to 
create a full-volume 3-D image.
Figure 46-18. Full-volume image of the aortic valve with stitching 
artifact is demonstrated. Discontinuity is indicated along scan lines 
(arrows).
THREE-DIMENSIONAL IMAGE 
MANIPULATION

One advantage of 3-D imaging (all modes) is that 
they can be rotated to visualize structures from vari-
ous angles. Echocardiographers are not limited to 2-D 
images that may not capture an entire structure of 
interest at an angle best suited to interrogate it fully. 
A popular view is to rotate a 3-D image to visualize 
structures en face. This head-on view offers diagnostic 
advantages. For example, when exploring the function 
of a mitral valve or an aortic valve (AV) (Fig. 46-19), 
this feature provides visualization of spatial relation-
ships that, in 2-D imaging, requires an often-complex 
spatial reconstruction in the mind of the echocardiog-
rapher. Three-dimensional images also provide a means 
to work through the image in a sliced bread fashion. 
Part or all of the heart can be explored in sagittal- and 
coronal-plane fashion.

When transitioning from 2-D to 3-D imaging, echocar-
diographers must conceptually move from considering 
the heart in various slices to a 3-D organ, much the way 
a surgeon does. To visualize structures deep within the 
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TABLE 46-4 IMAGE REFRESH RATES FOR VARIOUS TWO-DIMENSIONAL AND THREE-DIMENSIONAL  
IMAGING MODES

Mode Depth (cm)
Scan-Line Density  
(Lines per Degree)

Sector Width(s)  
(in Degrees) Image Refresh Rate (Hz)

Two dimension 12 High 90 50
Biplane 10 High 90 × 90 30
Three-dimension—narrow 10 Low 30 × 30 24
Three-dimension—zoom 

(wide)
3 Low 90 × 30 19

Full volume 12 High 90 × 90 <1
Full volume 12 Low 90 × 90 5

The values displayed are simulations and assume the speed of the ultrasound in tissue to be 1540 m/sec. Low and high scan-line densities were assumed 
to be 0.4 and 1.4 scan lines per degree of the scanned image.
heart, more superficial structures are pealed back. Echo-
cardiographers can cut out superficial structures to visual-
ize internal ones by using a cropping tool. For example, to 
visualize the intraatrial septum in three dimensions, the 
lateral atrial walls are cropped out.

Figure 46-19. En face views of the aortic (top) and mitral (bottom) 
valves.
PIXEL AND VOXEL

From each scan line, reflected ultrasound is used to create 
an image. With 2-D, a grey scale is used to represent the 
amplitude of a reflected ultrasound wave from a portion 
of a scan line and assigned to a corresponding small space 
on a projected image called a pixel. A composite of pixels 
makes up the 2-D image. A similar process is used to assign 
small volumes according to a grey scale called a voxel.

BASIC TRANSESOPHAGEAL 
ECHOCARDIOGRAPHIC EXAMINATION

Before performing TEE, the operator must determine that 
the benefits of TEE outweigh the risks. Except in the pres-
ence of esophageal disease or injury, the risk is quite low. 
Absolute contraindications include prior esophagectomy, 
severe esophageal obstruction, esophageal perforation, 
and ongoing esophageal hemorrhage. Relative contrain-
dications include esophageal diverticulum, varices, fistula, 
and prior esophageal surgery, as well as a history of a gas-
tric surgery, mediastinal irradiation, unexplained swallow-
ing difficulties, and other conditions that might worsen 
with the placement and manipulation of the TEE probe.

In some studies, TEE has been associated with an infre-
quent incidence of oral and pharyngeal injuries (0.1% 
to 0.3%), but in other studies, the incidence of postop-
erative gastrointestinal complaints did not significantly 
differ from that in comparable patients who had not 
undergone TEE.29,30 The reported incidence of transient 
hoarseness after TEE is 0.1% to 12% in uncontrolled stud-
ies. Serious pharyngeal or esophageal injury after TEE has 
been reported but is rare.31 Two case reports indicate the 
possibility of TEE-associated splenic injury.32,33 Among 
10,218 patients (in a multicenter European study) under-
going TEE (primarily outpatients), esophageal perfora-
tion occurred in one who subsequently died; the autopsy 
revealed a malignant tumor invading the esophagus.34 
Although bacteremia during TEE is uncommon, endocar-
ditis has been reported in outpatients.35,36 Endocarditis 
from intraoperative TEE has not been reported, and the 
risk is probably near zero because antibiotics are usually 
administered for the prevention of surgical wound infec-
tion. In infants, TEE has a low complication rate, but even 
an appropriate-sized TEE probe may obstruct the airway 



Chapter 46: Perioperative Echocardiography 1411
distal to the endotracheal tube or compress the descend-
ing aorta37 (also see Chapter 94).

Once the patient is anesthetized and the trachea 
securely intubated, the contents of the stomach should 
be removed by gentle suctioning. Gentle massage of the 
left upper quadrant of the abdomen during suctioning 
may help remove air that can otherwise degrade imaging. 
The patient’s neck is extended, and the well-lubricated 
TEE probe is then introduced into the midline of the 
hypopharynx with the transducer side facing anteriorly. 
Usually, with minimal force, the probe will blindly pass 
into the esophagus, especially if the neck is extended. If 
the probe does not blindly pass, then a laryngoscope is 
used to lift the larynx anteriorly and the probe is placed 
into the esophagus under direct vision. During transducer 
insertion or withdrawal, the controls of the gastroscope 
must be in the neutral or relaxed position to allow the 
transducer to follow the natural course of the esophagus, 
thereby potentially minimizing the risk of injury.

Because of time constraints and relatively narrow diag-
nostic goals, anesthesiologists often perform a more lim-
ited intraoperative examination than described in the ASE/
SCA’s taskforce recommendation for a comprehensive 
TEE examination (see section, “Transesophageal Echocar-
diography Practice Guidelines” earlier in this chapter).8,38 
However, even when time is critical, the examination 
performed should allow at least the basic applications of 
TEE as outlined in the original guidelines for perioperative 
TEE, that is, to detect significant abnormal ventricular fill-
ing or function, extensive myocardial ischemia or infarc-
tion, large air embolism, severe valvular dysfunction, large 
cardiac masses or thrombi, large pericardial effusions, and 
major lesions of the great vessels.6 A minimum of 8 differ-
ent cross sections drawn from the 20 cross sections delin-
eated in the comprehensive examination are required to 
meet these diagnostic goals. Four of the cross sections are 
imaged in both 2-D and color Doppler imaging to assess 
valvular function. The next paragraph describes the probe 
manipulations required to achieve these cross sections. (A 
review of Figure 46-14 is recommended to understand the 
terms used in the following description.)

After the TEE probe is safely introduced into the esoph-
agus, it is advanced to the midesophageal (ME) level (28 
to 32 cm measured at the upper incisors), and the AV 
is imaged in the short axis (SAX) by turning the probe, 
adjusting its depth in the esophagus, and rotating the 
multiplane transducer 25 to 45 degrees until the three 
cusps of the valve appear approximately equal in size and 
shape (Figure 46-20, H). Image depth is set at 10 to12 cm 
as required to position the AV in the center of the video 
screen. This cross section is ideal for the detection of aor-
tic stenosis. This and all the subsequent cross sections are 
digitally recorded. Next, the probe is slightly turned to 
position the AV in the center of the video screen, and 
then the multiplane angle is rotated forward to 110 to 
130 degrees to bring the long axis (LAX) of the AV in view 
(Figure 46-20, I). This cross section is best for the detec-
tion of ascending aortic abnormalities including type I 
aortic dissection. Color Doppler is used for the assess-
ment of AV competence. For the detection of valvular 
stenosis and regurgitation, the Nyquist limit is set to 50 
to 60 cm/sec.39 Next, the Doppler is discontinued and the 
probe is turned rightward until the ME bicaval cross sec-
tion comes into view (Figure 46-20, L). This cross section 
is usually best observed at a multiplane angle between 
90 and 110 degrees and is ideal for assessing caval abnor-
malities, as well as compression of the right atrium from 
anteriorly located masses or effusions and the left atrium 
from posteriorly located masses or effusions. In addition, 
the bicaval cross section may reveal collections of air 
anteriorly located in the left or right atrium, as well as the 
structure of the interatrial septum including the foramen 
ovale. Next, the multiplane angle is rotated back to 60 to 
80 degrees and the probe is turned leftward just past the 
AV to bring the ME right ventricular (RV) inflow and out-
flow cross section into view (Figure 46-20, M). Usually, an 
image depth of 12 to 14 cm is required to position the RV 
outflow track (RVOT) in the center of the video screen. 
This cross section reveals the contractile function of the 
RV, the RVOT, and the pulmonary valve function with 
the application of color Doppler. Next, the transducer is 
rotated back to 0 degrees, the probe is advanced 4 to 6 
mm into the esophagus and gently retroflexed until all 
four cardiac chambers are visualized (ME four-chamber 
cross section) ( Figure 46-20, A). Often, rotating the trans-
ducer 10 to 15 degrees enhances the view of the tricus-
pid annulus. Usually, an image depth of 14 to 16 cm is 
required to include the LV apex in the sector scan. In 2-D 
imaging, the free wall of the right ventricle and the lateral 
and septal LV wall segments are evaluated for contractile 
function. With color Doppler, both the mitral and tricus-
pid valves are assessed. Stenotic and regurgitant lesions 
can be accurately diagnosed. During this assessment, the 
image depth is decreased to 10 to 12 cm to afford a mag-
nified view of the valves and color Doppler flow patterns. 
Next, color Doppler is discontinued, the left ventricle is 
positioned in the center of the screen, and the multiplane 
angle is rotated forward to 90 degrees to bring into view 
the ME two-chamber cross section (Figure 46-20, B). The 
image depth is returned to 14 to 16 cm. This cross section 
is best for revealing the function of the basal and apical 
segments of the anterior and inferior LV walls, as well as 
the anterior and inferior pericardial collections. When air 
emboli collect in the left ventricle, they can usually be 
best observed in this view as very echogenic areas located 
along the anterior apical endocardial surface. Then, the 
transducer is rotated forward to 135 degrees to reveal the 
ME LAX cross section, which is best for an assessment of 
the anteroseptal and posterior wall segments for contrac-
tile LV function (Figure 46-20, C). Together, the ME four-
chamber, two-chamber, and LAX cross sections reveal all 
17 segments of the left ventricle (Figure 46-21). However, 
the next and last of the basic cross sections provides a sec-
ond look at the midventricular segments, as well as other 
benefits. To achieve this cross section, the transducer is 
rotated back to 0 degrees, the left ventricle is centered 
in the screen, and the probe is advanced 4 to 6 cm into 
the stomach. Then, it is gently flexed anteriorly to reveal 
the transgastric (TG) SAX cross section (Figure 46-20, D). 
This cross section is ideal for monitoring LV filling and 
contractile function. All major coronary arteries supply-
ing the myocardium are viewed in this cross section. 
Moreover, changes in preload cause greater changes in 
the LV SAX cross section than in the LAX dimension, and 
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Figure 46-20. Transesophageal 
echocardio graphic (TEE) cross sec-
tions in the comprehensive examina-
tion. Twenty standard cross sections 
and their abbreviated names are 
depicted by the line drawings. The 
text describes the probe manipula-
tions required to produce each of the 
cross sections. asc, Ascending; AV, aor-
tic valve; desc, descending; LAX, long 
axis; ME, midesophageal; RV, right 
ventricle; SAX, short axis; TG, trans-
gastric; UE, upper esophageal. (Repro-
duced with permission from Shanewise 
JS, Cheung AT, Aronson S. et al: ASE/SCA 
guidelines for performing a comprehensive 
intraoperative multiplane transesophageal 
echocardiography examination: recom-
mend ations of the American Soci ety of 
Echocardiography Council for Intraoper-
ative Echocardio graphy and the Society 
of Cardiovascular Anesthesiologists Task 
Force for Certification in Perioper ative 
Transesophageal Echocardiography, 
Anesth Analg 89:870-884, 1999.)

A B C D

E F G H

I J K L

M N O P

Q R S T

ME four chamber ME two chamber ME LAX TG mid SAX

TG two chamber TG basal SAX ME mitral commissural ME AV SAX

ME AV LAX TG LAX Deep TG LAX ME bicaval

ME RV inflow-outflow TG RV inflow ME asc aortic SAX ME asc aortic LAX

desc aortic SAX desc aortic LAX UE aortic arch LAX UE aortic arch SAX
movement of the probe from this cross section is readily 
apparent because the papillary muscles provide promi-
nent landmarks. Because this cross section is used to 
judge filling and ejection, the image depth is consistently 
set to 12 cm to enable the size and function of the heart 
to be easily judged relative to previously examined hearts.

In the authors’ practice, one additional cross section 
is imaged in all patients as a part of the basic examina-
tion: the descending aorta in SAX (Figure 46-20, Q). The 
reason for this addition is the wealth of vital information 
this cross section can provide on the relative severity of 
atherosclerosis and the presence or absence of aortic dis-
section. (See the next section for a description of the tech-
nique required to image this cross section.)

COMPREHENSIVE TRANSESOPHAGEAL 
EXAMINATION

In addition to the 9 cross sections described in the pre-
ceding paragraph, 11 other cross sections are required to 
complete the comprehensive perioperative TEE exami-
nation delineated in the 1999 ASE/SCA taskforce rec-
ommendations.8 When time permits or the diagnostic 
questions require, the comprehensive examination can 
be completed in any order deemed most appropriate by 
the operator. Shanewise and associates have described an 
examination sequence based on anatomic structures, and 
the reader is referred to this very detailed reference for an 
excellent approach.8 However, when a single individual 
is responsible for anesthetic care and TEE, the compre-
hensive examination is completed as time permits after 
the basic examination has been recorded. When this is 
the case, the operator can use 3 of the 9 basic cross sec-
tions as take-off points for the other 11 cross sections, 
making the completion of the comprehensive examina-
tion a  relatively easy sequence to remember and quick to 
perform.

With the probe positioned for the AV SAX cross sec-
tion, the other six cross sections of the aorta are easily 
achieved. First, the probe is withdrawn slowly 1 to 3 cm, 
keeping the aorta in the center of the video screen to view 
the ascending aorta in SAX (Figure 46-20, O). As the probe 
is withdrawn, the operator views progressively more 
superior SAX cross sections of the aorta beginning with 
the sinotubular junction until the image is lost because 
of the interposition of the trachea between the esopha-
gus and the aorta. Next, the multiplane angle is rotated 
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forward to 100 to 120 degrees and advanced slowly 1 to 3 
cm, keeping the aorta in the center of the video screen to 
view the ascending aorta in LAX (Figure 46-20, P). These 
two cross sections are ideal for the pathologic assessment 
of the ascending aorta including type I aortic dissection 
and aortic atheromas. However, the most superior aspect 
of the aorta is rarely seen, including the take-off of the 
innominate artery because of the tracheal interposition 
previously noted. Next, the transducer is returned to  
0 degrees, the image depth is decreased to 6 cm, and the 
probe is turned leftward past the cardiac structures to  
reveal the descending aorta in SAX (see Figure 46-20, Q). 
The probe is withdrawn and advanced with the aorta 
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Figure 46-21. Five transesophageal echocardiographic (TEE) cross 
sections are presented with myocardial segments identified. A total of 
16 myocardial segments are identified and named according to the 
standards adopted by the American Society of Echocardiography and the 
Society of Cardiovascular Anesthesiologists. (Reproduced with permission 
from Shanewise JS, Cheung AT, Aronson S, et al: ASE/SCA guidelines for 
performing a comprehensive intraoperative multiplane transesophageal 
echocardiography examination: recommendations of the American Society 
of Echocardiography Council for Intraoperative Echocardiography and the 
Society of Cardiovascular Anesthesiologists Task Force for Certification  
in Perioperative Transesophageal Echocardiography, Anesth Analg 
89:870-884, 1999. Since the time of this publication, a 17th segment has 
been added to the model, consisting of the apical tip of the left ventricle.)
maintained in the center of the screen until the entire 
descending aorta has been examined in SAX. This maneu-
ver is repeated with the transducer at 90 degrees to exam-
ine the descending aorta in LAX (Figure 46-20, R). Next, 
the transducer is returned to 0 degrees and the probe 
withdrawn until the distal (upper esophageal) aortic arch 
in LAX comes into view (Figure 46-20, S). Rotating the 
transducer to 90 degrees reveals the distal (upper esopha-
geal) arch in SAX (Figure 46-20, T). The probe is turned 
leftward until the aorta just disappears from view and 
then is slowly turned rightward to identify the take-off of 
the left subclavian artery (well seen in most patients) and 
the left carotid artery (well seen in a minority of patients). 
These cross sections of the descending aorta and distal 
aortic arch reliably reveal dissections and atheromatous 
disease.

With the probe positioned for the ME four-chamber 
cross section, the ME mitral commissural cross section 
is easily achieved by positioning the coaptation point 
of the mitral valve in the center of the video screen and 
rotating the multiplane angle forward to approximately 
60 degrees (Figure 46-20, G). This maneuver positions the 
ultrasound beam parallel to the closure line of the mitral 
leaflets and completes the LAX examination of the mitral 
valve. Although a detailed discussion of the mitral leaflet 
structure and function is beyond the scope of this chap-
ter, Figure 46-22 summarizes an excellent approach to 
this challenging task.40

With the probe positioned for the TG mid-SAX cross 
section, the remaining five cross sections of the compre-
hensive examination are easily achieved in most patients. 
First, the left ventricle is centered in the video screen, and 
the multiplane angle is rotated forward to 90 degrees to 
reveal the TG two-chamber cross section (Figure 46-20, 
E). Although this cross section reveals the same structures 
as the ME two-chamber cross section, the viewing angle is 
orthogonal to the former viewing angle, and, as a result, 
subvalvular structures are better revealed. Next, the trans-
ducer is rotated to 100 to 120 degrees to reveal the TG 
LAX cross section (Figure 46-20, J). Again, this cross sec-
tion reveals the same structures as the ME LAX dimen-
sion, but the TG LAX permits a more parallel alignment 
of the ultrasound beam with blood flow through the LV 
outflow track (LVOT) and AV. Next, the TG RV inflow 
cross section is achieved by returning the probe to the 
TG mid-SAX position, turning it rightward until the right 
ventricle is centered in the video screen, and then rotat-
ing the multiplane angle to 100 to 120 degrees to bring 
the RV apex into view (Figure 46-20, N). This cross section  
is ideal for viewing the RV inferior free wall. Next, the TG 
basal SAX is achieved by returning the probe to the TG 
mid-SAX dimension, releasing the flexion of the probe, 
withdrawing 1 to 2 cm, and then gently flexing the probe 
until the orifice of the mitral valve is seen in the SAX cross 
section (Figure 46-2, F). This cross section can prove vital 
in determining the precise location of mitral regurgita-
tion.40 Finally, the deep TG LAX cross section is achieved 
by returning the probe to the TG mid-SAX position, 
releasing the flexion of the probe, advancing it 6 to 8 cm  
into the stomach, fully flexing it once in the stomach, 
gently withdrawing it until minimal resistance is met at 
the gastroesophageal junction, and then slightly turning 
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Five-Chamber
Allows localization of pathology 
to the anterior or posterior 
leaflet. Specific scallops difficult 
to identify based only on this 
view, but generally shows 
anterior elements of the valve.

Four-Chamber
Allows localization of pathology 
to the anterior or posterior 
leaflet. Specific scallops difficult 
to identify based only on this 
view, but generally shows 
posterior elements of the valve. 
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Shows a long anterior leaflet 
(A2/A3) and a short segment of 
the posterior leaflet (P3). Note 
that the part of the anterior 
leaflet that coapts with the P3 
scallop is the A3 segment.

Two-Chamber Mid
Three scallops and two 
coaptation points are seen: P3, 
P1, and a variable amount of 
A2, which disappears during 
diastole.
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No coaptation point seen. The 
plane cuts through the posterior 
leaflet only. Usually 
demonstrates mostly P2, with 
some P1 and P3.
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This view is most useful with 
color Doppler to localize the site 
of regurgitation. However, it 
rarely demonstrates the nature 
of the pathology.
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Figure 46-22. A systematic examination of the mitral valve is depicted. In this examination, the mitral valve is viewed in multiple cross sections to 
delineate the leaflet anatomy. The five-chamber cross section is accomplished by slightly withdrawing the probe from the standard four-chamber 
cross section until the left ventricular outflow track is in view. The center column shows the planes of the different cross sections as viewed from 
directly above the base of the heart. The two-chamber anterior, mid, and posterior cross sections are variations on the standard two-chamber 
cross section accomplished by turning the probe from the patient’s right to left. P1, P2, and P3 refer to the three scallops of the posterior mitral 
leaflet, and A1, A2, and A3 refer to the juxtaposed segments of the anterior mitral leaflet. The right column shows the leaflet segments seen in the 
corresponding cross section. (Reproduced with permission from Lambert AS, Miller JP, Foster E, et al: Improved evaluation of the location and mechanism 
of mitral valve regurgitation with a systematic transesophageal echocardiography examination, Anesth Analg 88:1205-1212, 1999.)
it leftward or rightward to reveal the LVOT and AV (Fig. 
46-20, K). Usually this cross section does not resolve 
structures as well as the ME LAX cross section, but it does 
provide optimal beam alignment for Doppler interroga-
tion of the LVOT outflow track and AV. Frequently, this 
cross section is the most difficult of the cross sections to 
achieve. If a few gentle attempts fail to accomplish it, it 
should be abandoned.
BASIC TRANSTHORACIC EXAMINATION

In patients with an unsecured airway, TTE is easier to 
perform than TEE because TTE is entirely noninvasive. 
TTE uses lower frequencies (1 to 3 MHz) than TEE to 
penetrate the greater distances inherent in the transtho-
racic technique, but all previously discussed modalities 
(M-mode, spectral Doppler, color Doppler, and TDI) can 
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be performed with TTE. Transthoracic cardiac probes 
are significantly different than the linear probes used to 
identify superficial vascular structures and nerve bundles. 
Thus, the probes used for ultrasound-guided nerve blocks 
and vascular access are not appropriate for TTE. TTE uses 
three standard windows (soft-tissue points that avoid 
boney interpositions between the transducer and heart): 
parasternal (PS), apical (AP), and subcostal (SC). The next 
paragraphs describe the probe manipulations required at 
these windows to achieve the TTE cross sections.

The examination begins with the patient turned half-
way onto the left side with the left arm elevated along-
side the head. Optimal imaging requires ultrasound gel 
between the probe and chest wall. Patients should be 
warned of the cold sensation of the gel on their skin. The 
PS long-axis (PS LAX) cross section is acquired first (Figure 
46-23) by placing the probe on the left side of the sternum 
at the level of the fourth intercostal space and directing 
the ultrasound beam toward the patient’s right shoulder. 
Appropriate adjustment of the image depth (15 to 18 cm), 
rotation, and angulation of the transducer reveals a small 
triangular segment of the right ventricle on the upper 
section of the display and the left ventricle chamber, 
left atrium, and aortic root in the middle section of the 
display. This cross section shows the same tomographic 
view as the ME LAX described in the TEE examination 
(see Figure 46-20, C). Similar to the ME LAX cross section, 
the PS LAX cross section permits an assessment of the 
structure and function of the AV, mitral valve, and the 
basal segments of the anteroseptum and posterior wall 
of the left ventricle. Sclerocalcific changes of the AV and 
reduction of the cusps excursion are demonstrated with 
aortic stenosis. Reduction of motion of the anterior leaflet 
of the mitral valve during diastole can be an indicator 
of mitral stenosis, LV dilation, LV dysfunction, elevated 
filling pressure, or any combination of these pathologic 
conditions. In this cross section, color Doppler allows 
the diagnosis of stenotic and regurgitant lesions of both 
atrioventricular valves. Next, the PS short-axis (PS SAX) 
cross section is obtained (Figure 46-24) by rotating the 
transducer 90 degrees clockwise and inferiorly angulating 
it toward the left hip until the right ventricle appears as 
a crescent-shaped structure at the top of the display and 
the left ventricle in the SAX is viewed at the bottom. This 
cross section shows the same tomographic view as the TG 
SAX described in the TEE examination (see Figure 46-20, 
D). In the absence of segmental dysfunction in the AP or 
basal segments of the heart, left and right ventricle sizes 
and contractile function can be accurately assessed from 
the PS SAX cross section.

The next cross sections are acquired from the AP win-
dow by placing the transducer in the fourth or fifth inter-
costal space lateral to the nipple line with the transducer 
marker (the notch or other landmark on the transducer 
indicating beam orientation) pointing toward the floor. 
Appropriate adjustment of the rotation and angulation of 
the transducer reveals the AP four-chamber (AP-4C) cross 
section (Figure 46-25) with the apex of the heart on the top 
of the display and the right and left atria on the bottom. 
This cross section shows the same tomographic view as the 
ME four-chamber described in the TEE examination (see 
Figure 46-20, A). The AP-4C cross section reveals the size 
LA

RV

LV Ao

Figure 46-23. A transthoracic parasternal long-axis (PS-LAX), two-
dimensional cross section of a normal heart is shown. This cross sec-
tion reveals a small triangular segment of the right ventricle (RV) on 
the upper section of the display and the left ventricle (LV) chamber, 
the left atrium (LA), and the aortic (Ao) root in the middle section 
of the display. This cross section shows the same tomographic view 
as the midesophageal long-axis (ME LAX) cross section described in 
the transesophageal echocardiographic (TEE) examination (see Figure 
46-20, C).

LV

Figure 46-24. A transthoracic parasternal short-axis (PS-SAX), two-
dimensional cross section of a normal heart is shown. This cross sec-
tion reveals a small part of the crescent-shaped right ventricle at the 
top of the display and the left ventricle (LV) in the short-axis view 
in the rest of the image. This cross section shows the same tomo-
graphic view as the transgastric short-axis (TG SAX) view described in 
the transesophageal echocardiographic (TEE) examination (see Figure 
46-20, D).

LV
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Figure 46-25. A transthoracic apical four-chamber (AP-4C), two-
dimensional cross section of a normal heart is shown. This cross sec-
tion reveals the apex of the heart on the top of the display and the 
right atrium (RA) and the left atrium (LA) on the bottom. This cross 
section shows the same tomographic view as the midesophageal four-
chamber view described in the transesophageal echocardiographic 
(TEE) examination (see Figure 46-20, A). LV, Left ventricle; RV, right 
ventricle.
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and global contraction of the ventricles, as well as the seg-
mental function of their lateral walls and interventricular 
septum. Color Doppler of the tricuspid and mitral valves 
facilitates the diagnosis of valvular stenosis and regurgita-
tion. In addition, the right upper pulmonary vein is visual-
ized, and PWD estimates of the flow in this vein can help 
in fluid management (see subsequent sections on “Assess-
ment of Ventricular Filling” and “Assessment of Ventricu-
lar Diastolic Function”). The next cross section is the AP 
two-chamber (AP-2C) view, which is acquired by rotating 
the transducer counterclockwise 60 degrees (Figure 46-26). 
This cross section shows the same tomographic view as 
the ME two-chamber described in the TEE examination 
and reveals segmental function of the anterior and infe-
rior walls of the left ventricle (see Figure 46-20, B). The last 
AP cross section is the AP long-axis (AP LAX) view (Figure 
46-27), which is obtained by rotating the transducer coun-
terclockwise another 60 degrees until the LV outflow tract 
and AV are revealed in the bottom of the display. This cross 
section shows the same tomographic view as the ME LAX 
described in the TEE examination (see Figure 46-20, C). The 
AP-LAX provides an ideal vantage point for Doppler quan-
tification of aortic stenosis and regurgitation because of the 
parallel direction of the ultrasound beam and blood flow.

The last two cross sections are acquired from the SC win-
dow with the patient in the supine position. The transducer 
is positioned flat under the right costal ridge next to the 
xiphoid appendix pointing toward the patient’s left shoul-
der with the transducer marker pointing leftward. The SC 
four-chamber (SC-4C) view is seen (Figure 46-28) with the 
upper third of the display occupied by the liver and the 
heart below. RV free wall contractility and hemodynami-
cally significant pericardial effusion are assessed best from 
this view. Finally, the SC inferior vena cava (SC IVC) cross 
section is obtained by rotating the transducer counterclock-
wise 90 degrees (Figure 46-29). The inferior vena cava (IVC) 
is demonstrated on the left side of the display as a rectangu-
lar echolucent structure inside the liver connecting to the 
right atrium. This view allows an assessment of the right-
sided filling pressure by evaluating the size and collapsibil-
ity of the IVC in spontaneously breathing patients.41

When TEE is impracticable and cardiovascular status 
must be reliably evaluated, these basic TTE cross sections 
can provide most of the same information as TEE provides, 
thereby extending the benefits of echocardiography to 
many more surgical and critical care patients than when 
only TEE is available. The authors of this text predict that 
TTE will become the stethoscope of the future for anesthe-
siologists and other perioperative physicians who regularly 
care for patients who are critically ill. Already, residency pro-
grams in anesthesiology are incorporating TTE and TEE into 
their curriculum.42,43 In addition, recent studies confirm the 
safety and value of noncardiologist physicians performing 
and interpreting TTE in the emergency department, during 
the perioperative period, and in the intensive care unit.44-49

ASSESSMENT OF VENTRICULAR FILLING

TEE reveals changes in LV preload more reliably than fill-
ing pressures. In 30 patients scheduled for cardiac surgery, 
Cheung and associates removed 15% of each patient’s 
blood volume in six equal aliquots before bypass sur-
gery.50 TEE demonstrated a significant decrease in cross-
sectional area at end diastole after the removal of the first 
aliquot (approximately 200 mL) and a linear decrease 
with subsequent aliquots. The pulmonary artery occlusion 
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Figure 46-26. A transthoracic apical two-chamber (AP-2C), two-
dimensional cross section of a normal heart is shown. This cross 
section reveals the left ventricle (LV) on the top (apex) and middle 
of the display and the left atrium (LA) on the bottom. This cross 
section shows the same tomographic view as the midesophageal two- 
chamber view described in the transesophageal echocardiographic 
(TEE) examination (see Figure 46-20, B).
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Figure 46-27. A transthoracic apical long-axis (AP-LAX), two- 
dimensional cross section of a normal heart is shown. This cross section 
reveals the left ventricle (LV) at the top (apex) and middle of the 
display and the left ventricular outflow tract and aortic valve (Ao) at the 
bottom of the display. This cross section shows the same tomographic 
view as the midesophageal long-axis (ME LAX) view described in the 
transesophageal echocardiographic (TEE) examination (see Figure 
46-20, C). LA, Left atrium; RV, right ventricle.
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Figure 46-28. A transthoracic subcostal four-chamber (SC-4C), two-
dimensional cross section of a normal heart is shown. The liver occu-
pies the upper third of the display and the heart the lower two thirds. 
LA, Left atrium; LV, left ventricle; RA, right atrium; RV, right ventricle.
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and central venous pressures also declined but correlated 
poorly with the end of diastole. In most adults, an end of 
diastole of less than 12 cm2 indicates hypovolemia, but 
values between 12 to 15 cm2 may not because of variations 
in patient size and diastolic compliance. However, when a 
volume challenge increases the end of diastole, stroke vol-
ume also increases.51 Although quantitative TEE measure-
ments of ventricular preload are well validated as noted 
earlier, they are tedious and impractical to perform intra-
operatively. Instead, clinicians assess LV filling and func-
tion subjectively with the “trained eye.” This approach is 
a valid method to guide intravenous fluid administration. 
In patients with concentric hypertrophy, TEE may iden-
tify the need for higher-than-normal filling pressures to 
achieve optimal LV filling and function.52

In addition to estimating LV filling volume, TEE pro-
vides practical ways to estimate LV filling pressure. Placing 
the Doppler cursor at the junction of the left atrium and 
left superior pulmonary vein, Kuecherer and associates 
demonstrated that a systolic fraction of flow of less than 
55% was a specific and sensitive sign of left atrial pressure 
greater than 15 mm Hg. This sign is easily detected as 
predominance of flow during diastole (Figures 46-30 and 
46-31).53 Significant mitral regurgitation, the presence of 
nonsinus rhythm, and extremes of cardiac output affect 
pulmonary venous flow and therefore limit this applica-
tion of TEE. Alternative methods have been described 
that obviate some of these limitations.54,55 However, the 
current use of TDI annular early diastolic velocity (e′) is 
recommended to assess the LV diastolic filling pressure.27 
As the LV diastolic relaxation and compliance deteriorate, 
the LV filling pressure and PW peak mitral inflow E veloc-
ity increase while the TDI e′ velocity decreases.56 Thus the 
ratio of the E:e′ velocity correlates well with the LV filling 
pressure; a ratio under 8 is associated with normal LV fill-
ing pressures, whereas a ratio more than 15 is associated 
with increased filling pressures.57 Although this method 
of estimating LV filling pressure is widely applicable, it 
is not valid in the presence of significant mitral annular 
calcification, mitral regurgitation or stenosis, or a pros-
thetic mitral valve.27 Table 46-5 provides a summary of 
the echocardiographic parameters used for the estimation 
of LV filling pressures. Rudski and colleagues have pub-
lished a summary of the echocardiographic techniques 
for assessment of RV filling and function.58

IVC RA

Figure 46-29. A transthoracic subcostal inferior vena cava (SC IVC), 
two-dimensional cross section of a normal heart is shown. The inferior 
vena cava (IVC) is seen on the left side of the display as a rectangular 
echolucent structure inside the liver connecting to the right atrium (RA).
ESTIMATION OF CARDIAC OUTPUT

Real-time TEE images of LV filling and ejection permit 
qualitative, immediate detection of extreme changes in 
cardiac output. However, TEE can more precisely quan-
tify cardiac output by measuring both the velocity and 
cross-sectional area of blood flow at appropriate locations 
in the heart or great vessels. The product of these mea-
surements is stroke volume. Appropriately performed TEE 
estimates of cardiac output should fall within 0.3 to 0.8 L/
min of thermodilution estimates, except in patients with 
severe tricuspid regurgitation when thermodilution may 
underestimate output.59,60

ASSESSMENT OF VENTRICULAR  
SYSTOLIC FUNCTION

Fractional shortening (FS) using M-mode measurements 
of the change in the midventricular SAX dimension dur-
ing systole and fractional area change (FAC) using 2-D 
measurements of the change in the midventricular cross-
sectional area during systole are commonly used mea-
sures of global LV function. They are calculated using two 
simple formulas:

 FS = (EDD − ESD) ÷ EDD 

and

 FAC = (EDA − ESA) ÷ EDA 

where EDD is the end-diastolic dimension, ESD the end-
systolic dimension, EDA is the end-diastolic cross-sectional 
area, and ESA is the end-systolic cross-sectional area. Sig-
nificant changes in FS and FAC are apparent by simply 
viewing the real-time images. Thus, severe LV depression 
is easy to detect with TEE. Although FS and FAC correlate 
reasonably well with other approximations of ventricu-
lar function, significant limitations apply. First, TEE often 
underestimates the LV long axis (it foreshortens the left 
ventricle). Second, the midventricular SAX view may be a 
poor guide to overall ventricular ejection, if other areas of 
the ventricle have significantly different function. Third, 
FS and FAC, similar to other traditional echocardiographic 
indices of systolic function, are load dependent; changes 
in preload and afterload significantly alter FAC without 
changing the intrinsic function of the ventricle.

Using echocardiographic estimates of LV end-diastolic 
and end-systolic volumes (EDV and ESV) to calculate 
the LV ejection fraction (LVEF) overcomes some of these 
limitations:

 LVEF = (EDV − ESV) ÷ EDV 

With 2-D images, a biplane method of disks (modified 
Simpson rule) is used. However, this technique is time 
consuming and will be effectively antiquated by modern 
3-D machines that can measure LV EDV, ESV, and LVEF 
on a beat-by-beat basis without any assumptions about 
the shape of the ventricle.4

Measurement of RV function is more difficult than LV 
function because of the right ventricle’s complex shape 
and response to changes in loading. However, severe RV 
dysfunction is not difficult to recognize. The hallmarks 
are severe hypokinesis or akinesis of the RV free wall, 



Figure 46-30. Pulsed-wave Doppler (PWD) measurement of normal blood-flow velocities in the left upper pulmonary vein (LUPV) is shown. At 
the top of the echocardiogram is a still-frame image of the two-dimensional cross section used to position the Doppler sample volume (broken 
white circle). The display (in white) of the instantaneous blood-flow velocities (vertical axis) versus time (horizontal axis) occurring in that sample 
volume is visualized on the bottom third of the figure. The electrocardiogram (ECG) provides timing, and the bold horizontal line is the baseline 
(zero flow) for the flow velocities. Flow velocities above the line are positive (i.e., toward the transducer) to a maximum of 69 cm/sec. Flow below 
the line is negative (i.e., away from the transducer) to a maximum of −32 cm/sec. In this patient with normal left atrial pressure, systolic pre-
dominance of flow is evident; that is, more flow enters the left atrium (LA) during the period of ventricular systole than during ventricular diastole 
as evidenced by the greater peak and average flow velocities during systole than during diastole. (Reproduced with permission from Cahalan MK: 
Intraoperative transesophageal echocardiography. An interactive text and atlas, New York, 1997, Churchill Livingstone.)

Figure 46-31. Pulsed-wave Doppler (PWD) measurement of blood-flow velocities in the left upper pulmonary vein (LUPV) is shown in a patient 
with abnormally high left atrial pressure. At the top of the echocardiogram is a still-frame image of the two-dimensional cross section used to 
position the Doppler sample volume (broken white circle). The display (in white) of the instantaneous blood-flow velocities (vertical axis) versus time 
(horizontal axis) occurring in that sample volume is visualized on the bottom third of the figure. The electrocardiogram (ECG) provides timing, 
and the bold horizontal line is the baseline (zero flow) for the flow velocities. Flow velocities above the line are positive (i.e., toward the transducer) 
to a maximum of 80 cm/sec. Flow below the line is negative (i.e., away from the transducer) to a maximum of −44 cm/sec. In this patient with 
abnormally high left atrial pressure, diastolic predominance of flow is evident; that is, more flow enters the left atrium (LA) during the period 
of ventricular diastole than during ventricular systole as evidenced by the greater peak and average flow velocities during diastole than during 
systole. The negative flow velocities are due to atrial contraction pushing blood back into the pulmonary vein. (Reproduced with permission from 
Cahalan MK: Intraoperative transesophageal echocardiography. An interactive text and atlas, New York, 1997, Churchill Livingstone.)
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enlargement of the right ventricle so that it exceeds the 
size of the left ventricle, and a change in the shape of the 
right ventricle from crescent to round. When RV dysfunc-
tion is due to acute pulmonary hypertension, as occurs 
in pulmonary embolism, the intraventricular septum flat-
tens or bulges leftward during systole.

However, several parameters can be used to assess 
the RV systolic function objectively, including myocar-
dial performance index, tricuspid annular plane systolic 
excursion (TAPSE), RV FAC, 2-D RV ejection fraction 
(RVEF), 3-D RVEF, TDI-derived tricuspid lateral annu-
lar systolic velocity (S′), and RV longitudinal strain and 
strain rate.58 TAPSE measures RV longitudinal function 
(decrease in the RV LAX during systole). TAPSE less than 
16 mm indicates RV systolic dysfunction and has good 
correlation with techniques estimating RV global sys-
tolic function such as radionuclide-derived RVEF, RV 
FAC, and 2-D RVEF. S′ is easy to measure, reliable, and 
reproducible. S′ velocity less than 10 cm/sec indicates 
RV systolic dysfunction. The following formula defines 
RV FAC:

 (RV EDA − RV ESA) = RV EDA 

This method is good at quantitatively estimating RV 
systolic function with a lower reference value for normal 
RV systolic function of 0.35 (often expressed as 35%). 
RV FAC is obtained by tracing the RV endocardium both 
in systole and diastole from the annulus, along the free 
wall to the apex, and then back to the annulus, along the 

TABLE 46-5 PARAMETERS USED TO ESTIMATE 
LEFT VENTRICULAR FILLING PRESSURE

Parameter Values
Estimated Filling 
Pressure

Mitral inflow 
with Valsalva 
maneuver

>50% decrease in the 
E/A

Increased LAP

Pulmonary venous 
flow

Systolic fraction  
<40%

Decreased LA 
compliance and/
or increased LAP

Pulmonary 
venous diastolic 
deceleration time

DT <175 ms Increased LAP

Pulmonary venous 
A reversal

Ar >35 cm/sec
Ar – A duration >30 ms

Increased LVEDP
Increased LVEDP

Color M-mode 
flow propagation 
velocity

Vp >50 cm/sec
E/Vp >2.5

Normal LAP
Increased LAP

Tissue Doppler 
imaging

Septal E/e′ <8
E/e′ > 15

Normal LAP
Increased LAP

Aortic regurgitation 
jet

End-diastolic peak 
velocity

DBP – EDP gradient

LVEDP

Mitral regurgitation 
jet

Peak MR jet velocity
SBP – MR gradient

LAP

A, Transmitral Doppler late-filling velocity; Ar, atrial systolic reversal 
wave; E, transmitral Doppler early-filling velocity; DBP, diastolic blood 
pressure; DT, deceleration time; e′, tissue Doppler early diastolic mitral 
annual velocity; EDP, end-diastolic pressure gradient measured across 
the aortic valve; LA, left atrium; LAP, left atrial pressure; LVEDP, left 
ventricular end-diastolic pressure; MR, mitral regurgitation; SBP, systolic 
blood pressure; Vp, velocity of left ventricular diastolic color M-mode 
propagation.
interventricular septum. The measurement of the RVEF 
is more difficult. The lower reference limit derived by 
pooled studies is 44%.

ASSESSMENT OF VENTRICULAR  
DIASTOLIC FUNCTION

Approximately one third of patients with symptomatic 
heart failure have normal LV systolic function. Their heart 
failure is due to diastolic dysfunction: abnormal diastolic 
relaxation and filling. TEE is an ideal tool for assessing dia-
stolic function because of its unobstructed view of the mitral 
valve and pulmonary veins.61 Normal flow across the mitral 
valve in diastole has an early higher velocity component 
generated by atrial pressure and ventricular relaxation (E 
wave on the Doppler echocardiogram) and a second lower 
velocity component generated by atrial contraction (A 
wave). At slower heart rates, these two waves are separated 
by a period of relatively little flow (diastasis). Three severi-
ties of diastolic dysfunction are diagnosed by the combi-
nation of flow patterns in the mitral valve and pulmonary 
veins (Fig. 46-32).62 The least severe is impaired relaxation, 
which is characterized by a decrease in E-wave velocity, a 
decrease in the deceleration of early filling (demonstrated as 
decreased slope of the E wave and termed deceleration time), 
and an increase in the A-wave velocity to greater than the 
E-wave velocity, thereby reversing the E:A ratio. In impaired 
relaxation, left atrial pressure is normal, and therefore so is 
the pattern of pulmonary venous flow—the S wave is greater 
than the D wave. The second and more severe degree of 
diastolic dysfunction is termed pseudonormal and is char-
acterized by the return of the normal E:A ratio because of 
a pathologic increase in left atrial pressure that results in 
abnormal pulmonary venous flow—the D wave is greater 
than the S wave. One simple way to confirm that the mitral 
flow pattern is pseudonormal and not normal is to reduce 
left atrial filling transiently with a Valsalva maneuver. If 
diastolic function is pseudonormal, then the E:A ratio will 
transiently reverse, with A being greater than E. If diastolic 
function is normal, then the normal ratio of E greater than 
A will persist and both waves will decrease in size. The third 
and most severe degree of diastolic dysfunction is termed 
restrictive and is characterized by an extremely high E-wave 
velocity, short deceleration time, and low A-wave velocity. 
In restrictive diastolic function, left atrial pressure is very 
high and results in an extremely small S wave and large 
D wave in the pulmonary veins. Patients with this pattern 
have a poor prognosis and suffer symptoms of congestive 
heart failure, regardless of their systolic function.63

For additional reading on this topic, the authors rec-
ommend two excellent reviews on perioperative assess-
ment of diastolic function.64,65

TRANSESOPHAGEAL ECHOCARDIOGRAPHY 
DURING LIFE-THREATENING HYPOTENSION

Ultimately, hypotension has only two possible causes: 
inadequate cardiac output or inappropriately low systemic 
vascular resistance (Box 46-1). TEE is remarkably well 
suited for addressing this differential diagnosis. During 
severe hypotension, qualitative TEE estimates of ventricu-
lar filling and function serve as the practical guides for the 
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Figure 46-32. Line drawings representing simultaneous transesophageal pulsed-wave Doppler (PWD) recordings from the mitral annulus and 
right upper pulmonary vein are shown for normal, impaired, pseudonormal, and restrictive left ventricular diastolic function. The solid red line 
represents the slope of the E wave velocity. From the start of the line at the inflection point of the E wave until its intercept at the base line is the 
deceleration time. This time is depicted in each of the mitral velocity drawings by the black arrows. (Refer to the text for further details.)
administration of fluids, inotropes, and vasopressors. An 
experienced observer can differentiate severe ventricular 
dysfunction from other life-threatening causes of hypo-
tension. In severe LV failure, ventricular filling (as assessed 
by EDA) is increased and ejection is decreased, whereas 
in inappropriately low systemic vascular resistance, ven-
tricular filling is usually normal or slightly decreased and 
ejection is significantly increased. Hypovolemia is easily 
recognized as a clear decrease in ventricular filling and a 
distinctive increase in ejection. Although inappropriately 
low systemic vascular resistance, severe aortic regurgitation, 
severe mitral regurgitation, and ventricular septal defect 
can demonstrate the same LV filling and ejection pattern 
on the TG SAX cross section, distinguishing these causes of 
hypotension is not difficult using other cross sections and 
color Doppler. LV dynamic obstruction and physiologic 
changes produced by tamponade are two other important 
possible diagnoses to consider when assessing patients with 
hemodynamic instability. Dynamic obstruction is observed 
in patients with concentric LV hypertrophy and relative 
hypovolemia. The hypertrophied LV muscle self-obstructs 
ejection of blood from the left ventricle, resulting in low 
cardiac output and significant eccentric mitral regurgita-
tion. Physiologic changes produced by tamponade results 
when a pericardial effusion or other compression of the 

Low cardiac index
Hypovolemia
Left ventricular systolic dysfunction
Right ventricular systolic dysfunction
Cardiac tamponade
Severe valvular dysfunction
Left ventricular outflow tract dynamic obstruction
Pulmonary embolism

Low systemic vascular resistance

BOX 46-1 Differential Diagnosis of Severe 
Hemodynamic Instability (Hypotension)
heart causes cardiac chamber pressures to be higher than 
filling pressures, resulting in the collapse of the chamber(s) 
and rapid deterioration of the cardiac output. Systolic atrial 
collapse usually precedes ventricular diastolic collapse. In 
general, a rapidly expanding small effusion is more detri-
mental to a patient’s hemodynamic status than a larger and 
slowly accumulating effusion.

A dramatic example of the use of TEE in patients with 
hypotension is provided by a study of 60 consecutive 
patients with severe, persistent hypotension after cardiac 
surgery, despite intensive therapy guided by invasive moni-
tors.66 TEE confirmed the presumed cause of the hypoten-
sion in only 30 of these patients. In 2 patients, TEE revealed 
unsuspected cardiac tamponade and unsuspected hypo-
volemia in 6 others. In 5 patients, TEE prevented further 
unnecessary surgeries by proving that tamponade was not 
present, despite hemodynamic data suggesting the contrary. 
In another study, unstable patients in the cardiac operating 
room (n = 57) or the intensive care unit (n = 83) underwent 
emergent TEE.67 Based on the TEE findings alone, 22 of these 
patients required urgent surgical interventions. The average 
time to diagnosis was 11 minutes. Still another study involv-
ing surgical patients who were critically ill proved TEE to be 
more cost-effective than TTE because the latter so often fails 
to reveal diagnostic images.68 Moreover, TEE has prognostic 
value in patients who were critically ill with hypotension 
when it reveals nonventricular causes of hypotension (e.g., 
valvular or pericardial); patients are twice as likely to survive 
as those with other causes of hypotension.69 Even in the set-
ting of prolonged cardiopulmonary resuscitation, TEE may 
reveal crucial diagnostic information.70

DETECTION OF MYOCARDIAL ISCHEMIA

Within seconds after the onset of myocardial ischemia, 
affected segments of the heart cease to contract nor-
mally. In 50 patients undergoing cardiovascular surgery, 
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new intraoperative segmental wall motion abnormali-
ties (SWMAs) diagnostic of myocardial ischemia (see 
next paragraph) occurred in 24 patients and ischemic 
ST-segment changes in only 6 patients.71 In 3 patients 
who sustained intraoperative myocardial infarctions 
(MI), SWMAs developed in the corresponding area of the 
myocardium and persisted until the end of surgery, but 
only 1 of these 3 patients had intraoperative ischemic 
ST-segment changes. Subsequent studies in comparable 
patients confirmed these advantages of TEE over electro-
cardiographic monitoring.72 In fact, new intraoperative 
SWMAs are more predictive of postoperative outcome 
than preoperative stress test–induced SWMAs.73

Limitations of TEE in the detection of ischemia should 
be recognized. When an area of the myocardium is clearly 
in view, segmental contraction can be difficult to evalu-
ate if the heart significantly rotates or translates during 
systole or if discoordinated contraction occurs because 
of bundle branch block or ventricular pacing. Conse-
quently, a valid system for assessment of SWMAs must 
evaluate both regional endocardial motion and myo-
cardial thickening. A noticeable worsening of segmen-
tal wall motion and wall thickening (in the absence of 
similar global changes) is required to make the diagnosis 
of ischemia; even experts do not consistently interpret 
less pronounced changes. Not all SWMAs are indicative 
of myocardial ischemia. Myocarditis, MI, and myocardial 
stunning cause SWMAs. In coronary surgery, differentiat-
ing infarction, stunning, and ischemia is vitally impor-
tant. When TEE reveals LV wall thickness of less than 
0.6 cm, an old infarction in that thinned area is almost 
certain.74 If inotropic stimulation improves the segmen-
tal motion of an SWMA, then stunning, not ischemia, 
is likely.75 One other cause of SWMA is severe hypovo-
lemia in patients with preexisting SWMAs.76 However, 
with the exception of myocardial stunning and severe 
hypovolemia as noted earlier, a sudden, severe decrease 
of segmental contraction is almost certainly attributable 
to myocardial ischemia.

TRANSESOPHAGEAL 
ECHOCARDIOGRAPHY IN CARDIAC 
SURGERY

NEW DIAGNOSES

TEE can reveal new diagnostic findings before cardiopul-
monary bypass (CPB) that prompt changes in surgical 
management (also see Chapters 67 and 94). Skinner and 
associates reviewed 797 intraoperative TEEs to determine 
the cause of 46 unexpected new intraoperative findings; 
20 were present in the preoperative echocardiographic 
studies but undiagnosed (reporting errors), 14 were attrib-
utable to limitations of TTE relative to TEE, 10 were due 
to a progression of disease, and 2 were due to interob-
server variability.77 Surgical management significantly 
changed in 18 out of 20 patients with reporting errors. 
However, the reported incidence of new intraoperative 
diagnoses with TEE varies widely (3.4% to 27% of cardiac 
cases) depending on the patient population, selected or 
consecutive use of TEE, and surgical practices, especially 
in the treatment of patent foramen ovale (PFO) and isch-
emic mitral regurgitation (IMR).78-81 Recent studies help 
clarify the correct approach to these two variable surgical 
practices. First, Krasuski and associates reviewed the intra-
operative TEE studies of 13,092 patients without a prior 
diagnosis of PFO who were undergoing cardiac surgery.82 
A new diagnosis of PFO was made intraoperatively in 
2277 of these patients, and 639 of them underwent sur-
gical closure. The patients who had PFO closure had 2.5 
times greater odds of having a postoperative stroke, com-
pared with a matched group of patients who did not have 
PFO closure. No long-term survival advantage resulted 
from PFO closure. Thus the new diagnosis of PFO dur-
ing cardiac surgery should not prompt its closure without 
careful consideration of the additional risk of stroke. Sec-
ond, Fattouch and associates randomly assigned patients 
with moderate IMR undergoing coronary artery bypass 
grafting (CABG) to receive CABG alone (n = 54) or CABG 
plus mitral valve repair (MVR) (n = 48).83 Overall hospital 
mortality was 3% (one patient in the CABG group and 
two in the CABG/MVR group). Five-year survival rates 
were not statistically different between the groups (CABG 
at 88% versus CABG/MVR at 94%). However, patients in 
the CABG/MVR group had better postoperative exercise 
capacity and less cardiac distension than those in the 
CABG alone group. Only 40% of the patients in the CABG 
alone group had a decrease in their IMR, whereas 25% 
remained stable and 35% worsened. No patient in the 
CABG/MVR group had greater than mild IMR during the 
5-year follow-up. A subsequent randomized multicenter 
trial has confirmed these findings84; however, neither 
trial is sufficiently powered (enough patients) to prove 
definitively the risks and benefits of adding MVR during 
CABG surgery in patients with mild-to-moderate mitral 
regurgitation.85 Moreover, hemodynamic changes caused 
by general anesthesia alter the degree of mitral regurgita-
tion (usually lessening it) thereby complicating surgical 
decision making. Restoring intraoperative blood pres-
sure with phenylephrine to preoperative levels improves 
the concordance between preoperative and intraopera-
tive assessment of mitral regurgitation, but discrepancies 
remain.86 In patients undergoing coronary surgery, even 
mild mitral regurgitation identified by intraoperative 
TEE predicts a significantly greater likelihood of death 
or hospitalization for heart failure over the subsequent 
3 years, compared with patients undergoing coronary 
surgery without mitral regurgitation.87 Thus the decision 
to repair a regurgitant mitral valve during CABG surgery 
is complex and depends on many factors including the 
mechanism and degree of regurgitation, the ability of the 
patient to survive the additional surgery, and the skill of 
the surgeon.

AORTIC DISEASES

TEE may have a crucial role in surgical diseases of the 
aorta. The 2010 multidisciplinary guidelines on the man-
agement of thoracic aortic disease cite an 88% to 98% 
sensitivity and a 90% to 95% specificity for TEE in the 
detection of proximal aortic dissection.88 In this true 
surgical emergency, speed is of the essence and TEE 
takes considerably less time than alternative diagnostic 
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techniques. To limit the time to surgery further, one 
center uses a regional strategy of direct admission to the 
operating room for patients with diagnosed or suspected 
acute aortic dissections.89 TEE is performed in that facil-
ity under general anesthesia, and the decision to proceed 
with surgery is based on the results. In a different study, 
TEE reliably distinguished between subadventitial disrup-
tions, which require emergent surgery and intimal tears, 
which do not.90 Nevertheless, important TEE limitations 
should be noted including: TEE may miss dissections 
confined to the upper ascending aorta where TEE imag-
ing is partially obstructed by the trachea, and TEE will 
not reveal coincident coronary lesions that should be 
bypassed during surgery. However, TEE can delineate the 
mechanisms and severity of any associated aortic regurgi-
tation, thereby identifying patients in whom valve repair 
is likely to be successful.91 Similarly, TEE-detected aortic 
atheromas have important implications. In 130 patients 
older than 65 years of age undergoing CABG, TEE detec-
tion of protruding atheroma of the ascending aorta 
proved to be the only independent predictor of stroke.92 
When these atheromas are detected by TEE, alteration 
of the aortic cannulation technique or raising the blood 
pressure during CPB may reduce the incidence or severity 
of stroke.93,94 Although not as sensitive as epiaortic scan-
ning for the detection of atheromas of the aortic arch, 
TEE is a good screening tool. If TEE reveals no significant 
atheromas in the ascending or descending aorta, then 
none are likely to be present in the arch.95 When intra-
operative TEE reveals severe atheromatous disease of the 
aorta, off-pump coronary surgery results in lower risk of 
death and stroke than on-pump surgery.96

In 2008, new guidelines were published on the intra-
operative epiaortic ultrasonographic examination (scan-
ning) of the aorta.97 Epiaortic scanning avoids the 
limitation of TEE in assessing the ascending aorta and 
arch. These guidelines detail the clinical application of 
epiaortic scanning during heart surgery to evaluate the 
atherosclerotic disease burden in the ascending aorta 
and arch to guide proper cannulation strategies that may 
decrease the incidence of perioperative stroke.

VALVULAR DISEASES

TEE has profoundly affected valvular heart surgery. For 
example, in 205 consecutive patients undergoing posterior 
mitral leaflet quadrangular resection (the most common 
mitral repair technique) for treatment of mitral regur-
gitation, TEE revealed immediate failures in 24 patients 
(11%).98 In 20 of these patients, TEE identified the mecha-
nism of the failure and guided immediate further repair 
while 1 patient required valve replacement. In a differ-
ent study, 437 patients underwent mitral valve repair by 
a variety of techniques.99 During a mean follow-up period 
of 29 months, 41 patients (9%) required reoperation for 
repair failure. Successful initial repair as assessed by intra-
operative TEE was the most important predictor of repair 
durability. Systolic anterior motion (SAM) of the mitral 
leaflet diagnosed with intraoperative TEE is a known 
complication of mitral repair surgery. In a study of 2076 
patients undergoing mitral repair, TEE identified SAM in 
174 patients (8.4%).100 Four of these patients required 
immediate reoperation to relieve severe persistent SAM. 
In the others, SAM was medically managed. During a 
median follow-up period of 5.4 years, echocardiograms 
were available in 93 of these patients. SAM was present in 
13 of them; in 4 patients, it was severe enough to cause 
partial LVOT obstruction. Thus, when TEE reveals SAM 
immediately after mitral repair, it can be medically man-
aged in most patients with preload augmentation, arterial 
vasoconstriction, and/or beta blockade.101 Landoni and 
colleagues have reported a stepwise approach to this strat-
egy.102 In patients with aortic regurgitation, TEE provides 
a highly reliable assessment of the underlying cause and is 
predictive of the reparability of the valve and of postoper-
ative outcome.103 During valve replacement surgery, TEE 
reliably detects periprosthetic leaks (surprisingly com-
mon). Although moderate or severe periprosthetic leaks 
should almost always undergo immediate repair, almost 
half of the small leaks resolve with the administration 
of protamine. However, surgically correctable prosthesis 
malfunction occurs in other patients and will be missed 
without the use of TEE. In a study of 417 patients undergo-
ing valve replacement, immediate surgical correction was 
required in 15 patients (3.6%): periprosthetic leak (n = 8), 
immobilized leaflet (n = 4), coronary obstruction (n = 2), 
and xenograft incompetence (n = 1).104 In a more recent 
study limited to patients undergoing elective AV replace-
ment (n = 604), TEE revealed new information influenc-
ing surgery in 104 patients before CPB; changes regarding 
the mitral valve were the most frequent.105 After CPB, TEE 
revealed unexpected findings requiring a second bypass 
in 20 patients. In the future, the incremental value of 3-D 
TEE in valvular heart surgery, especially mitral repair, may 
prove significant, but no doubt remains that properly per-
forming and interpreting 3-D TEE requires substantial and 
additional operator expertise.106

Although a comprehensive review of valvular assess-
ment is beyond the scope of this chapter, a brief overview 
of the most commonly used techniques should prepare 
the reader to fulfill at least the requirements for basic TEE 
practice, that is, to recognize gross valvular dysfunction. 
The degree of aortic stenosis is easily appreciated in the 
ME AV short-axis cross section in which the extent of 
leaflet opening can be visually estimated or directly mea-
sured with planimetry.107 Severe stenosis is character-
ized by significant thickening of the leaflets and severely 
reduced leaflet motion (valve opening area of <1 cm2). In 
the deep TG LAX cross section, CWD allows reliable esti-
mation of the gradient across the AV (Figure 46-33).108 
In severe stenosis, the peak instantaneous gradient 
will exceed 64 mm Hg (CWD velocity exceeding 4 m/
sec), provided cardiac output has not been significantly 
compromised. Noteworthy is the fact that the echocar-
diographic-derived AV gradient may be higher than the 
peak-to-peak gradient reported from a catheterization 
study because the latter does not measure the instanta-
neous gradient as does Doppler echocardiography. Addi-
tional information on the morphologic structure of the 
AV can be garnered from the ME AV LAX cross section 
including the dimensions of the annulus, sinotubular 
junction, and ascending aorta. The degree of aortic regur-
gitation is visualized best in this cross section. With color 
Doppler positioned over the leaflets and outflow track, 
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Figure 46-33. Continuous-wave Doppler (CWD) measurement of blood-flow velocities immediately above the aortic valve (AV) during seven 
cardiac cycles is shown. At the top of the echocardiogram is a still-frame image of the two-dimensional cross section used to position the Doppler 
sample cursor (diagonal white line). The display (in white) of the instantaneous blood-flow velocities (vertical axis) versus time (horizontal axis) 
occurring anywhere along that cursor is visualized on the bottom third of the figure. The ECG provides timing, and the bold horizontal line is 
the baseline (zero flow) for the flow velocities. With this Doppler alignment, all flow velocities are negative (i.e., away from the transducer). The 
Doppler scale has been set to a maximum of −629 cm/sec, and this tracing documents significant aortic stenosis, a peak blood-flow velocity of 
approximately 4 m/sec (each white dot on the vertical axis equals 100 cm/sec or 1 m/sec) corresponding to a peak gradient across the AV of 64 
mm Hg. LV, Left ventricle. (Reproduced with permission from Cahalan MK: Intraoperative transesophageal echocardiography. An interactive text and 
atlas, New York, 1997, Churchill Livingstone.)
aortic regurgitation is recognized as a color jet emanat-
ing from the valve during diastole. Even modest degrees 
of aortic regurgitation can be clinically significant dur-
ing cardiac surgery, producing LV distention during CPB 
and diminishing the effectiveness of antegrade cardiople-
gia.109 Mild regurgitation is characterized by a narrow-
based, diastolic color jet (<2 mm at its origin in the valve) 
that occupies less than one third of the cross sectional 
area of the LVOT and extends minimally into the left 
ventricle (1 to 2 cm). Moderate regurgitation is a broad-
based, diastolic color jet (3 to 5 mm) occupying less than 
two thirds of the cross-sectional area of the LVOT and 
extending moderately into the left ventricle (3 to 5 cm). 
Severe regurgitation is a broad-based, diastolic color jet 
(>5 mm) occupying the entire LVOT and extending well 
into the left ventricle (Table 46-6).

The presence and severity of mitral stenosis are easily 
determined with TEE using the ME four-chamber, two-
chamber, commissural, and/or LAX cross sections, as well 
as the basal TG SAX cross section. Two-dimensional imag-
ing reveals thickened leaflets that dome toward the left 
ventricle and open poorly. Color Doppler reveals laminar 
flow acceleration into the stenotic orifice and a turbulent 
jet emerging into the ventricle (Figure 46-34). PWD and 
CWD Doppler traces display a characteristic flow pattern 
with increased peak and mean velocities (Figure 46-35). 
Mathematical calculation from these traces, such as pressure 
half time, are the most precise methods to assess the sever-
ity of mitral stenosis; and formulas for these evaluations  
are built into the software of virtually every ultraso-
nograph.110 In addition to the signs noted, severe mitral 

TABLE 46-6 GRADING AORTIC INSUFFICIENCY

Parameter Mild Moderate Severe

Jet width or LVOT (%) <25 25-60 >60
Vena contracta 

(mm)
<3 3-6 >6

Density of CWD jet Faint Moderately 
dense

Dense

P ½ time (msec) >400 400-250 <250
Deceleration slope <1.5 1.5-3 >3
Thoracic aortic flow 

reversal
Early 

diastole
Early-to-mid 

diastole
Holodiastolic

Regurgitant volume 
(mL)

<45 45-60 >60

Regurgitant 
fraction (%)

<30 30-55 >55

Regurgitant orifice 
area (cm2)

<0.2 0.2-0.3 >0.3

CWD, Continuous-wave Doppler; LVOT, left ventricular outflow tract, P ½, 
pressure half time measured at the aortic valve; vena contracta, the base 
of the regurgitant jet at its origin.
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stenosis always causes significant left atrial enlargement 
and left atrial spontaneous contrast. Spontaneous contrast 
is a swirling, smokelike appearance of 1-to 2-mm densi-
ties not attributable to exogenously administered contrast 
agents but to the aggregation of red cells in areas of low 
flow. Whenever left atrial enlargement and spontaneous 
contrast are noted, thrombus in the left atrium and, in par-
ticular, the left atrial appendage should be suspected and 
carefully examined.

The presence and severity of mitral regurgitation are 
evaluated from the same cross sections used for evalua-
tion of mitral stenosis and with the same grading strategy 
used for aortic regurgitation (Table 46-7). Mild regurgita-
tion is characterized by a narrow-based, systolic color jet 
(<2 mm at its origin in the valve) that occupies less than 
25% of the left atrial cross-sectional area and extends less 
than one half of the distance to the posterior wall of the 
left atrium. Moderate regurgitation is a broad-based, sys-
tolic color jet (3 to 5 mm at its origin in the valve), occu-
pying less than 50% of the left atrial cross-sectional area 
and extending 50% to 90% of the distance to the poste-
rior wall of the left atrium. Severe regurgitation is a broad-
based, systolic color jet (>5 mm), occupying most of the 
left atrium and extending into the pulmonary veins and 
left atrial appendage (Figure 46-36). Eccentrically-directed 
jets of mitral regurgitation that hug the wall of the atrium 
are generally associated with more severe valvular regur-
gitation than their cross-sectional area might suggest 
(see Figure 46-36). Moreover, eccentric-directed jets usu-
ally point away from the defective leaflet; that is, lateral-
directed jets are usually associated with anterior leaflet 
defects and medial-directed jets are usually associated 
with posterior leaflet defects, provided the mechanism of 
regurgitation is leaflet prolapse or flail.111 Severe mitral 

Figure 46-34. This four-chamber echocardiogram reveals a thickened 
and narrowed mitral valve (MV) indicating mitral stenosis (MS). Color 
Doppler demonstrates (1) the acceleration of blood flow into the 
stenotic valve (light blue semicircular area immediately above the MV, 
called the proximal isovelocity surface area [PISA]); (2) a narrow color 
jet across the valve itself; and (3) a 1- by 4-cm color jet extending 
from the under surface of the valve into the left ventricle (LV). LA, Left 
atrium; RA, right atrium; RV, right ventricle. (Reproduced with permission 
from Cahalan MK: Intraoperative transesophageal echocardiography. 
An interactive text and atlas, New York, 1997, Churchill Livingstone.)
regurgitation is invariably associated with systolic rever-
sal of pulmonary venous inflow (Figure 46-37).112 The 
general guidelines previously listed are widely used, but 
many more criteria have been described for the assess-
ment of mitral regurgitation.39 Most importantly, the 
degree of regurgitation is exquisitely dependent on LV 
loading conditions. For practical purposes, quantitative 
measures of regurgitation, for example, the regurgitant 
orifice area based on the theory of proximal isovelocity 
surface area (PISA), are less often used in the operating 
rooms because of time restriction.

Pulmonary and tricuspid valve pathologic assessment 
are conducted in a fashion analogous to that described 
for the aortic and mitral valves (see Tables 46-6 and 46-7).

CORONARY DISEASE

In a study of 82 high-risk patients undergoing coronary 
artery surgery, the investigators used staged blindings 
of the cardiac surgeons and anesthesiologists at critical 
points during surgery to document the clinical impact 
of TEE. After these clinicians documented their planned 
management at each stage, the TEE results were 
revealed and led to at least one significant change in 
anesthetic management in 51% of patients and surgical 
management in 33% of patients including additional 
unplanned or revised grafts (15%) and unplanned valve 
procedures (20%).113 These high-risk patients had post-
operative infarction and mortality rates below predicted 
(1% versus 3% predicted, difference not statistically 
significant). In the study noted in the previous section 
involving 457 consecutive patients undergoing coro-
nary artery surgery, TEE identified 71 new findings in 
13% of patients. The new findings resulted in a change 
in surgical management in 6% of patients. After bypass, 
surgical management changed in 10 patients including 
graft evaluation or revision and mitral repair (also see 
Chapter 67).

CONGENITAL HEART SURGERY

Pediatric TEE probes are used in infants as small as 3 kg. 
Stevenson and co-workers reported that intraoperative 
TEE reliably detected residual cardiac defects in 17 (7%) 
of 230 consecutive patients undergoing congenital heart 
surgery.114 These patients were immediately surgically 
treated for revision of the residual defects. However, a 
subsequent publication from the same center found that 
the number of residual defects missed by intraoperative 
TEE increased from 2% to 13% when the attending anes-
thesiologist, rather than a separate echocardiographer, 
performed TEE.115 This study generated considerable con-
troversy. Although this study does not resolve the issue of 
whether a separate echocardiographer is required to per-
form TEE adequately in patients undergoing congenital 
heart repairs, it does amply demonstrate that patients can 
suffer severe consequences when intraoperative TEE is 
not expertly performed, interpreted, and acted on. In this 
study, the deaths of seven patients may have been related 
to the delayed recognition of residual defects. With prog-
ress in pediatric congenital heart surgery, more children 
with palliated congenital heart disease will survive into 



Figure 46-35. Continuous-wave Doppler (CWD) measurement of blood-flow velocities through a stenotic mitral valve is shown. At the top of the 
echocardiogram is a still-frame image of the four-chamber cross section used to position the Doppler cursor. The display (in white) of the instan-
taneous blood-flow velocities (vertical axis) versus time (horizontal axis) occurring anywhere along that cursor is visualized on the bottom third of 
the figure. The ECG is shown for timing purposes, and the bold horizontal line running through the Doppler tracing is the baseline (zero flow) for 
the flow velocities. Velocities displayed above the baseline are positive and represent flow toward the transducer. These velocities are attributable to 
mitral regurgitation and are so high that they exceed the scale used in this example. Velocities displayed below the baseline are negative and repre-
sent flow away from the transducer. These velocities are attributable to severe mitral stenosis and average approximately 2 m/sec, indicating a gradi-
ent across the mitral valve of 16 mm Hg. This echocardiogram also notes how slowly the flow velocity decreases after the peak of the E wave (Slope). 
The pressure half time can be calculated from this slope and is significantly increased in the presence of severe mitral stenosis. (Reproduced with 
permission from Cahalan MK: Intraoperative transesophageal echocardiography. An interactive text and atlas, New York, 1997, Churchill Livingstone.)

TABLE 46-7 GRADING MITRAL INSUFFICIENCY 

Trace Mild Moderate Severe

Qualitative Parameters
Angiographic grade 1+ 2+ 3+ 4+
MV morphology Normal Normal or abnormal Normal or abnormal Abnormal (flail leaflet)
Color-flow MR jet Small Small and central Intermediate Very large central or eccentric jet 

to posterior LA wall
Flow-convergence zone None None or small Intermediate Large
CW signal of MR jet Faint Faint and parabolic Dense and parabolic Dense and triangular
LV and LA size and PA pressures Normal Normal Usually dilated; elevated PAP
Semiquantitative Parameters
Vena contracta width (mm) <3 <3 3-6 ≥7 (>8 for biplane)
Pulmonary vein flow Systolic 

dominance
Systolic dominance Systolic blunting Systolic flow reversal

Mitral inflow A wave 
dominance

A wave dominance Variable E wave dominant (>1.5 m/sec)

VTI mitral and VTI LVOT <1 <1 Intermediate >1.4

Quantitative Parameters
Effective regurgitant orifice area 

(mm2)
<20 <20 20-29; 30-39 ≥40

≥20
Regurgitant volume (mL) <30 <30 30-44; 45-59 >60

>30

Modified from Lancellotti P, Moura L, Pierard LA, et al: European Association of Echocardiography recommendations for the assessment of valvular regurgitation. 
Part 2: mitral and tricuspid regurgitation (native valve disease), Eur J Echocardiogr 11:307-332, 2010.

CW, Continuous-wave Doppler; LA, left atrium; LV, left ventricle; LVOT, left ventricular outflow tract; MV, mitral valve; MR, mitral regurgitation; PA, 
pulmonary artery; PAP, pulmonary artery pressure; VTI, velocity time integral.
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adulthood and will need cardiac and other kinds of sur-
gery (also see Chapter 94). For excellent updates on TEE 
in adult and pediatric patients with congenital heart 
disease, the recent reviews by Russell and associates and 
Kamra and associates can be consulted.116,117

Figure 46-36. Two honed-down, stop-action, four-chamber trans-
esophageal echocardiograms demonstrate severe mitral regurgita-
tion. A large color jet (left) depicting turbulent flow emanating from 
the center of the mitral valve at its coaptation point is revealed. The 
mechanism of the regurgitation in this patient is annular dilatation. 
The broad base of the jet at the level of the valve leaflet and the extent 
of the jet’s penetration into the left atrium are noted. The stop-action 
echocardiogram (right) reveals another broad-based jet with eccentric 
direction indicating prolapse of the anterior leaflet of the mitral valve. 
Wall-hugging jets such as this one have a small cross-sectional area 
because much of their energy is absorbed by the wall of the atrium.
OTHER DISEASES AND APPLICATIONS

TEE has a vital role in minimally invasive cardiac surgery 
and in the placement of cardiac support devices.118,119 
Thousands of other published reports document that TEE 
can reveal virtually any significant morphologic struc-
ture or pathologic function of the heart. TEE is particu-
larly sensitive for abnormalities involving the left atrium 
and mitral valve including masses, thrombi, and emboli 
because of the proximity of left atrium and mitral to the 
TEE transducer. In contrast, pathologic abnormalities 
of the RV and LV apexes are less reliably detected. TEE 
is exquisitely sensitive to air embolism and, as a result, 
even insignificant amounts of air in the circulation can 
give rise to impressive densities on the video display. 
Currently, accurate estimation of the amount of air in 
the circulation is impossible using TEE. However, large 
amounts typically opacify the involved chambers until 
forming collections (i.e., very bright densities) in the 
most superiorly positioned parts of the chambers (i.e., 
anterior endocardial surface of the left ventricle in the 
supine patient). Pulmonary emboli may be observed with 
TEE if they lodge proximal to the bifurcation of the main 
pulmonary artery.

Anesthesiologists are asked to perform intraopera-
tive TEE in an increasing number of procedures in the 
Figure 46-37. Pulsed-wave Doppler (PWD) measurement of blood-flow velocities in the left upper pulmonary vein is shown. At the top of the 
echocardiogram is a still-frame image of the two-dimensional cross section used to position the Doppler sampling volume (broken white circle). 
The display of the instantaneous blood-flow velocities (vertical axis) versus time (horizontal axis) occurring in the left upper pulmonary vein is 
visualized on the bottom third of the figure. The ECG is shown for timing purposes and the bold horizontal line running through the Doppler trac-
ing is the baseline (zero flow) for the flow velocities. Velocities displayed above the baseline are positive and represent flow toward the transducer 
(in this case, into the left atrium). Velocities displayed below the baseline are negative and represent flow away from the transducer (in this case, 
into the left upper pulmonary vein). This Doppler tracing documents systolic flow reversal (normally positive, that is, toward the left atrium in 
systole) and confirms the presence of severe mitral regurgitation. (Reproduced with permission from Cahalan MK: Intraoperative transesophageal 
echocardiography. An interactive text and atlas, New York, 1997, Churchill Livingstone.)
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operating room, the catheterization laboratory, and in 
hybrid operating rooms. The role of imaging has evolved 
from complex cardiac evaluation to direct procedure guid-
ance. TEE can be used to evaluate the correct position of 
central venous catheters, pulmonary artery catheters, and 
coronary sinus catheters. With the use of minimally inva-
sive cardiac procedures, intraoperative TEE has become an 
essential tool for the safe application of these newer tech-
niques. TEE is used to assess the correct position of venous 
CPB cannula in the right atrium, coronary sinus catheters, 
pulmonary vents, and endovascular aortic clamps. Box 
46-2 lists procedures where TEE is routinely used for the 
direct guidance and evaluation of procedural results.

TRANSESOPHAGEAL ECHOCARDIOGRAPHY 
IN NONCARDIAC SURGERY AND  
CRITICAL CARE

TEE has many of the same applications in noncardiac 
surgical patients and in patients who are critically ill 
as it does in cardiac surgical patients. Numerous case 
reports and case series document the effect TEE can have 
on patient management and outcomes. In the authors’ 
practice, the leading indications are hemodynamic 
instability and massive blood loss, during which TEE 
has a vital role in determining the cause of the insta-
bility (see, “Transesophageal Echocardiography During 
Life-Threatenting Hypotension”) and in guiding vol-
ume resuscitation.120,121 In the intensive care unit, TEE 
has similar applications, and these have been recently 
reviewed.122,123

 •  Femoral cannula placement during heart surgery (venoatrial 
placement)

 •  Coronary sinus catheter placement from the right internal 
jugular

 •  Left ventricular assist device inflow/outflow positioning
 •  Transmyocardial laser penetration positioning
 •  Left ventricular assist device positioning
 •  Right ventricular and pulmonary artery vent positioning
 •  Endovascular aortic clamp positioning
 •  Transcatheter aortic valve replacement assessment
 •  Percutaneous ventricular assist device positioning
 •  Intraaortic balloon pump positioning
 •  Atrial septal defect closure guidance and assessment
 •  Paravalvular leak site identification and closure guidance
 •  Transseptal puncture guidance
 •  Endovascular repair mitral regurgitation (mitral clip) 

assessment
 •  Transcatheter pulmonary valve replacement assessment
 •  Valvuloplasty assessments
 •  Pacemaker lead extraction evaluation and immediate follow-up
 •  Atrial fibrillation ablation guidance (three- and four-dimension 

applications)
 •  Left atrial appendage occluder positioning
 •  Pulmonary vein stent assessment
 •  Thoracic endovascular aortic repair guidance and assessment

BOX 46-2 Intraoperative Transesophageal 
Echocardiography for Guidance and 
Assessment of Cardiac Procedures
DATA STORAGE, DOCUMENTATION,  
AND QUALITY ASSURANCE

Traditionally, echocardiograms were stored on video-
tape, and written reports of the results were placed in 
the patient’s medical record. Currently, digital record-
ing of individual cardiac cycles or multiple cycles is the 
standard. The resulting loops are transported via hospi-
tal networks or the Internet to secure servers where the 
studies can be rapidly retrieved. The SCA has published 
guidelines for a standardized reporting form for adult 
perioperative TEE (http://www.scahq.org/TEE/Standar
dizedReportforAdultPeriopEcho.aspx).

The ASE and SCA have published guidelines for contin-
uous quality improvement (CQI) in perioperative echo-
cardiography.124 However, even relatively simple CQI 
interventions may produce dramatic results in the consis-
tency of image acquisition and storage.125 Periodic expert 
review of TEE interpretations is essential if practitioners 
are to reach and maintain their diagnostic potential. Col-
laboration between the departments of anesthesiology 
and cardiology is one approach to this review process that 
minimizes the duplication inherent in the formation of 
independent CQI programs.

CERTIFICATION

The National Board of Echocardiography (NBE) offers 
an examination and certification process for basic and 
advanced perioperative TEE (http://www.echoboards
.org/content/verification-physicians-certification). At 
the basic level, the requirements are (1) passage of the 
NBE’s basic perioperative echocardiography examina-
tion (basic PTeXAM), (2) current and unrestricted license 
to practice medicine, (3) board certification in anesthe-
siology, and (4) specific training in perioperative TEE. 
Specific training has two pathways, supervised and prac-
tice experienced. The practice experience pathway is the 
one most likely to apply to most anesthesiologists. It 
requires “at least 150 TEE examinations within the four 
(4) consecutive years immediately preceding the appli-
cation with no less than 25 in any year.” In addition, 
this pathway requires at least 40 hours of the American 
Medical Association (AMA) category 1 continuing medi-
cal education devoted to perioperative TEE. Of special 
note is the clear limitation the NBE has placed on basic 
TEE certification:

“The primary purpose of this certification is to provide anesthe-
siologists who use TEE as a monitor during general anesthesia 
an opportunity to demonstrate their competence with this 
technique. Certification in basic perioperative TEE is NOT 
intended to qualify an individual to use TEE as a diagnostic 
tool to direct or assess cardiac surgical interventions; the board 
certification in perioperative transesophageal echocardiography 
offered by the NBE since 2003 remains unchanged and still 
serves this purpose and from this point on will be referred to as 
Advanced PTE Certification.

In reality, most anesthesiologists practice somewhere 
between the basic and advanced levels. Regardless of the 

http://www.scahq.org/tee/recommendationFor.html
http://www.scahq.org/tee/recommendationFor.html
http://www.echoboards.org/content/verification-physicians-certification
http://www.echoboards.org/content/verification-physicians-certification
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level of practice, anesthesiologists must anticipate the 
need for consultation whenever the demands of anes-
thetic management, TEE interpretation, or both will be 
more than can be managed alone.
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Electrocardiography, Perioperative 
Ischemia, and Myocardial Infarction
GIORA LANDESBERG • ZAK HILLEL

K e y  P o i n t s

 •  The electrocardiogram (ECG) is an easy and important tool for diagnosing 
perioperative heart rate (HR) and rhythm abnormalities. Some of these 
abnormalities can be immediately dangerous, such as severe bradycardia, new 
atrioventricular (AV) blocks, and ventricular tachycardia (VT) or fibrillation, and 
require prompt diagnosis and treatment.

 •  Understanding the baseline ECG abnormalities of the patient undergoing high-risk 
cardiac surgery is an important part of the preoperative evaluation. Nevertheless, 
the ECG alone often does not provide sufficient information regarding the 
myocardial or valvular function and the risk of developing perioperative cardiac 
complications. For that purpose, some kind of stress test, either physiologic or 
pharmacologic, with or without cardiac imaging (nuclear or echocardiographic 
imaging) and/or coronary angiography is necessary.

 •  The ECG is an important tool for diagnosing acute myocardial ischemia, most 
often denoted by new or augmented ST-segment changes, such as significant 
ST-segment elevations or depressions.

 •  Myocardial ischemia is common in patients with a cardiac condition undergoing 
noncardiac surgery, predominantly during the early postoperative period (first 
24 hours) and is almost exclusively ST-depression–type ischemia. Prolonged 
postoperative ST-depression–type ischemia strongly correlates with serum troponin 
increases, which in the first 3 postoperative days, will incrementally predict 
increased 30-day and long-term mortality.

 •  Postoperative myocardial infarction (MI) is most often a type 2 infarction; that is, 
it is due to prolonged myocardial oxygen supply-demand imbalance; although a 
type 1 infarction, which is a result of spontaneous plaque rupture and coronary 
thrombosis, may also occur. Therefore, therapeutic strategies to prevent and treat 
any potential cause of myocardial oxygen supply-demand imbalance, particularly 
an increase in the HR, should be applied whenever myocardial ischemia is 
detected or even considered. The prophylactic treatment by β-adrenergic 
blockers is controversial and can be hazardous in patients who are postoperatively 
hypotensive. Nevertheless, patients who are receiving chronic β-adrenergic 
blockade therapy must continue to take these drugs perioperatively unless 
contraindicated by their current or new hemodynamic status.
William Einthoven, who used a string galvanogram for 
his recordings, first invented the ECG in 1901. This time-
honored and relatively simple tool remains, even today, 
a mainstay in clinical cardiac diagnosis and therapy. In 
the perioperative setting, the ECG serves two main func-
tions: diagnosis and monitoring. In the preoperative 
period, standard 12-lead ECG is predominantly used for 
risk assessment. It provides information on the patient’s 
baseline (chronic) cardiac status with regard to myocar-
dial ischemia and conduction or rhythm abnormalities 
as part of the entire preoperative clinical assessment. 
1429

Occasionally, the preoperative ECG may reveal acute 
or new abnormalities, especially with urgent or emer-
gent operations, and in comparing current with previ-
ous ECGs. During and after surgery, the ECG can detect 
changes in rate and rhythm or myocardial ischemia. 
With many patients coming to surgery with pacemak-
ers or implantable cardiac defibrillators in place, the ECG 
monitor enables the anesthesiologist to follow the proper 
function of these devices during the surgical procedure. 
(Perioperative management of these devices is described 
in Chapter 48.) During cardiac surgery, both myocardial 
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ischemia and arrhythmias are common, especially after 
separating from the cardiopulmonary bypass. The proper 
diagnosis and management of intraoperative ischemia 
and arrhythmias is especially part of the expertise of 
the cardiovascular anesthesiologist (see Chapters 67 and 
68). A postoperative 12-lead ECG is often obtained in 
patients who are at high risk for developing new ischemic 
or rhythm changes. In all these scenarios, a good under-
standing of the principles of the ECG and its abnormali-
ties is vital for the anesthesiologist. This chapter covers 
most aspects of ECG interpretation with a special empha-
sis on issues relevant to anesthesia and perioperative care.

ELECTROCARDIOGRAPHIC LEAD SYSTEMS

STANDARD RECORDING ELECTRODES  
AND LEADS

The small currents produced by the electrical activity of 
the cardiac muscle spread an electrical field throughout 
the body, which behaves as a volume conductor, allow-
ing it to be recorded at various sites on the surface of the 
body as ECG signals. Electrodes (leads) placed at specific 
locations record the electrical potentials reaching the 
skin, and the output of these leads is amplified, filtered, 
and displayed. Two types of ECG leads are used: bipolar 
and unipolar. A bipolar lead consists of two electrodes 
placed at two different sites to measure the difference in 
potentials between these two electrodes. Unipolar leads 
measure the absolute electrical potential at one site in rela-
tion to a reference, or remote site, at which the potential is 
deemed to be zero. The standard clinical ECG includes 
recordings from 12 leads. These 12 leads include three 

TABLE 47-1 LOCATION OF ELECTRODES AND LEAD 
CONNECTIONS FOR THE STANDARD 12-LEAD 
ELECTROCARDIOGRAM AND ADDITIONAL LEADS 

Lead Type Positive Input
Negative (Reference) 
Input

Bipolar Limb Leads
Lead I Left arm Right arm
Lead II Left leg Right arm
Lead III Left leg Left arm
Augmented Unipolar Limb Leads
aVr Right arm Left arm plus left leg
aVI Left arm Right arm plus left leg
aVf Left leg Left arm plus left arm
Precordial Leads
V1 Right sternal margin, 

4th intercostal space
Wilson central terminal

V2 Left sternal margin, 4th 
intercostal space

Wilson central terminal

V3 Midway between V2 
and V4

Wilson central terminal

V4 Left midclavicular line, 
5th intercostal space

Wilson central terminal

V5 Left anterior axillary line Wilson central terminal
V6 Left midaxillary line Wilson central terminal

Modified from Zipes DP, Libby P, Bonow R, Braunwald E: Braunwald’s heart 
disease: a textbook of cardiovascular medicine, ed 7. Philadelphia, 2010, 
Churchill Livingstone.
bipolar leads (I, II, and III), six unipolar precordial leads (V1 
through V6), and three modified unipolar limb leads (aug-
mented limb leads aVr, aVl, and aVf) (Table 47-1).

STANDARD ELECTROCARDIOGRAPHIC 
RECORDINGS

The ECG is normally recorded on special paper consist-
ing of grids of horizontal and vertical lines. The dis-
tances between the vertical lines represent time intervals, 
whereas the distances between the horizontal lines repre-
sent voltages. The lines are 1 mm apart, with every fifth 
line intensified. The speed of the paper is standardized to 
25 mm/sec. On the horizontal axis, 1 mm represents 0.04 
second, and 0.5 cm represents 0.20 second. On the verti-
cal axis, 10 mm represents 1 microvolt (mV). On every 
recording, a 1-cm (1-mV) calibration mark should indi-
cate that the ECG is appropriately calibrated.

NORMAL ELECTRICAL ACTIVITY

P WAVE

Under normal circumstances, the sinoatrial (SA) node has 
the most rapid spontaneous depolarization rate and is 
therefore the dominant cardiac pacemaker. From the SA 
node, the impulse normally spreads to the atrioventricu-
lar (AV) node, through one left-sided and two right-sided 
pathways. The P wave is the result of normal depolariza-
tion of the atria, and its identification is important for the 
determination of normal sinus rhythm. The anatomically 
anterior right atrium is activated earlier, and only later 
does the signal shift posteriorly as activation proceeds 
over the left atrium. Therefore, the P wave in the right 
precordial leads (V1 and, occasionally, V2) is commonly 
biphasic, a positive deflection followed by a negative one, 
whereas in the lateral leads, the P wave is upright and 
reflects a right-to-left spread of the activation front.

PR INTERVAL

The PR interval is the temporal bridge between atrial and 
ventricular activation, during which the AV node, the 
bundle of His, the bundle branches, and the intraventric-
ular conduction systems are activated (Fig. 47-1). Most of 
the conduction delay during this segment is due to slow 
conduction within the AV node. The normal PR interval 
measures 120 to 200 milliseconds (msec) in duration.

MYOCARDIAL ACTIVATION—THE  
QRS COMPLEX

The QRS complex is the manifestation of left and right 
ventricular muscle depolarization. Its pattern lead repre-
sents the sum of all electrical forces emanating from the 
wavefront propagation of ventricular electrical excitation 
aimed at the direction of that lead. Ventricular excita-
tion spreads within several milliseconds from the bundle 
branches to the His-Purkinje fibers, which are broadly 
 dispersed throughout the entire endocardial surfaces of 
both ventricles. Excitation of the Purkinje-ventricular 
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muscle junctions in the endocardium then proceeds by 
conduction from muscle cell to muscle cell to activate 
the entire ventricle thickness toward the epicardium. The 
normal pattern of activation of the ventricles starts in the 
interventricular septum with a vector oriented from left 
to right in the frontal plane and anteriorly in the horizon-
tal plane (as determined by the anatomic position of the 
septum in the chest). This produces an initial small posi-
tive R wave in the right-sided leads (aVR and V1) and small 
negative waves (septal Q waves—less than 30 to 40 msec) 
in the left-sided leads (I, aVl, V5, and V6). Subsequent 
QRS complex elements reflect the activation of the free 
walls of the left and right ventricles. However, because 
the right ventricular muscle mass is considerably smaller 
than the left ventricle, in reality, the QRS complex gener-
ally represents left ventricular (LV) activity with its main 
vector proceeding from right to left in the axial plane and 
anterior, followed by posterior vectors in the horizontal 
plane (R wave followed by a small S wave in the left-sided 
leads). The main vector of the QRS complex in the frontal 
plane serves to calculate the electrical axis of the heart, 

PR interval

QRS interval

QT interval

P

J

ST

T

U

QRS

Figure 47-1. The waves and intervals of a normal electrocardiogram.  
(From Goldberger AL: Clinical electrocardiography: a simplified 
approach, ed 6. St. Louis, 1999, Mosby; and from Figure 9-11 in Zipes DP, 
Libby P, Bonow R, Braunwald E: Braunwald’s heart disease: a textbook of 
cardiovascular medicine, ed 7. Philadelphia, 2005, Saunders.)
which is normally between −30 and +90 degrees. An axis 
more negative than −30 degrees is called left axis deviation, 
and an axis higher than +90 degrees is termed right axis 
deviation. The duration of the normal QRS complex is less 
than 120 msec (Fig. 47-2).

ST SEGMENT AND T WAVE

Repolarization of the ventricles generates the ST seg-
ment and T wave. Repolarization, similar to activation, 
occurs in a characteristic geometric pattern. Because the 
endocardial action potention lasts longer than that of its 
overlying epicardium, repolarization of the epicardium 
often starts earlier than in the endocardium. However, 
under normal conditions, regional differences in electri-
cal recovery properties of the ventricles are present, and 
the transmural gradients predominantly determine ST-
segment patterns.

Normally, concordance exists between the orientation 
of the QRS complex and the T wave, with both deflect-
ing in the same direction. The junction of the QRS com-
plex and the ST segment is called the J junction. The QT  
interval—the duration from the Q wave to the end of 
the T wave—is highly heart rate (HR)–dependent, and 
formulas have been developed to calculate the corrected 
QT interval (QTc), which, if prolonged, may be associated 
with serious ventricular arrhythmias. The T wave is some-
times followed by a small U wave, which may be associ-
ated with hypokalemia or hypomagnesemia electrolyte 
disturbances.

THE ABNORMAL ELECTROCARDIOGRAM

ATRIAL ABNORMALITY

The initiation of atrial electrical activation from a site 
other than the SA node occurs in one of two ways: (1) 
an escape rhythm if the normal SA nodal pacemaker 
slows or fails, or (2) an accelerated atrial ectopic rhythm 
if the automaticity of the ectopic site is associated with 
a rate higher than the SA. An abnormal morphologic 
appearance of the P wave (different from the native P) 
often expresses ectopic atrial activation. Most commonly, 
negative P waves are observed in the leads where the  
Figure 47-2. An example of a nor-
mal 12-lead electrocardiogram. (From 
Figure 9-12 in Zipes DP, Libby P, Bonow 
R, Braunwald E: Braunwald’s heart  
disease: a textbook of cardiovascular 
medicine, ed 7. Philadelphia, 2005, 
Saunders.)
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Figure 47-3. Left ventricular hypertrophy (LVH) on electrocardiography. Tall R waves on left-sided leads; and deep S waves on right-sided leads, 
down-sloping ST-segment depression and T-wave inversion opposite the main R-wave axis, and biphasic p wave signifying left atrial abnormality. 
(From Zipes DP, Libby P, Bonow R, Braunwald E: Braunwald’s heart disease: a textbook of cardiovascular medicine, ed 7. Philadelphia, 2005, Saunders.)
P wave is normally upright (leads I, II, aVf, and V4 through 
V6), with or without a shortening of the PR interval. The 
exact site of an ectopic atrial pacemaker is usually of little 
clinical significance except that left-sided atrial ectopic 
rhythm is more often associated with LV or left heart val-
vular abnormalities, whereas right-sided ectopic rhythm 
is more common in patients with chronic obstructive 
lung disease or other causes of right heart dysfunction.

VENTRICULAR HYPERTROPHY  
AND ENLARGEMENT

Left ventricular hypertrophy (LVH) or enlargement pro-
duces changes throughout the QRST complex. The most 
characteristic is increased voltage of the QRS complex: tall 
R waves in left-sided leads (I, aVl, V5, and V6) and deep S 
waves in right-sided leads (V1 and V2). ST-segment and 
T-wave amplitudes can be normal or increased. ST-segment 
depression with downsloping from a depressed J point and 
inverted asymmetric T waves are common in long-standing 
and severe LVH. Similarly, prolonged QRS duration beyond 
110 msec reflects the longer duration of activation of the 
thickened ventricular wall (Fig. 47-3). Diagnostic ECG cri-
teria for LVH have been developed, although their impor-
tance in the era of echocardiography has diminished. For 
example, Sokolow and Lyon found the following voltage 
criteria to correlate best with postmortem pathologic find-
ings of LVH: SV1 + (RV5 or RV6) >3.5 mV and/or RaVl >1.1 mV.

Right ventricular hypertrophy (RVH) is signified on 
the ECG by abnormally tall R waves in the rightward-
directed leads (aVr, V1, and V2), reversal of normal R-wave 
progression in the precordial leads, deep S waves with 
abnormally small R waves in left-sided leads (I, aVl, V5, 
and V6) and obvious right axis deviation (>110 degrees) 
(Fig. 47-4). Chronic obstructive pulmonary disease can 
lead to RVH, changes in the position of the heart in the 
chest, and hyperinflation of the lungs. Acute right ven-
tricular pressure overload, such as that caused by pulmo-
nary embolism, can produce a characteristic ECG pattern: 
a QR or qR pattern in the right-sided leads, an S1Q3T3 pat-
tern, and an acute incomplete or complete right bundle 
branch block (RBBB). However, even the classic S1Q3T3 
pattern occurs in only approximately 10% of patients 
with acute pulmonary embolism.

MYOCARDIAL ISCHEMIA

The ST-T segment, representing myocardial repolarization, 
is the ECG component most sensitive to acute myocar-
dial ischemia. ST elevation, with or without tall positive 
(hyperacute) T waves, indicates transmural ischemia and 
is most often the result of acute coronary artery occlusion 
either by coronary thrombosis or vasospasm (Prinzmetal-
variant angina). Reciprocal ST-segment depression may 
appear in the contralateral leads. Ischemia confined to 
the subendocardial area is usually denoted by ST-segment 
depression. Subendocardial, ST-depression–type ischemia 
typically occurs during episodes of symptomatic or asymp-
tomatic (silent) stable angina pectoris, which is character-
istic of ischemia occurring during exercise, tachycardia, or 
pharmacologic stress test in patients with significant but 
stable coronary artery disease (CAD) (Fig. 47-5).

MYOCARDIAL INFARCTION

With prolonged ischemia, the risk of developing myo-
cardial necrosis or myocardial infarction (MI) is pres-
ent. The MI signature on an ECG is decreased R-wave 
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Figure 47-4. Severe right ventricular hypertrophy (RVH). Tall R waves on right-sided leads, deep S waves on left-sided leads, and T-wave inver-
sions in right-sided leads (S1Q3T3).

Subendocardial injury:
ST depression

Transmural (epicardial) injury:
ST elevation

ST

V5 V5

ST

ST

ST

A B
Figure 47-5. Patterns of injury currents. A, Acute subendocardial, ST-depression–type ischemia. B, Transmural, ST-elevation type ischemia. (From 
Zipes DP, Libby P, Bonow R, Braunwald E: Braunwald’s heart disease: a textbook of cardiovascular medicine, ed 7, Philadelphia, 2005, Saunders.)
amplitude and pathologic Q waves, which may develop 
as a result of a loss of electromotive forces in the area 
of infarction. Transmural infarctions are more likely to 
culminate in abnormal Q waves, whereas subendocardial 
(nontransmural) infarctions are less likely to produce Q 
waves. However, pathologic studies have shown a wide 
overlap between the two entities and their ECG expres-
sion; therefore, Q-wave or non–Q-wave infarction is not 
synonymous with transmural or nontransmural infarc-
tion. Pathologic Q waves usually develop days after the 
onset of acute MI; once they develop, they seldom dis-
appear and serve as an indicator for the location of the 
infarction. Persistent T-wave inversion may also be the 
only sign of chronic ischemia and a recent or an old MI. 
Pathologic Q waves, with ST-segment elevation that per-
sists weeks or longer after an MI, strongly correlate with 
a severe myocardial mechanical dysfunction, akinesis, or 
ventricular aneurysm.
The ECG leads with ST-T changes or Q waves may 
help define the location and the coronary artery respon-
sible for the ischemia or infarction. For example, pre-
cordial leads V1 to V3 correspond to the anteroseptal or 
apical walls of the left ventricle; leads V4 to V6 to the 
apical or lateral LV walls (Fig. 47-6); leads II, III, and 
aVf to the inferior LV wall (Fig. 47-7); and the right-
sided leads to the right ventricle. Posterior wall infarc-
tion induces ST-segment elevation or Q waves in leads 
placed over the left side and back (V7 to V9), and recipro-
cal ST-segment depression or tall R waves in leads V1 to 
V3 may develop.

ELECTROLYTE ABNORMALITIES

The ECG is affected not only by structural or functional 
myocardial abnormalities but also by numerous meta-
bolic and electrolyte aberrations.
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I II III aVR aVL aVF V2 V4 V6

ECG sequence with anterior wall Q-wave infarction

Figure 47-6. Acute ST-elevation–type anterior wall myocardial infarction. A, Acute phase: ST elevations and new Q waves. B, Evolving phase: deep 
T-wave inversions. C, Resolving phase: partial or complete regression of ST-T changes (and sometimes of Q waves). The reciprocal ST-T changes are 
noted in the inferior leads (II, III, and aVF). (From Figure 8-4 in Goldberg AL: Clinical electrocardiography: a simplified approach, ed 7. St. Louis, 2006, Mosby.)

A

B

C

I II III V2 V4 V6

ECG sequence with inferior wall Q-wave infarction

aVR aVL aVF

Figure 47-7. Inferior wall myocardial infarction. A, Acute phase: ST elevations and new Q waves. B, Evolving phase: deep T-wave inversions. 
C, Resolving phase: partial or complete regression of ST-T changes (and sometimes of Q waves). The reciprocal ST-T changes are noted in the 
anterior leads (I, aVL, and V2). (From Goldberger AL: Clinical electrocardiography: a simplified approach, ed 7. St. Louis, 2006, Mosby.)
Calcium. Hypercalcemia shortens and hypocalce-
mia prolongs the phase 2 of the action potential dura-
tion, thus leading to an abbreviation or a prolongation of 
the QT interval, respectively. Severe hypercalcemia (e.g., 
total serum Ca2+ >15 mg/dL) causes a decrease in T-wave 
amplitude or T-wave inversion, and hypercalcemia may 
produce a high-takeoff ST segment in leads V1 and V2, 
simulating acute ischemia.

Potassium. Hyperkalemia leads to a distinctive 
sequence of ECG changes, starting with a narrowing 
and peaking of the T wave and a shortening of QT inter-
val. Progressive hyperkalemia causes QRS widening, low 
P-wave amplitude, and PR interval prolongation with the 
possibility of second- to third-degree AV block (Fig. 47-8). 
Severe hyperkalemia leads to a sine-wave ventricular 
flutter and eventual asystole. Hypokalemia, in contrast, 
may cause ST-segment depression, flattened T waves, and 
prominent U waves, which may sometimes exceed the 
amplitude of T waves. Hypokalemia prolongs repolariza-
tion and leads to long QT(U) syndrome, predisposing to a 
torsades de pointes–type ventricular fibrillation.
Magnesium. Mild-to-moderate hypermagnesemia 
or hypomagnesemia is not associated with specific ECG 
changes. Yet, severe hypermagnesemia can cause AV and 
intraventricular conduction disturbances, including com-
plete heart block and cardiac arrest (Mg2+ >15 mEq/L). 
Hypomagnesemia is often associated with hypocalcemia 
or hypokalemia and may predispose to long QT(U) syn-
drome and torsades de pointes.

ELECTROCARDIOGRAPHIC MONITORING 
SYSTEMS

NOISE FILTERING

Low-Frequency Filtering
All ECG monitors use filters to narrow the signal band-
width in an attempt to reduce environmental artifacts 
and to improve signal quality. Low-frequency noise, 
such as that produced by respiration or any other patient 
motion, causes the tracing to wander above and below the 
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Figure 47-8. Electrocardiographic signs of hyperkalemia. The earliest change with hyperkalemia is peaking (“tenting”) of the T waves. With 
progressive increases in the serum potassium concentration, the QRS complexes widen, the P waves decrease in amplitude and may disappear, 
and finally a sine-wave pattern leads to asystole unless emergency therapy is administered. (From Goldberger AL: Clinical electrocardiography: a 
simplified approach, ed 7. St. Louis, 2006, Mosby.)
baseline. Therefore, low-frequency filters are used in ECG 
monitoring. The HR in beats per minute (bpm) forms a 
rough lower bound for the frequency content in Hertz 
(Hz, cycles per second). Since HRs slower than 40 bpm 
(0.67 Hz) are uncommon, traditional low-frequency ana-
log filters are used to cut off signals at frequencies below 
0.5 Hz. However, such filters introduce considerable dis-
tortion into the ECG, particularly with respect to the level 
of the ST segment, resulting from phase nonlinearities 
that occur in areas of the ECG signal where frequency 
content and wave amplitude abruptly change, as occurs 
where the end of the QRS complex meets the ST segment. 
The 1975 American Heart Association (AHA) recommen-
dations included a 0.05-Hz low-frequency cutoff for diag-
nostic ECGs. This recommendation preserves the fidelity 
of repolarization, but baseline drift can still be a problem. 
Current modern digital filtering provides more sophisti-
cated methods for a higher cutoff for low-frequency fil-
tration without those phase distortions observed with 
analog filtering. Thus, to reduce artifactual distortion of 
the ST segment, current AHA recommendations1 suggest 
the low-frequency cutoff should be: (1) 0.05 Hz for moni-
tors with analog filters and (2) 0.67 Hz or below for moni-
tors and ECG recording devices with linear digital filters 
with zero phase distortion.

High-Frequency Filtering
High-frequency filters are needed to reduce distortions 
from muscle fasciculations, tremors, and electromagnetic 
interference from other electrical equipment. Older mon-
itors used a 40-Hz filter to reduce electrical current inter-
ferences. However, the higher the frequencies contained 
in the filtered signal, the more accurate the measurement 
of rapid upstroke velocity, peak amplitude, and waves of 
short duration will be. A high-frequency cutoff of 100 Hz 
was considered adequate by the AHA in 1975 to maintain 
diagnostic accuracy during visual inspection of an ECG, 
although it has long been recognized that higher fre-
quency components of the QRS complex may have clini-
cal significance in patients with various forms of heart 
disease. According to current AHA recommendations, 
to measure routine duration and amplitudes accurately 
in adults, adolescents, and children, an upper frequency 
cutoff of at least 150 Hz is required, and an upper fre-
quency cutoff of 250 Hz is more appropriate for infants.

Most modern ECG monitors allow the operator a 
choice among several bandwidths. The actual filter fre-
quencies tend to vary among manufacturers. One manu-
facturer allows a choice of three different filtering modes: 
(1) a diagnostic mode with a bandwidth of 0.05 to 130 
Hz for adults and 0.5 to 130 Hz for neonates, (2) a moni-
toring mode with a bandwidth of 0.5 to 40 Hz for adults 
and 0.5 to 60 Hz for neonates, and (3) a filter mode with 
a bandwidth of 0.5 to 20 Hz. Slogoff and associates evalu-
ated the importance of bandwidth selection on the detec-
tion of perioperative myocardial ischemia and showed 
that the ST-segment positions with all systems using the 
lower filter limit (0.05 Hz) recommended by the AHA 
were similar.2

THREE-ELECTRODE ELECTROCARDIOGRAPHIC 
MONITORING

In contrast to the standard 12-lead ECG, in which the four 
limb electrodes are placed on the wrists and ankles, elec-
trode placement for continuous cardiac monitoring is on 
the torso to reduce artifacts from limb movement, as well 
as to avoid tethering the patient. Therefore, the right arm 
(RA) and left arm (LA) electrodes are placed in the infracla-
vicular fossae close to the right and left shoulders, respec-
tively, and the left leg (LL) electrode is placed below the rib 
cage on the left side of the abdomen. The ground or refer-
ence electrode (RL), if present, can be placed anywhere, 
but it is usually placed on the right side of the abdomen.

The three-electrode system is the simplest and most 
common mode of ECG monitoring in surgical units 
and intensive care units (ICUs). It allows monitoring 
three bipolar leads by recording the potential differ-
ences between each of three pairs of electrodes: lead I 
(positive electrode, LA; negative electrode, RA), lead II 
(positive electrode, LL; negative electrode, RA), lead III 
(positive electrode, LL; negative electrode, LA), or other 
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modified chest leads.3 Three-electrode monitoring is 
usually adequate for tracking HR, detecting R waves for 
synchronized direct-current shock in cardioversion, and 
detecting ventricular fibrillation. However, it is inad-
equate for diagnosing more complex arrhythmias for 
which a true V1 lead is necessary, such as to distinguish 
between right versus left bundle branch block (LBBB) or 
ventricular tachycardia (VT) and supraventricular tachy-
cardia (SVT) with aberrant ventricular conduction. The 
three-electrode system is also inadequate for ST-segment 
monitoring because it does not provide multilead moni-
toring or precordial leads, which are often most sensi-
tive for detecting ischemia. Modified chest leads such as 
CS5 (the RA electrode is placed under the right clavicle, 
and the LA electrode is placed in the V5 position) or CB5 
(the RA electrode is placed over the center of the right 
scapula, and the LA electrode is placed in the V5 posi-
tion) may be suitable for the detection of anterior wall 
myocardial ischemia; however, these modified leads are 
currently not recommended for monitoring myocardial 
ischemia.

FIVE-ELECTRODE ELECTROGRAPHIC 
MONITORING

In the five-electrode monitoring system, the four limb 
electrodes, LA, RA, LL, and RL placed at their correspond-
ing monitoring locations allow any of the six limb leads 
( I, II, III, aVR, aVL, and aVF) to be obtained, and a fifth 
chest electrode can be placed in any of the standard V1 
through V6 locations (Fig. 47-9). V1 is the preferred lead 
for special arrhythmia monitoring, whereas the other pre-
cordial leads, especially V3 to V5, are the preferred leads 
for ischemia monitoring. The five-electrode monitoring 
system is currently the standard for monitoring patients 
with suspected perioperative myocardial ischemia. The 
differences in sensitivity and specificity among the differ-
ent ECG leads in detecting myocardial ischemia are dis-
cussed later in this chapter.

TEN-ELECTRODE, TWELVE-LEAD 
ELECTROCARDIOGRAPHIC MONITORING

In 1966, Mason and Likar introduced a variation on 
positioning the standard limb electrodes of the 12-lead 
ECG during exercise stress testing to minimize artifacts 
in the limb leads caused by movement.4 In this design, 
the RA and LA electrodes are attached to the right and 
left infraclavicular fossae and the LL electrode is attached 
to the left iliac fossa. The RL electrode can be positioned 
anywhere but is usually placed on the right iliac fossa 
for symmetry. Although the limb lead QRS complexes 
are slightly different in amplitude and axis and the pre-
cordial leads may also vary slightly from the standard 
12-lead ECG recording, studies have shown that the ST-
segment measurements during exercise stress testing are 
only incidentally affected when the Mason-Likar 12-lead 
ECG system is used, as compared with the standard 
12-lead ECG.5 A major advantage of cardiac monitors 
using the Mason-Likar 12-lead system is that ST-segment 
monitoring software has been developed to analyze all 
12 leads and to sound an alarm for ST-segment changes,  
whether or not multiple leads are being displayed on the 
bedside or central monitor (Fig. 47-10). Therefore, if lead 
II is being displayed but the patient has a transient isch-
emic event involving lead V5, then an ST-segment alarm 
is triggered. Not all manufacturers that offer the Mason-
Likar lead system perform full 12-lead ST-segment analy-
sis nor do they store all 12 leads for printing at a later 
time. Another advantage of the Mason-Likar lead system 
is that more than one precordial lead can be displayed at 
the same time. The disadvantage of the system for car-
diac monitoring is that 10 electrodes are required and the  
6 precordial electrodes often interfere with diagnostic 
(e.g., echocardiograms, chest x-ray images) and emer-
gency (defibrillation sites) procedures. In addition, the 
precordial sites are difficult to maintain on patients with 
large breasts or hirsute chests.

HOLTER MONITORING

Holter monitoring, originally a cardiologist’s tool, has 
been used by a number of anesthesiologists to document 
the perioperative incidence of arrhythmias or ischemia. 
In Holter monitoring, ECG information from two or three 
bipolar leads is recorded by a miniature recorder. Up to 
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Figure 47-9. Commonly used five-electrode lead system allows the 
recording any of the six limb leads plus one precordial (V) lead. The 
lead placement for recording V1 is shown. A limitation of this system is 
that only one precordial lead can be recorded. (From Drew BJ, Califf RM, 
Funk M, et al: Practice standards for electrocardiographic monitoring in 
hospital settings: an American Heart Association Scientific Statement from 
the Councils on Cardiovascular Nursing, Clinical Cardiology, and Cardio-
vascular Disease in the Young, Circulation 110:2721-2746, 2004.)
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Figure 47-10. Mason-Likar 12-lead electrocardiographic 
(ECG) system. Anatomic locations for precordial leads are the 
same as for recording a standard 12-lead ECG, except that the 
limb leads are relocated from the standard 12-lead ECG posi-
tions on the wrists and ankles to the torso. (From Drew BJ, Cal-
iff RM, Funk M, et al: Practice standards for electrocardiographic 
monitoring in hospital settings: an American Heart Association 
Scientific Statement from the Councils on Cardiovascular Nursing, 
Clinical Cardiology, and Cardiovascular Disease in the Young, Cir-
culation 110:2721-2746, 2004.)
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48 hours of ECG signals can be collected. Subsequently, 
the data are processed using a playback system, and the 
ECG signals are analyzed. On most modern systems, the 
playback unit includes a dedicated computer for rapid 
analysis and automatic recognition of arrhythmias and 
ischemia.

A significant early obstacle to the widespread use of 
conventional Holter monitoring in the perioperative 
period was its delayed, retrospective analysis and inter-
pretation. This limitation was, to some extent, overcome 
by real-time Holter monitors, which record specific ECG 
segments for later playback and also analyze the rhythm 
and ST segment in real time to alert the user to an acute 
event.6,7 However, despite significant technical progress, 
Holter monitoring devices continue to be limited primar-
ily to clinical investigations.

ARRHYTHMIA INTERPRETATION  
AND MANAGEMENT

Little doubt remains that during prolonged visual ECG 
monitoring, certain arrhythmias may go undetected. It 
has been demonstrated that coronary care unit nurses 
failed to detect serious ventricular arrhythmias in 84% 
of their patients.8 Subsequently, computerized moni-
tors have been designed for the automatic detection 
of arrhythmias in an attempt to increase the detection 
rate of abnormal, potentially dangerous rhythms. These 
monitors use proprietary sophisticated algorithms such 
as pattern recognition, measurements of QRS width, 
onset, offset, amplitude, and area calculations to classify 
complexes into morphologic families.9,10 Most monitors 
are capable of detecting potentially fatal arrhythmias 
such as severe bradycardia or asystole and dangerous 
tachycardia such as VT or fibrillation. Yet, no study to 
date has evaluated the accuracy, sensitivity, and specific-
ity of these automated, real-time arrhythmia detection 
monitors. However, the detection of clinically impor-
tant dysrhythmias in the cardiac ICU has been shown to 
improve significantly if a nurse watches the monitor and 
pays attention to the alarms.11 Thus today’s computer-
ized monitoring systems still have not achieved the level 
of accuracy sufficient to eliminate the need for human 
surveillance; the alarms must be recognized and the ECG 
interpreted and acted upon by a knowledgeable person in 
a timely fashion (see also Chapters 67 and 68).

DIAGNOSIS OF ARRHYTHMIAS

Arrhythmias are common during and after surgery and 
have numerous causes. Postoperative dysrhythmias are 
most likely to occur in patients with structural heart dis-
ease. The initiating factor for an arrhythmia after surgery 
is usually a transient insult such as hypoxemia, cardiac 
ischemia, catecholamine excess, or electrolyte abnormal-
ity.12 Using perioperative Holter recordings, Mahla and 
colleagues13 evaluated how anesthesia and surgery affect 
the course of ventricular dysrhythmias (premature ven-
tricular beats and repetitive forms of ventricular beats—
couplets and nonsustained VT) preoperatively noted 
in patients with structural heart disease undergoing 
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noncardiac surgery. They concluded that the frequency 
of ventricular dysrhythmias was not associated with an 
adverse cardiac outcome. The incidence of perioperative 
dysrhythmia in patients with an adverse outcome (8%) 
did not differ from those with a good outcome. Patients 
undergoing cardiac surgery have a higher incidence of 
cardiac dysrhythmias. The incidence of new onset atrial 
fibrillation alone after cardiac surgery approaches 33% 
and is associated with a worse outcome.14 Several major 
factors contribute to the development of perioperative 
arrhythmias:
  

 1.  General anesthetics. Volatile anesthetics, such as 
halothane or enflurane, produce arrhythmias, prob-
ably by a reentrant mechanism.15 Halothane also 
sensitizes the myocardium to endogenous and exog-
enous catecholamines. Drugs that block the reuptake 
of norepinephrine, such as cocaine and ketamine, can 
facilitate the development of epinephrine-induced 
arrhythmias (see Chapter 28). In contrast, volatile 
anesthetics may have an antifibrillatory effect in 
response to acute coronary occlusion and reperfusion, 
at least in a canine model.16 Sevoflurane may cause 
severe bradycardia and nodal rhythm when used in 
high concentrations during induction in infants,17 
and desflurane may prolong QTc within the first min-
ute of anesthesia in patients with a normal heart.18

 2.  Local anesthetics. Regional anesthesia by central 
neuraxial blockade, the goal of spinal or epidural 
anesthesia, may be associated with a profound, albeit 
transient, pharmacologic sympathectomy (also see 
Chapters 36 and 56). This phenomenon may cause 
parasympathetic nervous system dominance, leading 
to mild to very severe bradyarrhythmias. This result 
is especially true when the blockade extends to very 
high thoracic levels. An inadvertent intravascular 
injection of a large dose of local anesthetic agent may 
lead to asystole and cardiac arrest that are difficult to 
treat.19 One proposed treatment is the administration 
of 20% intralipid.20,21

 3.  Abnormal arterial blood gases or electrolyte 
levels. Excessive hyperventilation, especially in the 
presence of low serum potassium levels, may pre-
cipitate severe cardiac arrhythmias.22 Alterations of 
blood gases or electrolytes may lead to arrhythmias 
by producing reentrant mechanisms or by altering 
phase 4 depolarization of conduction fibers. Electro-
lyte disturbances associated with cardiopulmonary 
bypass can also lead to intraoperative arrhythmias 
(see Chapters 59 and 67).

 4.  Endotracheal intubation. This maneuver may be 
the most common cause of arrhythmias during surgery 
and is often associated with hemodynamic disturbances 
by eliciting autonomic reflexes (see also Chapter 55).

 5.  Autonomic reflexes. Vagal stimulation may pro-
duce sinus bradycardia and may allow ventricular 
escape mechanisms to occur. Vagal stimulation may 
also produce AV block or even asystole. These reflexes 
may be related to traction on the peritoneum or to 
direct pressure on the vagus nerve during carotid sur-
gery (see Chapter 69). During jugular vein cannula-
tion, stimulation of the carotid sinus by palpation 
of the neck can lead to bradyarrhythmias. Specific 
reflexes, such as the oculocardiac reflex, can also pro-
duce severe bradycardia or asystole.

 6.  Central nervous system stimulation and dys-
function of the autonomic nervous system. 
Many ECG abnormalities can occur in patients with 
intracranial disease, especially subarachnoid hemor-
rhage. These abnormalities are most commonly ST-T 
wave changes and may easily mimic myocardial isch-
emia and MI23 (see Chapter 70 ). The mechanism of 
these arrhythmias appears to be related to changes in 
autonomic nervous system tone.

 7.  Preexisting cardiac disease. Preexisting cardiac 
disease is probably the most common background 
for arrhythmias during anesthesia and surgery.24 
Patients with a preexisting tendency for atrial or 
ventricular arrhythmias are more likely to exhibit 
them during or after surgery in response to the peri-
operative stresses or secondary to acute withdrawal 
of oral antiarrhythmic medications, most commonly 
β-adrenergic blockers.

 8.  Central venous cannulation. The insertion of 
catheters or wires into the central circulation often 
leads to arrhythmias (see Chapter 45).

 9.  Surgical manipulation of the cardiac struc-
tures. Arrhythmias are often observed during the 
insertion of atrial sutures or the placement of venous 
cannulae for cardiopulmonary bypass during cardiac 
surgery (see Chapters 67, 68, and 94). These arrhyth-
mias are usually self-limiting and cease at the end of 
manipulation.

 10.  Location of surgery. Dental surgery is often asso-
ciated with arrhythmias because profound stimula-
tion of sympathetic and parasympathetic nervous 
systems often occurs.25 Junctional rhythms are often 
observed and may be caused by stimulation of the 
autonomic nervous system by the fifth cranial nerve. 
The oculocardiac reflex leads to severe bradycardia in 
response to traction of the rectus muscles of the orbit. 
This reflex, which is mediated by the trigeminal 
nerve as the afferent limb and the vagus nerve as the 
efferent limb, is especially sensitive in neonates and 
children and common during strabismus operations.

  

After an arrhythmia is recognized, determining 
whether it produces a hemodynamic disturbance, what 
type of treatment is required, and how urgently therapy 
should be instituted are important. Treatment should be 
promptly initiated if the arrhythmia results in significant 
hemodynamic impairment. Prompt treatment should 
also be instituted if the arrhythmia is a precursor for a 
more severe arrhythmia (e.g., frequent multifocal ven-
tricular premature beats [VPBs] with R-on-T phenomenon 
can lead to ventricular fibrillation). In addition, arrhyth-
mias that may be detrimental on the background of a 
patient’s underlying cardiac disease (e.g., any tachycardia 
in a patient with mitral valve stenosis, aortic valve steno-
sis, or ischemic heart disease) need immediate attention. 
Arrhythmias can be classified by HR or by their anatomic 
origin in the heart. Using HR criteria, arrhythmias can 
be broken down into three categories: bradyarrhyth-
mias (HR <60 bpm), tachyarrhythmias (HR >100 bpm), 
and conduction blocks (at any HR). The anatomic origin 
of an arrhythmia can be ventricular, supraventricular, 
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junctional, or elsewhere. Using the following checklist 
can simplify the diagnosis and treatment of arrhythmias 
when looking at an ECG display:
  

 1.  What is the HR?
 2.  Is the rhythm regular?
 3.  Is one P wave present for each QRS complex?
 4.  Is the QRS complex normal?
 5.  Is the rhythm dangerous?
 6.  Does the rhythm require treatment?
  

The following text analyzes some common intraopera-
tive arrhythmias.

SINUS BRADYCARDIA

Sinus bradycardia is defined when the pacemaker site is 
in the sinus node, but the rate is slower than normal. 
Etiologic factors include drug effects, acute inferior MI, 
hypoxia, vagal stimulation, and high sympathetic block-
ade. Sinus bradycardia accounts for approximately 11% 
of intraoperative arrhythmias. The characteristics of sinus 
bradycardia are as follows:
  

 1.  HR: Is slower than 60 bpm. In patients on chronic 
β-adrenergic blocker therapy, sinus bradycardia is 
defined as a HR slower than 50 bpm.

 2.  Rhythm: Is regular, except for occasional escape beats 
from other pacemaker sites.

 3.  P/QRS: The ratio of the P waves to the QRS complexes 
is 1:1.

 4.  QRS complex: Has a normal morphologic appearance.
 5.  Significance: HRs slower than 40 bpm are poorly tol-

erated even in healthy patients and should be evalu-
ated on the basis of their effect on cardiac output. 
Treatment is recommended if hypotension, ventricu-
lar arrhythmias, or signs of poor peripheral perfusion 
are observed. Sinus bradycardia may be part of the 
sick sinus syndrome, in which sinus node dysfunc-
tion can precipitate bradycardias, heart block, tachyar-
rhythmias, or alternating bradyarrhythmias and 
tachyarrhythmias.26

 6.  Treatment: Is not usually necessary. When treatment 
is deemed necessary, the following progression may 
be considered: (1) atropine, 0.5 to 1.0 mg by intrave-
nous (IV) bolus, repeated every 3 to 5 minutes, up to 
0.04 mg/kg or approximately a 3.0-mg total dose for 
the average 75-kg male patient); (2) ephedrine, 5 to 
25 mg by IV bolus; (3) dopamine or dobutamine (if 
blood pressure is adequate), 5 to 20 μg/kg/min by IV 
infusion; (4) epinephrine, 2 to 10 μg/min IV infusion; 
and (5) isoproterenol, 2 to 10 μg/min by IV infusion. 
Temporary transcutaneous or transvenous pacing may 
be necessary for severe, drug-refractory sinus bradycar-
dia. Immediate institution of transcutaneous pacing is 
especially important in symptomatic patients.

SINUS TACHYCARDIA

Sinus tachycardia is defined when the pacemaker site is in 
the sinus node, and the rate is faster than normal. Sinus 
tachycardia is the most common arrhythmia in the periop-
erative period. It occurs with such frequency that it is not 
included in most arrhythmia incidence studies. Common 
causes include pain, inadequate anesthesia, hypovolemia, 
fever, hypoxia, hypercarbia, heart failure, and drug effects. 
The characteristics of sinus tachycardia are as follows:
  

 1.  HR: Is faster than 100 bpm in the adult patient and 
may be as high as 170 bpm. Patients with significant 
CAD may not tolerate HRs as low as 70 to 80 bpm 
and may develop subendocardial ischemia. Similarly, 
patients with severe mitral or aortic stenosis may be 
sensitive to even moderate increases in the HR.

 2.  Rhythm: Is regular.
 3.  P/QRS: The ratio of the P waves to the QRS complexes 

is 1:1.
 4.  QRS complex: Is normal, but ST-segment depression 

with severe increases in HR and resulting myocardial 
ischemia may be associated.

 5.  Significance: Prolonged tachycardias in patients with 
underlying heart disease can precipitate MI and con-
gestive heart failure because of the increased myo-
cardial work required and the decreased supply of 
myocardial oxygen by means of decreased diastolic 
coronary perfusion time. A major diagnostic problem 
is encountered when the HR is 150 bpm, because this 
rate is common for sinus tachycardia, paroxysmal 
atrial tachycardia, or atrial flutter with a 2:1 block. 
These three arrhythmias can sometimes be separated 
by the use of carotid sinus massage, IV administration 
of edrophonium, or adenosine phosphate.

 6.  Treatment: The underlying disorder should be treated. 
Hypovolemia and light anesthesia are the most com-
mon causes. In patients with ischemic heart disease 
who develop tachycardia, β-adrenergic blockers should 
be judiciously used to prevent myocardial ischemia, 
regardless of whether ST-segment changes occur. 
Hypovolemia or other causes should also be addressed 
in these patients.

SINUS ARRHYTHMIA

In sinus arrhythmia, the impulses arise from the SA node 
and a variable HR characterizes the rhythm. The PR inter-
val is normal, as is the QRS complex. Most commonly, 
but not invariably, the rate increases with inspiration and 
decreases with expiration. This arrhythmia occurs more 
often in children than in adults. The characteristics of 
sinus arrhythmia are as follows:
  

 1.  HR: Is 60 to 100 bpm.
 2.  Rhythm: Is irregular.
 3.  P/QRS: The ratio of the P waves to the QRS complexes 

is 1:1.
 4.  QRS complex: Has normal morphologic appearance.
 5.  Significance: Has little clinical significance.
 6.  Treatment: Is considered a normal finding and requires 

no treatment.

ATRIAL PREMATURE BEATS

An ectopic pacemaker site in the left or the right atrium 
initiates the atrial premature beat (APB). The shape of 
the P wave is different from the usual SA node P wave 
and may be inverted. The PR interval may be shorter or 
longer than normal, depending on the site of the ectopic 
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focus and on the refractoriness of the AV nodal pathway. 
The APB spreads through the AV node and ventricular 
conduction system and, in retrograde fashion, reaches 
the SA node, resetting the sinus pacemaker. The interval 
from the APB to the next sinus beat is therefore a normal 
sinus cycle (i.e., no compensatory pause). The absence 
of a compensatory pause is an important distinguishing 
feature between APBs and VPBs. Occasionally, APBs may 
find part of the ventricular conduction system refractory. 
In these instances, they travel down an aberrant path-
way and create an abnormal QRS complex. They are then 
called APBs with aberrant ventricular conduction and can 
easily be confused with VPBs. Because the recovery period 
of the right ventricular conduction system outlasts that of 
the left, the most common form of aberration appears as 
an RBBB. Helpful points in separating APBs with aberrant 
ventricular conduction from VPBs include (1) the pres-
ence of a preceding P wave, usually abnormally shaped; 
(2) an RBBB configuration of the QRS complex; (3) the 
presence of an rsR′ ventricular complex in V1; and (4) the 
finding that the initial vector forces are identical to the 
preceding beat but are usually the opposite with a VPB. 
The characteristics of APBs are as follows:
  

 1.  HR: Is variable, depending on the frequency of the APBs.
 2.  Rhythm: Is irregular.
 3.  P/QRS: The ratio of P waves to QRS complexes is usu-

ally 1:1. The P waves have various shapes and may 
even be lost in the QRS or T waves. Occasionally, the P 
wave is so early as to find the ventricle refractory, and 
a nonconducted beat occurs.

 4.  QRS complex: Is usually normal unless ventricular 
aberration occurs.

 5.  Significance: In one study, APBs represented 10% of 
all intraoperative arrhythmias. They have little clini-
cal significance, but frequent APBs may lead to other, 
more serious supraventricular arrhythmias or may be a 
sign of digitalis intoxication.

 6.  Treatment: Is rarely necessary.

PAROXYSMAL SUPRAVENTRICULAR 
TACHYCARDIA

A rapid regular rhythm, usually with a narrow QRS com-
plex and lacking the normal SA node P wave, character-
izes paroxysmal SVT (PSVT). The inclusion of tachycardias 
involving the AV node (Fig. 47-11) allows a useful classifi-
cation of tachycardias as caused by reentry in the AV node, 
by apparent or concealed accessory AV pathways or, less 
often, by the SA node. Ectopic atrial or ectopic nodal tachy-
cardias are also among the less frequent SVTs. Inappropri-
ate or persistent sinus tachycardia is another variant. PSVT 
rhythms are usually abrupt in onset and termination. PSVT 
is easily distinguished from rapid atrial fibrillation, which 
is an irregular rhythm, or from rapid atrial flutter, which 
has flutter waves. The characteristics of PSVT are as follows:
  

 1.  HR: Is between 130 and 270 bpm.
 2.  Rhythm: Is usually regular unless the impulse origi-

nates from multiple atrial foci.
 3.  P/QRS: Has a 1:1 relationship, although the P wave 

may often be hidden in the QRS complex or T wave.
 4.  QRS complex: Is generally normal, but ST-T changes 
indicative of ischemia may be observed. Aberration of 
ventricular conduction may occur, complicating the dif-
ferential diagnosis with VT. SVT may also be confused 
with sinus tachycardia, atrial flutter, and atrial fibrilla-
tion. In differentiating these rhythms, carotid sinus mas-
sage or edrophonium (5 to 10 mg IV) was traditionally 
used. More recently, adenosine (6 to 12 mg by IV bolus) 
has been used to slow the rate by transiently enhancing 
the normal degree of AV block or terminate the arrhyth-
mia.27 Esophageal electrocardiographic leads may also 
be helpful to better define atrial activity.28

 5.  Significance: PSVT can be observed in 5% of normal young 
adults and in patients with Wolff-Parkinson-White syn-
drome or other preexcitation syndromes. During anes-
thesia, PSVT accounts for up to 2.5% of all arrhythmias, 
and the arrhythmia has been associated with intrinsic 
heart disease, systemic illness, thyrotoxicosis, digitalis 
toxicity, pulmonary embolism, and pregnancy. When a 
patient is under anesthesia, PSVT can be precipitated by 
changes in the tone of the autonomic nervous system, 
by drug effects, or by intravascular volume shifts and can 
produce severe hemodynamic deterioration. Sometimes 
the PSVT may be associated with AV block because of the 
fast atrial rate and slow AV conduction. PSVT with 2:1 
block represents digitalis intoxication in many patients.

 6.  Treatment: Often, this arrhythmia must be treated 
because of its rapid rate and associated poor hemody-
namic function. One or several of the following treat-
ments can be undertaken:

 a.  Vagal maneuvers such as carotid sinus massage 
should only be applied to one side.29

 b.  Adenosine, which is the drug of choice, is given by 
6-mg rapid (2 seconds) IV bolus, preferably through 
an antecubital or central vein. If no response is 
elicited, the second and third doses of 12 to 18 mg of 
adenosine may be administered by rapid IV bolus.30

 c.  Verapamil (2.5 to 10 mg given IV) successfully 
terminates AV nodal reentry in approximately 90% 
of patients. This was the first drug of choice but is 
now the second choice.31

 d.  Amiodarone (150-mg infusion over 10 minutes for 
the loading dose) is a recent addition.32

 e.  Esmolol (1 mg/kg by bolus and 50 to 200 mg/kg/
min by infusion) has been shown to be effective.33

 f.  Edrophonium or neostigmine by IV bolus can be 
administered.34

 g.  Phenylephrine (100 μg by IV bolus) is administered 
if the patient is hypotensive.35

 h.  IV digitalization is performed with one of the short-
acting digitalis preparations: ouabain (0.25 to 0.5 
mg administered IV) or digoxin (0.5 to 1.0 mg 
administered IV, slow loading).36

 i.  Rapid overdrive pacing may be performed in an 
effort to capture the ectopic focus.36

 j.  Synchronized cardioversion may be performed with 
incremental doses of energy of 100, 200, 300, and 360 
J, preferably after light sedative premedication.37 
Electrode catheter ablation using radiofrequency 
energy has evolved as the definitive, long-term 
treatment for most persistent AV reentrant or focal 
atrial SVTs.38
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Figure 47-11. Major types of paroxysmal supraventricular 
tachycardia. A, Normal sinus rhythm. B, Atrial tachycardia 
(AT). A focus (X) outside the sinoatrial (SA) node auto-
matically fires off at a rapid rate. C, Atrioventricular (AV) 
nodal reentrant tachycardia (AVNRT). The cardiac stimulus 
originates as a wave of excitation that spins around the 
AV nodal (junctional) area. As a result, retrograde P waves 
may be buried in the QRS complex or appear immediately 
before or just after the QRS complex (arrows) because of 
nearly simultaneous activation of the atria and ventricles. 
D, A similar type of reentrant (circus-movement) mecha-
nism may occur with a bypass tract (BT) of the type found 
in Wolff- Parkinson-White syndrome. This mechanism is 
referred to as atrioventricular reentrant tachycardia (AVRT). 
The negative P wave is noted (arrow) in lead II, somewhat 
after the QRS complex. (With AVRT, the P wave in lead 
II may be negative or isoelectric.) (From Goldberger AL: 
Clinical electrocardiography: a simplified approach, ed 7.  
St. Louis, 2006, Mosby.)
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ATRIAL FLUTTER

Atrial flutter most commonly represents a macro-reentrant 
arrhythmia that circulates in a specific manner in the right 
atrium (i.e., counterclockwise rotation as viewed in the 
angiographic left anterior oblique view). Because atrial flut-
ter is associated with very fast HRs, it is usually accompa-
nied by AV block. Classic sawtooth flutter waves (F waves) 
are usually present (Fig. 47-12). The characteristics of atrial 
flutter are as follows:
  

 1.  HR: The atrial HR is 250 to 350 bpm with a ventricular 
rate of approximately 150 bpm (2:1 or 3:1 AV conduc-
tion block).

 2.  Rhythm: The atrial rhythm is regular. The ventricular 
rhythm may be regular if a fixed AV block is present or 
irregular if a variable block exists.

 3.  P/QRS: Usually, a 2:1 block exists with an atrial rate of 
300 bpm and a ventricular rate of 150 bpm, but the 
block may vary between 2:1 and 8:1. F waves are best 
observed in leads V1 and II and in the esophageal lead.
 4.  QRS complex: Is normal. T waves are lost in the F 
waves.

 5.  Significance: Atrial flutter usually indicates the pres-
ence of severe heart disease. It is recognized with 
increased incidence in patients with CAD, mitral valve 
disease, pulmonary embolism, hyperthyroidism, car-
diac trauma, cancers of the heart, and myocarditis.

 6.  Treatment: Pharmacologic or synchronized direct cur-
rent (DC) cardioversion, when indicated, should be 
performed only after careful consideration or evalua-
tion of a possible thromboembolic event.

The initial treatment should be to gain control of 
the ventricular response rate with agents that slow AV 
node conduction:

 a.  β-Adrenergic blockers such as IV esmolol (1 mg/kg 
by IV bolus) or propranolol

 b.  Calcium channel blockers such as verapamil (5 to 
10 mg given IV) or diltiazem39

β-Adrenergic blockers and calcium channel 
blockers are also effective as pharmacoprophylaxis 
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Figure 47-12. Atrial flutter and fibrillation. The “sawtooth” waves (F waves) are noted with atrial flutter and the irregular fibrillatory waves  
(f waves) with atrial fibrillation. (From Goldberger AL: Clinical electrocardiography: a simplified approach, ed 7. St. Louis, 2006, Mosby.)
for the prevention of postoperative atrial tachyar-
rhythmias after thoracic and cardiac surgery.40

If the ventricular response is excessively rapid or 
secondary hemodynamic instability is present, or 
both, then the following guidelines are used:

 a.  Synchronized DC cardioversion is indicated, 
starting with a relatively high energy of 100 J and 
gradually increasing to 360 J.

 b.  The class III antiarrhythmic agent ibutilide (Corvert, 
1 mg in 10 mL saline, or 5% dextrose in water 
(D5W), infused IV slowly over 10 minutes) has 
been documented to convert atrial flutter to sinus 
rhythm in most patients with relatively new-onset 
atrial flutter41 and may be repeated once. Although 
it is highly effective, life-threatening torsade de 
pointes (discussed later in this chapter) may occur 
hours after ibutilide administration, making 4- to 
8-hour monitoring after treatment highly desirable.

 c.  Procainamide (5 to 10 mg/kg for the IV loading 
dose, infused no faster than 0.5 mg/kg/min) may 
rarely be used in an attempt to restore sinus rhythm 
after the ventricular response has been adequately 
controlled.42

ATRIAL FIBRILLATION

Atrial fibrillation is an excessively rapid and irregular atrial 
focus with no P waves appearing on the ECG; instead, a 
fine fibrillatory activity is seen (F waves, see Fig. 47-12) 
and is the most irregular rhythm; it is called irregularly 
irregular and may be associated with a pulse deficit. The 
characteristics are as follows:
  

 1.  HR: The atrial rate is 350 to 500 bpm, and the ventricu-
lar rate is 60 to 170 bpm.

 2.  Rhythm: Is irregularly irregular.
 3.  P/QRS: The P wave is absent and replaced by F waves or 

no obvious atrial activity.
 4.  QRS complex: Is normal.
 5.  Significance: The causes of atrial fibrillation are similar 
to those of atrial flutter. This rhythm is often associated 
with significant cardiac disease; however, idiopathic 
lone paroxysmal atrial fibrillation has become increas-
ingly recognized. The clinical significance and treat-
ment of atrial fibrillation are also similar to those of 
atrial flutter, except for two important considerations. 
The loss of an atrial kick from inefficient contraction 
of the atria may reduce ventricular filling and may sig-
nificantly compromise cardiac output. After 24 hours, 
atrial fibrillation may be associated with the develop-
ment of atrial thrombi, with resultant pulmonary and 
systemic embolization.

Atrial fibrillation is the most common postoperative 
arrhythmia with significant consequences on patient 
health. Postoperative atrial fibrillation complicates 
up to 8% of all noncardiac surgeries, between 3% and 
30% of noncardiac thoracic surgeries, and between 
16% and 46% of cardiac surgeries. It has been associ-
ated with increased morbidity; mortality; and longer, 
more costly hospital stays. Several epidemiologic and 
intraoperative factors, as well as the presence of pre-
existing cardiovascular and pulmonary disorders, may 
affect the risk of atrial fibrillation after cardiac and 
noncardiac surgeries. It is typically a transient, revers-
ible phenomenon that may develop in patients who 
possess an electrophysiologic substrate for the arrhyth-
mia that is present before or as a result of surgery. The 
efficacy of β-adrenergic blockers in postoperative atrial 
fibrillation prevention is well documented. Periopera-
tive amiodarone, sotalol, nondihydropyridine calcium 
channel blockers, and magnesium sulfate can reduce 
the occurrence of atrial fibrillation.43

 6.  Treatment:
 a.  Acute atrial fibrillation: The treatment of acute 

atrial fibrillation is similar to that for atrial flutter. 
More attention should be focused on ventricular 
response, especially with the administration of IV 
diltiazem or esmolol. Ibutilide may restore sinus 
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rhythm, but it is less effective than in the treatment 
of flutter. Synchronized DC cardioversion should 
be used in patients with pronounced hemodynamic 
instability. However, if fibrillation is present for 
longer than 48 hours, then attempts to restore sinus 
rhythm may be associated with a heightened risk 
of thromboembolism. In this setting, for a patient 
with normal coagulation function, adequate 
anticoagulation for 3 to 4 weeks should be considered 
before attempting to restore sinus rhythm. New 
developments in electrophysiologic techniques 
for ventricular defibrillation with biphasic current 
shocks have shown superiority to the conventional 
monophasic current techniques (discussed later 
in this chapter). However, data regarding biphasic 
shocks for conversion of atrial fibrillation are still 
emerging. A randomized, double-blind, multicenter 
trial by the BiCard Investigators44 demonstrated that 
for the cardioversion of atrial fibrillation, a biphasic 
shock waveform has greater efficacy, requires fewer 
shocks and lower delivered energy, and results 
in less dermal injury than a monophasic shock 
waveform. These results mirror those observed in 
the ventricular fibrillation trials.

 b.  Long-term therapy: Long-term therapy of atrial 
fibrillation varies and depends on factors such as 
whether the arrhythmia is constant or paroxysmal, 
the nature of the underlying heart disease, and 
the state of ventricular function or hemodynamic 
stability or reserve. In the older individual or in the 
setting of specific risk factors (e.g., hypertension, 
diabetes mellitus, severe LV systolic dysfunction), 
anticoagulation with warfarin should be strongly 
considered. When control of ventricular response 
is difficult with standard drugs (e.g., β-adrenergic 
blockers, calcium channel blockers, digitalis), 
electrode catheter ablation of the AV junction and 
permanent pacemaker insertion are sometimes 
used. Another treatment option for chronic or 
recurrent atrial fibrillation is the Maze procedure, 
often performed during cardiac surgery with 
cardiopulmonary bypass. During this procedure, a 
number of incisions or scars are made by means of 
radiofrequency, freezing, or microwaves on the left 
and right atrium, resulting in a disruption of the 
abnormal electrical pathways from the sinus node 
to the AV node. The scar tissue also prevents erratic 
electrical signals from recurring. In the absence of 
CAD or significant LV systolic dysfunction, class Ic 
antiarrhythmic agents (e.g., flecainide, propafenone) 
have become the agents of choice.45 The use of class  
Ia drugs (e.g., quinidine, procainamide, disop-
yramide) has sharply diminished because of concerns 
about their significant proarrhythmic function 
and their systemic and organ side effects. The use 
of antiarrhythmic drugs that block repolarizing 
potassium currents (e.g., sotalol,46 amiodarone47) 
has gained popularity for the suppression of atrial 
fibrillation in individuals with significant structural 
heart disease. Sotalol, however, has a much lower 
efficiency of converting atrial fibrillation than the 
class Ic agents. New class III agents show good 
efficacy in converting atrial fibrillation. Ibutilide 
converts rapidly, can be effective in up to 50% of 
patients,48 and is more effective than sotalol or 
procainamide. Nevertheless, all these drugs also 
exhibit significant proarrhythmic properties.

JUNCTIONAL RHYTHMS

The AV node itself shows no intrinsic phase 4 depolariza-
tion. Cells in the node cannot act as pacemakers. Ectopic 
activity, however, may be initiated from sites just above 
and below the AV node. Considering these arrhythmias 
as AV junctional in nature makes sense. The resultant P 
wave is abnormal and, depending on the position of the 
ectopic pacemaker, may be close to, buried in, or after 
the QRS complex. Depending on the rate of fire of the 
ectopic pacemaker, the resultant rhythm is nodal prema-
ture, nodal quadrigeminy, trigeminy, or bigeminy, nodal 
rhythm, or nodal tachycardia. The characteristics of junc-
tional rhythms are as follows:
  

 1.  HR: Is variable, between 40 and 180 bpm (i.e., nodal 
bradycardia to junctional tachycardia).

 2.  Rhythm: Is regular.
 3.  P/QRS: The ratio is 1:1 but, three varieties have been 

identified:
 a.  High-nodal rhythm: The impulse reaches the 

atrium before the ventricle; the P wave therefore 
precedes the QRS but has a shortened PR interval 
(0.1 second).

 b.  Mid-nodal rhythm: The impulse reaches the atrium 
and the ventricle at the same time. The P wave is 
lost in the QRS complex.

 c.  Low-nodal rhythm: The impulse reaches the ventricle 
first and then the atrium; therefore, the P wave follows 
the QRS complex.

 4.  QRS complex: Is normal, unless altered by the P wave.
 5.  Significance: Junctional rhythms are common in 

patients under anesthesia (approximately 20%) espe-
cially with volatile anesthetic agents. The junctional 
rhythms frequently decrease blood pressure and car-
diac output by approximately 15%, but they can 
decrease it up to 30% in patients with heart disease.49

 6.  Treatment: Usually, no treatment is required, and the 
rhythm spontaneously reverts. If hypotension and poor 
perfusion are associated with the rhythm, then treat-
ment is indicated. Atropine, ephedrine, or isoproterenol 
can increase the activity of the SA node and take over as 
the pacemaker. Dual-chamber electrical pacing at a rate 
faster than a slow nodal rhythm is another option.

VENTRICULAR PREMATURE BEATS

VPBs result from ectopic pacemaker activity arising below 
the AV junction. The VPB originates in and spreads 
through the myocardium or ventricular conducting sys-
tem, resulting in a wide (>0.12 second) and bizarre QRS 
complex. The ST segment usually slopes in the direction 
opposite to that of the main deflection of the QRS com-
plex. No P wave is associated with a VPB, but retrograde 
depolarization of the atria or blocked sinus beats may 
obscure the diagnosis.
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The most important entity in the differential diagnosis 
is APB with aberrant ventricular conduction. The distinc-
tion should be made whenever possible.

Although an APB normally reaches the SA node and 
resets the sinus rhythm, such an occurrence is rare when 
the ectopic pacemaker is in the ventricle. A VPB often 
blocks the next depolarization from the SA node, but the 
following sinus beat occurs on time. The result is a com-
pensatory pause, consisting of the interval from the VPB 
to the expected normal QRS, which is blocked at the AV 
node, plus a normal sinus interval.

VPBs are common during anesthesia, accounting for 
15% of observed arrhythmias. They are significantly more 
common in anesthetized patients with preexisting car-
diac disease. Other than heart disease, known etiologic 
factors include electrolyte and blood gas abnormalities, 
drug interactions, brainstem stimulation, and trauma to 
the heart. The characteristics of VPBs are as follows:
  

 1.  HR: Depends on the underlying sinus rate and fre-
quency of the VPBs.

 2.  Rhythm: Is irregular.
 3.  P/QRS: No P wave is associated with VPBs.
 4.  QRS complex: Is wide and bizarre, with a width of 

more than 0.12 second. If it is of an RBBB nature, then 
prominent R forces are present in V1. If it is a LBBB in 
appearance, then notching of the S wave and less acute 
downslopes are common.

 5.  Significance: The new onset of VPBs must be consid-
ered a potentially serious event because, in certain 
clinical situations, the arrhythmia may progress to VT 
or ventricular fibrillation. These situations include cor-
onary artery insufficiency, MI, digitalis toxicity with 
hypokalemia, and hypoxemia. VPBs are more likely 
to lead to fibrillation if they are multiple, multifocal, 
or bigeminal; occur near the vulnerable period of the 
preceding ventricular repolarization (i.e., R-on-T phe-
nomenon)50; or appear in short-long-short coupling 
sequences.

 6.  Treatment: In most patients, VPBs (occurring as sin-
gle, bigeminy, or trigeminy but excluding nonsus-
tained VT) do not need to be treated, particularly if 
the patient does not have an acute coronary syndrome 
(ACS); but the presence of symptoms attributable to 
VPBs usually dictates the treatment. The first step in 
treatment is to correct any underlying abnormalities 
such as decreased serum potassium or low arterial oxy-
gen tension. If the arrhythmia is of hemodynamic sig-
nificance or if it is believed to be a harbinger of worse 
arrhythmias, then lidocaine is usually the treatment of 
choice, with an initial bolus dose of 1.5 mg/kg. Recur-
rent VPBs can be treated with a lidocaine infusion of 1 
to 4 mg/min; additional therapy can be supplied with 
esmolol, propranolol, procainamide, quinidine, diso-
pyramide, atropine, verapamil, or overdrive pacing.

VENTRICULAR TACHYCARDIA

The presence of three or more sequential VPBs defines VT 
(Fig. 47-13). Diagnostic criteria include the presence of 
fusion beats, capture beats, and AV dissociation. The spe-
cific morphologic appearance of the QRS complex may 
also be helpful in distinguishing VT from other arrhyth-
mias. VT is classified by its duration and morphologic 
appearance. In duration, nonsustained VT lasts three 
beats and up to 30 seconds, and sustained VT lasts 30 sec-
onds or longer. With monomorphic form, all complexes 
have the same pattern, and with polymorphic form, com-
plexes constantly change patterns. Polymorphic VT with 
a long QTc is also called torsade de pointes. The character-
istics of VT are as follows:
  

 1.  HR: Is 100 to 200 bpm.
 2.  Rhythm: Is usually regular but may be irregular if the 

VT is paroxysmal.
 3.  P/QRS: No fixed relationship exists because the VT is a 

form of AV dissociation in which the P waves can be 
observed marching through the QRS complex.

 4.  QRS complex: Is wide, more than 0.12 second in width, 
with similar morphologic criteria in lead V1 as for VPB.

 5.  Significance: Acute onset is life threatening and 
requires immediate treatment.

 6.  Treatment: If the patient is hemodynamically stable, 
then amiodarone, administered in one or more doses 
of 150 mg given IV in 100 mL saline or D5W over 10 
minutes, followed by an IV infusion of 1 mg/min for  
6 hours and 0.5 mg/min thereafter, is the recommended 
current treatment (maximum IV dose 2.2 g/24 hr). 
Although amiodarone produces less hypotension, com-
pared with bretylium, hypotension and bradycardia 
are its main side effects. Amiodarone’s pharmacologic 
effects persist for longer than 45 days. Lidocaine and 
procainamide have been used in the past with varying 
degrees of success to treat VT. Synchronized cardiover-
sion is the indicated nonpharmacologic intervention 
in any wide complex tachycardia, whether monomor-
phic VT or a wide-complex SVT. Polymorphic VT with 
a normal QT interval is treated with amiodarone and 
cardioversion. Metabolic abnormalities and drug tox-
icity must be considered and treated. Polymorphic VT 
with prolonged QT interval is a more serious rhythm 
disturbance, and the recommended current treatment 
is IV infusion of 1 g of magnesium over 2 to 3 minutes.  
Precipitating metabolic or toxic causes should be  
treated. Overdrive pacing may also be helpful in this 
setting.

VENTRICULAR FIBRILLATION

Ventricular fibrillation is an irregular rhythm that results 
from a rapid discharge of impulses from one or more ven-
tricular foci or from multiple wandering reentrant circuits 
in the ventricles (Fig. 47-14). The ventricular contractions 
are erratic and are represented on the ECG by bizarre pat-
terns of various sizes and configurations. P waves are not 
seen. Important causes of the arrhythmia include myo-
cardial ischemia, hypoxia, hypothermia, electric shock, 
electrolyte imbalance, and drug effects. The characteris-
tics of ventricular fibrillation are as follows:
  

 1.  HR: Is rapid and grossly disorganized.
 2.  Rhythm: Is totally irregular.
 3.  P/QRS: No relationship is seen.
 4.  QRS complex: Is not present.
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Monitor - continuous strip

Paroxysmal nonsustained ventricular tachycardia

Figure 47-13. Short bursts of ventricular tachycardia. (From Goldberger AL: Clinical electrocardiography: a simplified approach, ed 7. St. Louis, 
2006, Mosby.)

Coarse VF Fine VF Coarse VF

Ventricular fibrillation

Figure 47-14. Ventricular fibrillation (VF) in the form of coarse and fine waves. (From Goldberger AL: Clinical electrocardiography: a simplified 
approach, ed 7. St. Louis, 2006, Mosby.)
 5.  Significance: No effective cardiac output exists, and 
artificial means, such as external cardiac massage, 
must be used to sustain life.

 6.  Treatment: Cardiopulmonary resuscitation must be 
immediately initiated, and then defibrillation must be 
performed as rapidly as possible. Asynchronous exter-
nal defibrillation should be performed with a DC defi-
brillator, using incremental energies in the range of 200 
to 360 J. The introduction of the biphasic (and rectilin-
ear) transthoracic shocks has reduced the energy levels 
required and increased the efficacy of ventricular defi-
brillation. In a prospective, randomized, multicenter 
trial conducted by the ZOLL Investigators,51,52 120 J of 
biphasic current was superior to 200 J of monophasic 
current, especially in patients with increased chest wall 
impedance.

Early administration of 1 g of magnesium sulfate 
may facilitate defibrillation. In some instances, epi-
nephrine has been used to coarsen the fibrillation just 
before and to facilitate defibrillation. Vasopressin has 
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been added as a drug for the treatment of ventricu-
lar fibrillation. The vasopressin dose is a single 40-unit 
IV bolus. If elected, subsequent administration of epi-
nephrine should not be sooner than 5 minutes after 
vasopressin. Supportive pharmacologic therapy may 
include lidocaine, amiodarone, bretylium, procain-
amide, phenytoin, or esmolol.

Torsade de pointes, which may mimic ventricular 
fibrillation, is a life-threatening arrhythmia that occurs 
in the presence of disturbed repolarization; hence, its 
association with prolonged QT interval.53 Discontinu-
ation of drugs that predispose to QT-interval prolon-
gation and correction of electrolyte abnormalities are 
essential in the treatment of torsades de pointes. Acute 
therapy may include defibrillation, 1 to 2 g of IV mag-
nesium sulfate, IV amiodarone, IV isoproterenol, and 
overdrive pacing.54

CONDUCTION DEFECTS

Conduction defects are most often chronic, are present 
on the patient’s preoperative ECG, and represent the 
patient’s underlying disease state of the myocardium or 
conduction system. However, conduction defects may be 
observed for the first time during surgery and anesthesia. 
They can occur as a result of simple manipulation, such as 
the passage of a pulmonary artery catheter through the 
right ventricle, but they can also be a manifestation of 
myocardial ischemia. Because high-grade conduction 
defects (i.e., second- and third-degree AV blocks) often 
have deleterious effects on hemodynamic performance, 
their intraoperative recognition is important.

Three types of conduction system blocks are possible: 
SA block, AV heart block, and intraventricular conduc-
tion block. The bundle of His ECG used by cardiologists 
has greatly improved the understanding of conduction 
through the heart. In SA block, the block occurs at the 
sinus node. Because atrial excitation is not initiated,  
P waves are not found on the ECG. The next beat can be 
a normal sinus beat, a nodal escape beat, or a ventricular 
escape beat.

The second type of heart block is an AV heart block, 
or AV block, which may be incomplete or complete. 
First- and second-degree AV blocks are usually considered 
incomplete, whereas a third-degree AV block is consid-
ered to be complete heart block. First-degree AV block 
is often found in healthy hearts, in addition to CAD or 
the administration of digitalis. It is characterized by a 
PR interval longer than 0.21 second. All atrial impulses 
progress through the AV node to the Purkinje system. 
This form of heart block ordinarily requires no treatment. 
 Second-degree AV block is associated with the conduction 
of some of the atrial impulses to the AV node and into the 
Purkinje system. It is further subdivided into two specific 
types. Mobitz type I block, or Wenckebach block, is char-
acterized by progressive lengthening of the PR interval 
until an impulse is not conducted and the beat is dropped 
(Fig. 47-15). This form of block is relatively benign and 
often reversible, and it does not require a pacemaker. It 
may be caused by digitalis toxicity or MI and is usually 
transient. Mobitz type I block reflects disease of the AV 
node.

The other form of second-degree heart block is Mobitz 
type II block, which may reflect disease of the bundle of 
His and Purkinje tissues, especially when the QRS com-
plex is broad. In this type, the less common and more 
serious form of second-degree heart block, dropped beats 
occur without any progressive lengthening of the PR 
interval (Fig. 47-16). This type of block has a serious prog-
nosis because it frequently progresses to complete heart 
block and may require pacemaker insertion before major 
surgical procedures.

Third-degree AV block, also called complete heart block, 
occurs when all electrical activity from the atria fails to 
progress into the Purkinje system. The atrial and ventric-
ular contractions have no relationship with each other, 
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Mobitz type I (Wenckebach) second-degree AV block

Figure 47-15. Mobitz type I (Wenckebach) block produces a characteristically syncopated rhythm with grouping of the QRS complexes (group 
beating). The progressive increase in PR intervals is noted with the third sinus P wave in each sequence not followed by a QRS complex. (From 
Goldberger AL: Clinical electrocardiography: a simplified approach, ed 7. St. Louis, 2006, Mosby.)
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Figure 47-16. Mobitz type II atrioventricular block. The PR intervals remain constant as long as the QRS complex is not dropped, unlike in Mobitz 
type I. (From Goldberger AL: Clinical electrocardiography: a simplified approach, ed 7. St. Louis, 2006, Mosby.)
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although each chamber regularly contracts. The ventricu-
lar rate is approximately 40 bpm. The QRS complex may 
be normal if the pacemaker site is in the AV node, but it 
is usually widened to longer than 0.12 second when the 
pacemaker site is located in the ventricle (Fig. 47-17). The 
HR is usually too slow to maintain adequate cardiac out-
put, and syncope or Adams-Stokes syndrome may occur, 
as well as heart failure. These patients usually require 
insertion of a transvenous endocardial or epicardial pace-
maker to increase their HR and cardiac output.

Intraventricular Blocks
Under normal conditions, activation of the left ven-
tricle spreads simultaneously through both left anterior 
and left posterior fascicles. Blockage or even a modest 
delay in conduction in one of these fascicles results in a 
sequential rather than the simultaneous activation of the 
corresponding sites, producing characteristic abnormal 
ECG patterns (Fig. 47-18).

Left Anterior fAscicuLAr BLock. The left bundle branch 
of the bundle of His itself bifurcates distally into two fas-
cicles, the anterior and the posterior. A left anterior fas-
cicular block (LAFB) is relatively common as a result of the 
delicate structure of the left fascicle. It causes delayed acti-
vation of the anterosuperior LV wall and is characterized 
by pronounced (−45° to −90°) left axis deviation. LAFB 
may occur in persons without overt cardiac disease but is 
mainly found in patients with a wide range of myocardial 
and conduction system diseases, such as CAD or LVH. It 
has minimal and no independent prognostic significance.

Left Posterior fAscicuLAr BLock. A left posterior fascic-
ular block (LPFB) is considerably less common than the 
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Third-degree (complete) AV block

Figure 47-17. Complete heart block with underlying sinus rhythm is characterized by independent atrial (P) and ventricular (QRS complex) 
activity. The atrial rate is almost always faster than the ventricular rate. The PR intervals are completely variable. (From Goldberger AL: Clinical elec-
trocardiography: a simplified approach, ed 7. St. Louis, 2006, Mosby.)
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Figure 47-18. Diagrammatic representation of fascicular blocks in the left ventricle. Interruption of the left anterior fascicle (LAF) (left) results in 
an initial inferior (1) followed by a dominant superior (2) direction of activation (negative in II and positive in I and aVL). Interruption of the left 
posterior fascicle (LPF) (right) results in an initial superior (1) followed by a dominant inferior (2) direction of activation (negative in I and positive 
in II and III). AVN, Atrioventricular node; HB, His bundle; LB, left bundle; RB, right bundle. (Courtesy of Fisch C from Zipes DP, Libby P, Bonow R, 
Braunwald E: Braunwald’s heart disease: a textbook of cardiovascular medicine, ed 7. Philadelphia, 2005, Saunders.)
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Figure 47-19. Left bundle branch block with its characteristic wide QS complex is noted in lead V1 and the wide R wave in lead V6 with slight 
notching at the peak. The inverted T waves in leads V5 and V6 (secondary T-wave inversions) are also characteristic of left bundle branch block. 
AV, Atrioventricular; LBB, left bundle branch; RBB, right bundle branch. (From Goldberger AL: Clinical electrocardiography: a simplified approach, 
ed 7. St. Louis, 2006, Mosby.)
anterior fascicular block because of the thicker structure 
of the right fascicle. It is also at a less vulnerable location 
near the LV inflow tract. LPFB results in delayed activa-
tion of the inferoposterior aspect of the left ventricle, 
and the ECG features of LPFB are pronounced right axis 
deviation (>120 degrees). LPFB can occur in patients with 
almost any cardiac disease but is unusual in otherwise 
healthy people. As in the case of LAFB, the overall QRS 
duration remains normal (<120 msec).

Left BundLe BrAnch BLock. LBBB is caused by a seri-
ous delay or block of the main left bundle branch  
or in both of its two fascicles. This block results in a 
prolonged QRS duration, abnormal QRS complex, and 
ST-T wave abnormalities. A basic requirement is QRS 
duration ≥120 msec (Fig. 47-19). A broad, sometimes 
notched R wave is evident in the left-sided leads (I, 
aVl V5, and V6) with deep S waves in the right pre-
cordial leads and absent septal Q waves. The QRS axis 
is highly variable. It can be normal or deviated to the 
left or even to the right. The ST-T waves are usually dis-
cordant with the direction of the QRS complex. LBBB 
is an ominous prognostic sign and has associated sur-
vival rates as low as 50%, probably reflecting the sever-
ity of the underlying cardiac disease. The QRS duration 
inversely correlates with LV ejection fraction and is one 
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of the criteria of current ventricular resynchronization 
therapy (biventricular pacing).

LBBB obscures or simulates other ECG patterns. In the 
presence of LBBB, the diagnosis of LVH, acute ischemia, 
or myocardial infarction may be difficult or impossible.

right BundLe BrAnch BLock. A conduction delay any-
where in the right-sided intraventricular conduction 
system causes an RBBB. The high prevalence of RBBB 
corresponds to the relative fragility of the right bundle 
branch, as suggested by the development of RBBB after 
minor trauma produced by right ventricular catheteriza-
tion. The ECG manifestation of RBBB is prominent, and 
notched R waves with rsr’, rsR’, or rSR’ on the right-sided 
leads and wide S waves on left-sided leads, along with QRS 
prolongation (≥120 msec), are evident. If the QRS dura-
tion is not prolonged, then this block is termed incomplete 
RBBB. As with LBBB, the ST-T waves are discordant with 
the QRS complex (Fig. 47-20).

RBBB is common in the general healthy population 
without clinical evidence of structural heart disease and 
has no prognostic significance in this group. However, 
in patients with organic heart disease, the new onset of 
RBBB predicts a higher rate of CAD, congestive heart fail-
ure, and mortality.

Trifascicular blocks usually consist of one of the forego-
ing bilateral bundle branch blocks (i.e., RBBB plus a LAFB 
or LPFB) in addition to a prolonged PR interval. Bundle 
of His ECGs are necessary to determine whether the AV 
conduction disturbance is localized in the AV node or 
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Figure 47-20. QRST changes in left bundle branch block (LBBB) are 
compared with the right bundle branch block (RBBB). (From Zipes DP, 
Libby P, Bonow R, Braunwald E: Braunwald’s heart disease: a textbook of 
cardiovascular medicine, ed 7. Philadelphia, 2005, Saunders; and from 
Goldberger AL: Clinical electrocardiography: a simplified approach,  
ed 7. St. Louis, 2006, Mosby.)
whether it is distal, possibly representing an incomplete 
fascicular block in the last remaining fascicle.

REAL-TIME MYOCARDIAL ISCHEMIA 
MONITORING

Real-time ST-segment analysis first appeared in cardiac 
monitoring in the mid-1980s, and currently this feature is 
the standard in most ECG monitors. On some monitors, 
the ST-segment analysis is set up to turn on automatically 
when a five-electrode system is used. Unfortunately, how-
ever, anesthesiologists mainly use the five-electrode mon-
itoring system with automatic ST-segment analysis in the 
surgical unit during surgery, but ST-segment monitoring 
is widely underused postoperatively in the postanesthe-
sia care unit or ICU. A recent study has shown that even 
among coronary care units, less than 50% routinely use 
ST-segment monitoring for the detection of myocardial 
ischemia in patients admitted with ACSs.55 Chief among 
the reasons for the underuse of ST-segment analysis are 
the frequent number of false alarms, the lack of education 
on how to use the technology, and the lack of knowl-
edge of what to do in response to ST-segment alarms. In 
addition, no evidence exists as to whether the addition of 
computerized ST-segment ischemia monitoring improves 
patient outcomes in patients with ACSs or in patients 
after surgery.

Technically, the algorithm for ST-segment analysis is 
relatively simple. The computer determines in each ECG 
lead the voltage of the ST segment at 60 or 80 msec after 
the J point (termed as J+60 or J+80 msec) and compares 
it with the isoelectric point normally measured during 
the PR interval. One millimeter of ST-segment devia-
tion is equivalent to a 100-mV difference. The changes 
in ST-segment level over time in each lead are displayed 
as ST-segment trends. Consequently, to overcome prob-
lems of noise and artifacts, most monitors use filters to 
exclude erroneous or abnormal ECG beats. Averaging 
processes are then used to calculate the mean ST-segment 
level over a period of 8 to 15 beats. Current monitors are 
trained to detect the J point automatically and calculate 
the J+60 msec ST-segment level. However, they also allow 
the operator to adjust manually the J-point and the ST-
segment measurement point in patients with abnormal 
ECG patterns.

One major advantage of continuous ST-segment 
monitoring, compared with serial 12-lead ECGs, is that 
the electrodes stay in place and do not vary as standard 
12-lead ECGs may do between different measuring ses-
sions. However, for improved diagnostic accuracy of 
ST-segment monitoring, the following points should be 
recognized:
  

 1.  Changes in body position may cause ST-segment 
changes and lead to false ST-segment alarms. However, 
changes in QRS complex almost always accompany 
these positional ST-segment changes and therefore can 
be easily distinguished from true ST-segment devia-
tions. In addition, returning the patient to the supine 
position may help distinguish true from positional ST-
segment deviation. Changes in position of the heart in 
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the mediastinum have also shown to affect the ST seg-
ment. Mark and associates56 observed that placement 
of a sternal retractor during cardiac surgery was associ-
ated with a reduction in V5 R-wave amplitude. Simulta-
neously, V5 S-wave amplitude and absolute ST-segment 
deviation were reduced. These investigators concluded 
that inclusion of an R-wave gain factor might improve 
perioperative ECG ischemia monitoring.

 2.  Many patients with CAD do not have perfectly iso-
electric ST segments. Early repolarization (a normal 
variant), intraventricular conduction delays, ventricu-
lar hypertrophy, digitalis, and nonspecific ST-T wave 
abnormalities may cause baseline ST-segment abnor-
malities. Therefore, tailoring the ST-segment alarm 
parameters to the patient’s baseline ST-segment level is 
important. Many current cardiac monitors with ST-seg-
ment monitoring software allow clinicians to set alarm 
parameters manually. If alarm parameters are set 1 to 
2 mm around the isoelectric (0 mV) line rather than 
at the patient’s baseline ST-segment level, then false 
alarms will frequently occur. Alarm parameters should 
be set 1 mm above and below the baseline ST-segment 
level in patients at high risk for ischemia. It should also 
be remembered that underlying ECG abnormalities 
might hinder ST-segment analysis in approximately 
10% of the patients. These abnormalities include 
hypokalemia, digitalis, LBBB, Wolff- Parkinson-White 
syndrome, LVH with strain, and acute pericarditis. In 
these patients, other modalities for diagnosis of myo-
cardial ischemia, such as transesophageal echocardiog-
raphy, may be considered.

 3.  Most cardiac monitors with ST-segment monitoring 
software provide displays of ST-segment trends in a 
single lead or summated leads. Although such graphic 
trends are convenient for the quick identification of 
potential ischemic events, printing the ECG tracing 
in question to confirm that the ST-segment changes 
are the result of ischemia rather than of a transient 
arrhythmia (e.g., accelerated ventricular rhythm, new 
bundle branch block) is also of paramount importance.

ELECTROCARDIOGRAPHIC CRITERIA  
FOR ACUTE MYOCARDIAL ISCHEMIA

ST-DEPRESSION–TYPE ISCHEMIA

The ECG criteria most accepted for detecting myocar-
dial ischemia on continuous ECG monitoring are those 
established and validated during exercise stress testing.57 
During stress testing and with acute subendocardial 
ischemia, the electrical forces responsible for the ST seg-
ment are deviated toward the inner layer of the heart, 
causing ST-segment depression (Fig. 47-21). With acute 
transmural (epicardial) ischemia, the electrical forces in 
the ischemic area are deviated toward the outer layer of 
the heart, causing ST-segment elevation in the overlying 
leads (see Fig. 47-5). As the HR increases, J-point or junc-
tional up-sloping depression normally occurs. In patients 
with myocardial ischemia, however, the ST segment typi-
cally becomes horizontal (flattens) as the severity of isch-
emia increases. With progressive exercise or tachycardia 
during ischemia, the ST-segment depression may worsen; 
the ST segment may become down-sloping, even caus-
ing T-wave inversion in more than one ECG lead; and 
the patient may develop angina (Fig. 47-22). In approxi-
mately 10% of patients, especially those who are asymp-
tomatic, ischemia may appear only in the recovery phase 
after exercise.

The criteria established for stress-induced ischemia 
are 1 mm (0.1 mV) or more of horizontal or down-slop-
ing ST-segment depression measured 60 to 80 msec after 
the J point in at least three consecutive beats with a sta-
ble baseline. As previously mentioned, the ST- segment 
depression may be accompanied by T-wave flattening 
or inversion. Junctional or J-point depression is normal 
during exercise. In addition, a rapidly up-sloping ST seg-
ment (>1 mV/sec) that is also depressed less than 0.15 mV 
(1.5 mm) is considered normal. In patients with slowly 
up-sloping ST-segment depression in which the ST seg-
ment is depressed 0.15 mV (1.5 mm) or more at J+80 msec, 
the slowly up-sloping ST-segment depression may sig-
nify CAD.

Some patients have preexisting ST-segment abnormali-
ties from a previous MI, bundle branch blocks, or LVH 
that make ST-segment interpretation more difficult. In 
these patients, additional horizontal or down-sloping ST-
segment depression of 1 mm or greater from baseline is 
required to be considered as myocardial ischemia. Causes 
of ST-segment changes other than myocardial ischemia 
include drugs (most notably digitalis), temperature 
changes, hyperventilation, and position changes. The 
distribution of ST-depression–type ischemia correlates 
poorly with the specific location of CAD.

J point

0.08 seconds

Baseline

ST-segment
depression

Figure 47-21. A demonstration of how the ST-segment deviation is 
measured at 80 msec after the J point (J+80 msec) is illustrated.

A B C
Figure 47-22. Horizontal ST depression (A) and down-sloping (B) ST 
depression are indicative of myocardial ischemia. Up-sloping ST depres-
sion (C) may be a normal finding.
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ST-SEGMENT ELEVATION–TYPE ISCHEMIA

ST-segment elevation in a non–Q-wave lead is extremely 
uncommon during stress testing, occurring in approxi-
mately 1% of patients with CAD, and suggests transmu-
ral myocardial ischemia caused by coronary vasospasm 
or a high-grade coronary narrowing. The ECG site of ST-
segment elevation is relatively specific for the myocar-
dial territory involved, in contrast to ST-depression–type 
ischemia. ST-segment elevation occurring during exercise 
testing in ECG leads with pathologic Q-waves does not 
indicate myocardial ischemia, but it does correlate with 
reduced LV function and a worse prognosis.

T-WAVE CHANGES

Body position, respiration, hyperventilation, and drug 
therapy, as well as myocardial ischemia or necrosis, 
largely influence T-wave morphologic appearance. There-
fore, T-wave changes not accompanied by significant ST-
segment displacement rarely signify myocardial ischemia. 
Pseudonormalization of T waves (i.e., inverted at rest, 
becoming upright during exercise) may, in rare instances, 
be a marker for myocardial ischemia.

In a meta-analysis that included 147 reports of patients 
who underwent both angiography and exercise test-
ing, the sensitivity and specificity of the exercise ECG 
stress test for the detection of CAD were 68% and 77%, 
respectively.58

ELECTROCARDIOGRAPHIC LEAD 
SENSITIVITY FOR DETECTING 
PERIOPERATIVE MYOCARDIAL ISCHEMIA

During the perioperative period, ECG monitoring most 
commonly identifies stress-induced, ST-depression–type 
ischemia. Such ECG changes do not provide information 
about the location of the ischemic myocardial area. In 
contrast, ST-segment elevation indicating transmural isch-
emia, observed particularly during cardiac surgery, pro-
vides useful information about the myocardial segment 
and coronary perfusion territory responsible for the isch-
emic episode. Because the majority of modern patient-
monitoring systems do not simultaneously monitor all 
12 ECG leads, selecting which chest leads to monitor is 
of great importance, particularly in noncardiac surgery. 
During exercise stress testing, investigators have identi-
fied leads V4 and V5 as the most sensitive leads to detect 
exercise-induced ischemia (90% to 100% sensitivity).59 
London and colleagues60 studied high-risk patients under-
going noncardiac surgery and showed that the greatest 
sensitivity for ischemia was obtained with lead V5 (75%), 
followed by lead V4 (61%). Combining leads V4 and V5 
increased the sensitivity to 90%, whereas with the stan-
dard lead II and V5 combination, the sensitivity was only 
80%. They also suggested that if three leads (II, V4, and V5) 
could be simultaneously examined, the sensitivity would 
increase to 98%. More recently, Landesberg and associ-
ates61 monitored continuous 12-lead ST-segment changes 
greater than 0.2 mV from baseline in a single lead or more 
than 0.1 mV in two contiguous leads at J+60 msec, lasting 
longer than 10 minutes in patients undergoing major 
vascular surgery. Troponins were used as markers for MI. 
They showed that, in fact, leads V3 and V4 were more sen-
sitive than V5 in detecting perioperative ischemia (87%, 
79%, and 66%, respectively). Among patients who experi-
enced an MI, V4 was most sensitive for ischemia (83.3%), 
followed by V3 and V5 (75% each). Combined monitoring 
of two of these leads (V3 and V5) increased the sensitivity 
to approximately 97%.64 The baseline, preanesthesia ST 
segment was above the isoelectric point in V1 through V3 
and below the isoelectric point in V5 through V6. Lead V4 
was closest to the isoelectric level on the baseline ECG, 
rendering it most suitable for detecting ischemia. Lead V4 
also detected ischemia earlier and showed a greater ST-
segment deviation. Martinez and colleagues,62 who also 
used the same method to monitor postoperative ischemia 
in patients in the ICU after major vascular surgery, cor-
roborated these main findings.

For patients with AVSs (i.e., those with atherosclerotic 
plaque disruption), monitoring limb lead III and leads V3 
and V5 as the most sensitive combination for ischemia 
detection is recommended.63 Monitoring a right-sided 
precordial lead (V4R) may be of benefit in patients with 
occlusive disease of the right coronary artery,64 as might 
inspection of posterior leads (V7 to V9) in suspected pos-
terior ischemia.

Monitoring for intraoperative myocardial ischemia 
is commonly believed to be unnecessary in neonates. 
Whereas ECG lead systems for adults are concerned with 
the detection of ischemia and arrhythmias, neonatal 
ECG monitoring has focused on arrhythmia recognition 
alone. Results of some studies, however, suggest that the 
neonatal heart is more susceptible to ischemia than the 
adult heart.65 These studies demonstrate the importance 
of calibrated ECG monitoring in neonates with congeni-
tal heart disease (see Chapter 94).

PERIOPERATIVE MYOCARDIAL ISCHEMIA 
AND INFARCTION

Perioperative myocardial ischemia monitoring in patients 
undergoing cardiac or noncardiac surgery started more 
than 20 years ago. Tinker66 noted in 1980 the importance 
of intraoperative ST-segment monitoring via lead V5 and 
determined that large fluctuations in systolic blood pres-
sure, HR, or hypothermia with postoperative shivering are 
associated with ischemia. Coriat and colleagues67 (1982) 
were pioneers in using Holter monitoring in patients 
undergoing major vascular surgery, showing that intraop-
erative ischemia on Holter monitoring was strongly associ-
ated with the severity of preoperative angina pectoris. In 
1985, Slogoff and Keats68 first demonstrated an association 
between intraoperative ischemia and postoperative MI. 
They showed that MI during coronary artery bypass graft 
(CABG) surgery is strongly associated with ischemia on 
Holter monitoring detected either before the induction of 
anesthesia or before the onset of cardiopulmonary bypass. 
During 1989, studies using perioperative Holter monitor-
ing in patients undergoing major vascular surgery showed 
that early postoperative tachycardia-induced silent myo-
cardial ischemia was frequent after surgery and associated 
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with postoperative clinical ischemic events.69,70,71 In 
1990, Mangano and associates72 demonstrated that post-
operative Holter-detected ischemia was most common 
(41%) and most predictive of adverse cardiac events, with 
a ninefold increase in the odds of postoperative cardiac 
morbidity and mortality, more than intraoperative or pre-
operative ischemia.

Between 1990 and 2003 a number of studies with 
periopera tive ischemia monitoring were published.73-87 
Altogether, these studies included more than 2400 
patients. Most studies included patients who underwent 
major vascular surgery, and most of the studies used Holter 
monitoring for perioperative ischemia detection (except 
the studies by Landesberg and colleagues who used con-
tinuous on-line 12-lead ECG monitoring). The data show 
that  perioperative ischemia was common in these high-risk 
patients with an incidence between 24% and 63% and was 
almost exclusively ST-depression–type ischemia (97% to 
100%). The average postoperative MI rate in these studies 
was 3.9% (range: 0.6% to 15%), the majority of which were 
non–Q-wave infarctions (66% to 100%). The incidence of 
all ischemic postoperative cardiac events was 7.3% (range: 
3% to 37%), and the average mortality was 1.04% (range: 
0% to 2.8%). An important observation was that postop-
erative ischemia duration was strongly associated with 
postoperative ischemic cardiac events. Patients with pro-
longed and often hours of postoperative ST-depression–
type ischemia were likely to experience postoperative MI 
and serum biomarker elevation, whereas short episodes of 
ischemia (<30 minutes) were unlikely to culminate in MI. 
Perioperative ischemia was associated not only with early 
postoperative morbidity and mortality but also with long-
term (5 years) morbidity and mortality.90,88

EXAMPLES OF PERIOPERATIVE ISCHEMIA 
AND INFARCTION

Example 1. Postoperative mortality related 
to HR-induced prolonged postoperative ST- 
depression–type ischemia. Frank and colleagues73 
published one of the first and most detailed cases of 
postoperative cardiac mortality related to HR-induced 
prolonged postoperative ST-depression–type isch-
emia detected on Holter monitoring. A patient who 
underwent lower-extremity arterial bypass surgery was 
observed with Holter monitoring, before, during, and 
after the procedure. His records showed that he had 
HR-related silent myocardial ischemia preoperatively 
that subsided intraoperatively, immediately after anes-
thesia was instituted, only to recur immediately as the 
patient woke up from the surgery. Figure 47-23 shows 
the ischemia progressively worsening after surgery until 
the patient suddenly died 10 hours after the surgery. 
Interestingly, the ST-depression–type ischemia of this 
patient occurred at a relatively low HR of 80 to 85 bpm 
and in the absence of significant blood pressure altera-
tions. Two snapshots of ECG disclosure are presented 
at approximately 12 o’clock midnight: one at a HR of 
approximately 90 bpm, which showed deep ST-segment 
depressions and the other a short time later with a tem-
porary slowing of the HR to approximately 60 bpm, 
which showed almost complete but transient resolution 
of the ST-segment depression. Although cardiac mark-
ers were not measured and no data were provided on 
myocardial function by ECG, it is suggested that the 
patient died as a result of prolonged, silent, HR-related, 
ST-depression–type ischemia, which was at least tempo-
rarily reversible by slowing his HR.

Example 2. Prolonged myocardial ischemia 
and infarction immediately after carotid endar-
terectomy surgery. A 70-year-old patient with a his-
tory of CAD and who was treated 7 years earlier with 
CABG now has reduced LV function, insulin-dependent 
diabetes mellitus, and peripheral vascular disease. On 
arrival to the surgical unit, the patient was connected 
to a continuous, 12-lead ECG monitor with on-line 
ST-segment analysis. During surgery, no ischemia was 
observed (Fig. 47-24). However, immediately after sur-
gery and upon emergence from anesthesia, a significant 
ST-depression–type ischemia occurred in association 
with a moderate increase in HR to a maximum of 
102 bpm, in accordance with vague pain in his jaw. 
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Figure 47-23. Heart rate and ST trends from emergence of anesthesia (EM) to cardiac arrest. CPR, Cardiopulmonary resuscitation; D, brief 
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Ischemic ST-segment changes lasted 193 minutes, after 
which the ECG completely reverted to its baseline. Nev-
ertheless, an increase in troponin I to 10.2 ng/mL was 
measured 6 hours after surgery and up to 32.1 ng/mL 
on the morning after surgery (see Fig. 47-24; the figure 
insert depicts all 12-lead ECG complexes during peak 
ischemia superimposed on their baseline, preoperative 
pattern).92 As demonstrated, significant ST-segment 
depression occurred in all the chest leads and was deep-
est in lead V4 (−3.7 mm at peak ischemia). It is interest-
ing to note the significant abnormalities—LVH, RBBB, 
left anterior hemiblock, and baseline ST-T changes—of 
this patient’s baseline ECG. Despite these abnormali-
ties, the continuous ST-trend monitoring in 12 leads 
combined with the significant troponin I elevation 
leave little doubt that the patient had prolonged (>3 
hours) ischemia, which culminated in troponin eleva-
tion and, hence, MI.

Example 3. Prolonged postoperative ischemia 
and infarction in a patient with chronic total 
occlusion of one coronary artery. A 65-year-old 
patient was admitted for surgery because of an asymp-
tomatic abdominal aortic aneurysm (7 cm). His medical 
history was only significant for hypertension, mild obe-
sity (85 kg), and smoking until 12 years before admission. 
He had no clinical history of ischemic heart disease, but, 
because of a shortness of breath when climbing stairs, a 
preoperative thallium scan was performed (Fig. 47-25) 
that showed a moderate-to-severe, large reversible defect 
in the entire LV anterior wall.

On echocardiography, the size and function of both 
ventricles were normal with moderate mitral regurgi-
tation. In light of the thallium scanning findings, the 
patient underwent preoperative coronary angiography 
(Fig. 47-26), which showed total ostial occlusion of 
the left anterior descending artery with retrograde fill-
ing through a large collateral from the right coronary 
artery.

Based on these findings, a decision was made not to 
perform preoperative coronary revascularization; instead, 
the patient was given bisoprolol (β1-selective blocker) 50 
mg daily for a month before he returned for surgery (aor-
tobifemoral bypass).

As in the previous example, this patient was moni-
tored during and after surgery by continuous 12-lead ECG 
with on-line ST-segment monitoring. Intraoperatively, 
the HR was 50 to 70 bpm, and no significant ST-segment 
changes were observed. However, immediately at the end 
of surgery and extubation, a significant ST-depression–
type ischemia developed in association with an increase 
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Figure 47-25. Preoperative dipyridamole-thellium single photon–emission computed tomographic scan of a patient scheduled for abdominal 
aortic surgery showing a moderate-to-severe reversible defect in the entire anterior wall.
in HR to a maximum of 98 bpm (Fig. 47-27) and a blood 
pressure of 155/86 mm Hg. IV esmolol and labetalol were 
immediately administered, and the ischemia subsided 
within 15 minutes. The patient was transferred extubated 
and comfortable to the ICU under continuous infusion 
of esmolol. In the ICU, the doses of esmolol had to be 
gradually escalated because of a persistent increase in 
HR. Postoperative pain was managed by the epidural 
catheter. Nevertheless, 5 hours aftter surgery, severe ST- 
depression–type ischemia recurred in the entire anterior 
wall. This time, the ischemia lasted more than 5 hours 
and responded poorly to β-adrenergic blocking drugs (see 
Fig. 47-27 ). The patient became delirious and developed 
shortness of breath. Treatment included IV diuretics and 
a slow infusion of packed red blood cells. Twenty-fours 
hours after surgery, the ischemic ECG changes regressed 
almost completely to normal, yet serum troponin T lev-
els increased to 0.64 ng/mL and remained elevated for 
another 5 days.

This unique case demonstrates that postoperative MI 
may occur as a result of prolonged stress-induced ST-
depression–type ischemia in the presence of stable CAD 
with chronic total coronary artery occlusion of even one 
coronary artery and without coronary plaque rupture.
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Figure 47-26. A coronary angio-
gram shows chronic total ostial 
occlusion of the left anterior 
descending (LAD) artery with excel-
lent filling of the distal LAD by a 
collateral from the right coronary 
artery. A possible mild stenosis is 
also noted in the first marginal cor-
onary artery.
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Figure 47-27. The perioperative ST-segment and heart rate trends of the patient are demonstrated on the left-sided panels. All 12-lead electro-
cardiographic complexes during peak ischemia, superimposed over the corresponding baseline (preoperative) complexes, are demonstrated on 
the right-sided panels. The ST-segment trends show two episodes of ST depression–type ischemia: a short episode of 15 minutes immediately 
at the end of surgery, followed by a 5-hour period of no ischemia and then another long episode of ST depression lasting longer than 5 hours. 
Ischemia is evident in all anterior leads but is maximal in V3 and V4 leads.
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PATHOPHYSIOLOGIC MECHANISMS OF 
PERIOPERATIVE MYOCARDIAL INFARCTION

Two distinct mechanisms may lead to perioperative MI 
(PMI)90: (1) ACS and (2) prolonged, myocardial oxygen 
supply-demand imbalance in the presence of significant 
yet stable CAD. These mechanisms have been recently 
named type 1 and type 2 MIs by the collaborative Task 
Force for Universal Definition of MI.91 A distinction 
between them is pivotal to therapeutic considerations 
(Fig. 47-28).

Acute Coronary Syndrome  
(Type 1 Myocardial Infarction)
The pathophysiologic processes of ACS have been exten-
sively reviewed. Briefly, ACS occurs when an unstable 
or vulnerable plaque, typically one with a large lipid 
core, thin fibrous cap, and activated leukocytes,92 under-
goes spontaneous rupture or fissuring with subsequent 
exposure of thrombogenic material to the bloodstream, 
leading to acute coronary thrombosis, ischemia, and 
infarction. Clearly, plaque inflammation plays a piv-
otal role in spontaneous ACS.93 In addition, however, 
external stimuli, such as those operating in the post-
surgical setting, are believed to contribute to vulnerable 
plaque destabilization.
  

 •  Physiologic and emotional stresses are long known to 
be associated with acute MI, raising the hypothesis that 
sympathetic nervous system–induced hemodynamic, 
coronary vasoconstrictive, and prothrombotic forces 
promote plaque disruption and coronary thrombosis. 
Theoretically, the perioperative period is the perfect 
playground for such events. Plasma catecholamine 
and cortisol levels increase early after surgery94 and 
may remain high for days.95 Stress hormones increase 
with pain, greater surgical trauma, anemia, and 
hypothermia.96,97 Plasma catecholamine levels have 
been shown to correlate with postoperative cardiac 
troponin elevations16 and with thrombotic graft 
occlusion after vascular surgery.98 However, an increased 
rate of plaque rupture and coronary thrombosis in the 
immediate postoperative period has not been confirmed 
when these postoperative stresses are at their peak.

 •  Tachycardia and hypertension, common in the 
perioperative period, may exert excess shear forces on 
Unstable coronary plaques Severe, stable CAD

Prolonged ST-depression ischemia >> Type-II MIACS - Type-I MI

Sympathetic
hyperactivity
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Figure 47-28. Two distinct mechanisms may lead to postoperative myocardial infarction: (1) type I—spontaneous plaque rupture or erosion and 
acute coronary thrombosis (acute coronary syndrome [ACS]); and type II—prolonged stress-induced myocardial oxygen supply-demand imbal-
ance in the presence of severe yet stable coronary artery disease (CAD) (non-ACS). LVEDP, Left ventricular end-diastolic pressure; MI, myocardial 
infarction; PCI, percutaneous coronary intervention. (Redrawn from Landesberg G, Beattie WS, Mosseri M, et al: Perioperative myocardial infarction, 
Circulation 119:2936-2944, 2009.)
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vulnerable plaques with thin fibrous caps and high 
circumferential tensile stress or cause endothelial 
stripping or erosion of plaques with severe coronary 
stenosis, associated with high blood velocities.99,100

 •  Increased perioperative procoagulant agents (e.g., 
fibrinogen, factor-VIII coagulant, von Willebrand 
factor, α1-antitrypsin), platelet reactivity,101 decreased 
endogenous anticoagulant medications (e.g., protein-C 
and antithrombin-III, α2-macroglobulin),102 and 
decreased fibrinolysis103 have been reported. Post-
operative hypercoagulability, however, is principally 
known for its venous thrombotic complications 
precipitated by stasis and immobilization. Reports on 
the association of hypercoagulability and/or decreased 
fibrinolysis with postoperative myocardial ischemia104,105 
or infarction106 are rare. An association between impaired 
fibrinolysis and postoperative lower extremity arterial 
bypass thrombosis has been reported.107 Attempts to 
mimic postoperative stress and hypercoagulability in 
healthy volunteers caused elevated tissue-plasminogen 
activator and protein-C activity, consistent with the 
inhibition of coagulation and augmented fibrinolysis 
and failed to cause an increase in coagulability.108

Myocardial Oxygen Supply-Demand 
Imbalance (Non–Acute Coronary Syndrome, 
Type 2 Myocardial Infarction)
Data obtained from studies using perioperative moni-
toring for myocardial ischemia in patients undergoing 
major, mostly vascular, surgery suggest an alternative, 
probably significantly more common pathophysiologic 
condition for PMI. Perioperative Holter monitoring for up 
to a week after surgery in patients at high risk for cardiac 
events consistently showed that silent, HR-related post-
operative ischemia is common (up to 50%) postopera-
tively and associated with both in-hospital and long-term 
morbidity and mortality.90,91 Postoperative cardiac com-
plications, including sudden death, occur almost exclu-
sively after prolonged (>30 minutes,84,88 >2 hours,81,82 or 
>5 hours77,87), silent ST-depression ischemia. These data 
have been corroborated by continuous perioperative 
12-lead ECG monitoring with on-line ST-segment analy-
sis after major vascular surgery and serial perioperative 
cardiac troponin measurements.89,90 Troponin was ele-
vated within hours after the onset of prolonged transient, 
ST-depression ischemia occurring early after the surgery, 
and the magnitude of troponin elevation correlated with 
the duration of ST-depression ischemia.89 These find-
ings led to the notion that prolonged, stress-induced 
ST-depression ischemia is a major cause of postoperative 
troponin elevation and myocardial infarction.

Importantly, however, sequential postoperative tropo-
nin measurements demonstrated that low-level, yet prog-
nostically significant troponin elevations occur in patients 
at high risk who are undergoing major surgery with little or 
even no evidence of ischemia on ECGs.90,109,110 Low-level 
troponin elevation (troponin T >0.03 ng/mL) occurred in 
as many as 24% of all patients early after major vascular sur-
gery. Only 32% of patients had ECG evidence of ischemia. 
In contrast, among patients (8.7%) with conventional tro-
ponin elevations (>0.1 ng/mL), 88% had ischemia on con-
tinuous 12-lead ECG monitoring.90 Higher troponin values 
were associated with longer ST-depression–type ischemia 
and with higher incidence of cardiac symptoms (e.g., pul-
monary congestion, chest pain). Hence, prolonged postop-
erative ischemia, myocardial injury, and type 2 MI probably 
constitute a spectrum of clinical events ranging from silent, 
minor, myocardial injury with low-level troponin eleva-
tion and low frequency of ischemia on ECG to prolonged, 
overt ischemia in multiple ECG leads, associated with sig-
nificant troponin elevation and PMI. Troponin elevation 
has an immense prognostic importance because troponin 
elevation measured in the first 3 postoperative days incre-
mentally predicts both early (30 days)111 and long-term  
(5 years)90 postoperative mortality.

As opposed to coronary plaque rupture (type 1 MI) that 
typically occurs in relatively young and mildly occluding 
coronary plaques, prolonged stress-induced ST-depres-
sion–type ischemia and infarction (type 2 MI) occurs in 
patients with long-standing, high-grade, often multives-
sel yet stable CAD93 (Fig. 47-29).

Multiple triggers may cause myocardial oxygen sup-
ply-demand imbalance in the postoperative period (see 
Fig. 47-28):
  

 •  Tachycardia is by far the main cause of postoperative 
ischemia and type 2 MI.89,111 An increase in HR of 80 to 
90 bpm in patients with significant CAD whose resting 
HR is 50 to 60 bpm may cause prolonged postoperative 
ischemia and PMI, demonstrating the low threshold 
for ischemia in patients after surgery.
Figure 47-29. A schematic representation depicts the prob-
ability of type-I and type-II myocardial infarctions as a func-
tion of the severity of the coronary artery disease. Coronary 
plaque rupture mainly occurs in relatively nonoccluding 
coronary plaques, whereas prolonged myocardial oxygen 
supply-demand imbalance mainly occurs with severe, often 
multivessel coronary artery disease. MI, Myocardial infarction. 
(Adapted from Landesberg G: The pathophysiology of periopera-
tive myocardial infarction: facts and perspectives, J Cardiothorac 
Vasc Anesth 17:90-100, 2003.)Coronary stenosis
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 •  Postoperative tachycardia is frequently associated with 
either hypotension, secondary to hypovolemia, bleeding, 
or systemic vasodilatation, or with hypertension 
induced by stress hormones and vasoconstriction, 
aggravating tachycardia-induced ischemia. The product 
of blood pressure and HR correlates with myocardial 
oxygen demand, whereas the quotient of arterial 
pressure divided by HR is critical for coronary perfusion, 
particularly in collateral-dependent myocardium.112

 •  Fluid overload in patients with reduced ventricular 
function may aggravate myocardial wall stress and 
subendocardial ischemia.

 •  Perioperative anemia,113 hypoxemia, and hypercarbia 
are other common precipitants of myocardial ischemia 
in patients with significant CAD.

 •  Stress- and ischemia-induced coronary vasoconstric-
tion114,115 may further limit blood flow to areas with 
marginal coronary circulation.

TREATMENT AND PREVENTION OF 
PERIOPERATIVE ISCHEMIA AND 
INFARCTION

Because the majority of postoperative ischemic events 
and MIs are silent, the key to their prevention is a high 
index of suspicion and the early detection and treatment 
of any sign or symptom related to the heart such as chest 
pain, shortness of breath, hypoxemia, and ECG changes. 
Figure 47-30 proposes an algorithm for the prevention 
and treatment of perioperative ischemia and infarction. 
Unfortunately, however, no treatment strategy has thus 
far been tested by a large enough clinical trial.

The role of prophylactic perioperative β blockade 
remains highly controversial.117,118 Nevertheless, the 
importance of preventing and treating even modest post-
operative increases in the HR cannot be overemphasized. 
All causes of tachycardia, hypertension, hypotension, 
anemia, and pain should be aggressively treated. Treat-
ment of tachycardia associated with hypotension is par-
ticularly challenging and requires an understanding of 
the patient’s baseline and postoperative myocardial, val-
vular, and coronary physiologic condition. Frequently, 
vasopressors to maintain blood pressure and β-adrenergic 
blockers to slow HR while managing blood volume, post-
operative pain, and respiratory function are necessary. 
Emergent coronary intervention, anticoagulant agents, 
or glycoprotein IIb/IIIa antagonists are rarely indicated 
in the immediate postoperative course and are hazardous 
because of the risk of bleeding, unless ST-segment eleva-
tion or intractable cardiogenic shock ensues.119

Anemia (hematocrit level <39%) independently predicts 
30-day mortality, and its correction improved survival 
in one cohort study of patients who underwent noncar-
diac surgeries.120 Blood transfusion improved survival in 
patients with CAD who were critically ill and hemoglo-
bin less than 10% but not in patients without ischemia.121 
Other studies reported increased mortality and nosocomial 
infections with blood transfusion for hematocrit levels less 
Suspected postoperative myocardial ischemia/infarction

(Chest pain/hemodynamic instability/tachycardia/
pulmonary congestion)

Tachycardia with hypotension (≤100 mm Hg)

• Arterial blood gases: Treat hypoxemia/
  hypercarbia/acid-base abnormality, if
  present
• Hemoglobin:
   Treat anemia (Hb < 10 gr%)
• Troponin

• Treat all possible causes of stress-
  induced ischemia
• Stabilize patient’s hemodynamic/ 
  respiratory/metabolic condition

• Cardiology consultation, (especially if
  troponin is elevated)
• Consider coronary angiography and
  reperfusion

• Control heart rate and blood pressure with β-
  blockers/calcium channel blockers, and if necessary,
  additional drugs.
• Check appropriate pain control
• If tachyarrhythmia is present (atrial flutter/fibrillation)
  – treat rate and rhythm

• Evaluate and treat causes of hypotension
  (hypovolemia/vasodilation/cardiac failure)
• Invasive hemodynamic monitoring and
  echocardiography to determine cardiac function and
  volume status
• If tachyarrhythmia present (atrial flutter/fibrillation)
  – cardioversion may be necessary
• Careful with β-blockers/calcium channel blockers

Tachycardia with normotension/hypertension

Additional tests and treatment: ST-segment depression (common) ST-segment elevation (rare)

12-lead ECG evidence of ischemia

Figure 47-30. Algorithm for the prevention and treatment of perioperative ischemia and infarction. (Redrawn from Landesberg G, Beattie WS, 
Mosseri M, et al: Perioperative myocardial infarction, Circulation 119:2936-2944, 2009.)
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than 25% in stable patients with ACS,122 in patients after 
cardiac surgery,123 and in patients in the ICU.124 Therefore, 
hematocrit levels between 25% and 33% is a gray zone in 
which transfusion must be individualized. Patients who 
are hemodynamically unstable postoperatively with isch-
emia may benefit from transfusion. Tight perioperative 
hemodynamic monitoring, including echocardiography, 
arterial line, central venous, or possibly pulmonary arte-
rial pressure measurement, is often necessary to determine 
volume status and to avoid congestive failure.
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Preoperatively
 •  Identify the generator manufacturer and model (pacemaker, transvenous 

defibrillator, subcutaneous defibrillator) of the cardiovascular implantable 
electronic device (CIED).

 •  Establish preoperative contact with the patient’s CIED physician or clinic to obtain 
appropriate records and a perioperative prescription (Heart Rhythm Society [HRS]). 
Have the CIED interrogated (American Society of Anesthesiologists [ASA]) by a 
competent authority shortly before the anesthetic regimen.

 •  Obtain a copy of this interrogation. Obtain a perioperative prescription from the 
CIED physician (HRS). Ensure that implantable cardioverter-defibrillator (ICD) 
treatment settings are appropriate and that the CIED will pace the heart.

 •  Consider replacing any CIED near its elective replacement period in a patient 
scheduled to undergo either a major surgical procedure or a surgical procedure 
where monopolar electrosurgery will be used within 25 cm of the generator.

 •  Determine the patient’s underlying rate and rhythm to determine the need for 
backup (external) pacing support.

 •  Ensure that all magnet behavior (pacing, suspension of shock therapy) is 
appropriate if magnet use is planned.

 •  Program minute ventilation rate responsiveness “off,” if present.
 •  Consider disabling all rate enhancements to prevent misinterpretation of cardiac 

rhythm.
 •  Consider increasing the lower rate limit to provide optimal oxygen delivery for 

major procedures.
 •  If electromagnetic interference is likely, (1) disable antitachycardia therapy if a 

defibrillator is present and (2) consider asynchronous pacing for some pacing-
dependent patients. Magnet application may be acceptable for some ICDs 
(disable antitachycardia therapy) or pacemakers (provide asynchronous pacing). 
Asynchronous pacing from an ICD always requires reprogramming.

Intraoperatively
 •  Monitor cardiac rhythm with the pulse oximeter (plethysmography) or arterial 

waveform analysis.
 •  Consider disabling the “artifact filter” on the electrocardiogram monitor. If 

a minute ventilation sensor is present and active, ensure that respiratory rate 
monitoring is disabled.

 •  Ask the surgeon to operate without the monopolar electrosurgical unit (ESU).
 •  Use a bipolar ESU if possible; if not possible, then pure “cut” electrosurgery is 

better than “blend” or “coag,” and ESU should be applied in short bursts (<4 
seconds) separated by at least 2 seconds.

C h a p t e r  4 8

Implantable Cardiac Pulse  
Generators: Pacemakers and 
Cardioverter-Defibrillators
MARC A. ROZNER

K e y  P o i n t s *

* Adapted from the American Society of Anesthesiologists (ASA) Practice 
Advisory (2005, revised 2011) and the Heart Rhythm Society (HRS), 
formerly the North American Society of Pacing and Electrophysi-
ology (NASPE) and ASA Consensus Statement (2011) for Perioperative 
Management of Patients With a Pacemaker or Defibrillator.
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K e y  P o i n t s — c o n t ’ d

 •  Place the ESU dispersive electrode in such a way to prevent electricity from 
crossing the generator-heart circuit, even if the electrode must be placed on the 
distal forearm and the wire covered with sterile drape.

 •  If the ESU causes ventricular oversensing with pacing quiescence or atrial 
oversensing with inappropriate ventricular pacing, limit the effect by using short 
ESU bursts, relocating the dispersive electrode, or placing a magnet over the 
pacemaker (not indicated for ICDs)

Postoperatively
 •  Some patients require postoperative interrogation, especially if preoperative 

reprogramming took place. For “low-risk cases,” HRS (but not ASA) states that this 
interrogation can take place in an ambulatory setting up to 1 month postoperatively. 
Some rate enhancements can be reinitiated, and a determination of optimum heart 
rate and pacing parameters should be made. Any patient with disabled antitachycardia 
therapy must be monitored until the antitachycardia therapy is restored.
The nature of anesthesiology practice requires a wide 
breadth of knowledge, often encompassing situations that 
occur rarely throughout a career. Nowhere in medicine 
does this task seem more difficult than the subject of the 
cardiac implanted electronic device (CIED). Many factors 
lead to confusion regarding the behavior of a CIED and the 
perioperative care of a patient with a CIED. Some patients 
have old, technologically outdated devices that still appear 
to function. New developments seem to take place rap-
idly, and case reports, textbooks, and literature reviews 
sometimes present incorrect material or do not keep pace 
with these new developments. Proprietary features, differ-
ing magnet behaviors (even among models from the same 
company), confusion regarding CIED type and available 
therapies, and the lack of standardization make synthesis 
of generalizations difficult, with the potential of putting 
the patient at risk. Finally, preventable adverse events that 
can cause injury or death in patients are thought to occur 
“by chance” (see the later section on temporary pacing).

Battery-operated pacing devices were introduced by 
C.W. Lillehei (a cardiothoracic surgeon) and Earl Bakken 
(an electrical technician) in 1958, just 4 years after the 
invention of the transistor. In 1960, Wilson Greatbatch, 
an engineer, created the first implantable battery-powered 
device in his barn in Buffalo, New York.1 The natural pro-
gression of pacemaker (PM) developments led to the inven-
tion of the implanted cardioverter-defibrillator (ICD†) in 
approximately 1980 by Michael Morchower in Baltimore. 
First approved by the U.S. Food and Drug Administra-
tion (FDA) in 1985, implantation of ICDs required thora-
cotomy, a significant operation for the patient with poor 
heart function. Advances in electronic miniaturization, 
as well as improvements in battery technology, led to the 
development of very small (10-mL volume), but electroni-
cally complicated, programmable pacing devices.

† Although many authors and references identify this device as an 
“automatic implantable cardioverter-defibrillator or AICD,” the term 
AICD is a brand name that was originally owned by CPI (Cardiac 
Pacemakers, Inc.), which was acquired by Guidant Medical Corpo-
ration and is now a part of Boston Scientific (Natick, Mass). The 
term PCD (Programmable Cardioverter-Defibrillator) belongs to the 
Medtronic Corporation (Minneapolis, Minn).
Technologic advances (transvenous lead placement, 
antitachycardia‡ pacing [ATP] capability, continued min-
iaturization, advanced pacing capability, and numerous 
survival benefits2,3) led to increases in ICD implanta-
tion. Since 1997, transvenous ICDs (T-ICDs) have been 
approved to provide permanent antibradycardia pacing.

Sophisticated three-chamber (atrium, right ventricle, 
and left ventricle) pacing to provide cardiac resynchroni-
zation therapy (CRT; also called biventricular [BiV] pac-
ing) from both PMs (CRT-P) and ICDs (CRT-D) became 
available in the United States in 2001. In 2009, Cameron 
Health (San Clemente, Calif) received a CE mark (manda-
tory conformity marking for certain products sold within 
the European Economic Area since 1985) for their subcu-
taneous ICD (S-ICD). Boston Scientific/Guidant Medical/
CPI (BOS; Natick, Mass) purchased this company in mid-
2012 and received US FDA approval for the S-ICD in Sep-
tember 2012.

As noted, these advances and expanding indications 
for implantation can create confusion when caring for 
patients with CIEDs. A T-ICD in a pectoral position could be 
mistaken, by virtue of pacing “spikes” on the surface elec-
trocardiogram (ECG), for a (non-ICD) PM. Additionally, 
T-ICDs have been inappropriately called “pacemaker/defi-
brillators” by medical personnel, the press, and patients. 
Given that pacing functions in T-ICDs respond to external 
stimuli (magnet placement, electromagnetic interference 
[EMI]) differently than do PMs, this confusion could harm 
the patient. For example, failure to disable shock therapy 
in the presence of EMI, thereby leading to inappropriate 
shock during a perioperative experience,4 could actually 
shorten a patient’s life.5 Published data suggest that sig-
nificant numbers of patients actually receive an inappro-
priate ICD shock during hospitalization.6 Distinguishing 
a conventional PM from a T-ICD can be accomplished 
by examining the right ventricular (RV) lead system on a 

‡ The terms antibradycardia and antitachycardia are used throughout 
this chapter. Antibradycardia refers to pacing to maintain a minimum 
rate. Thus, conventional pacemakers are antibradycardia devices. 
Antitachycardia refers to therapy delivered in the setting of tachycar-
dia, and this therapy is designed to reduce the underlying heart rate.
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Figure 48-1. A pacemaker, an implantable cardioverter-defibrillator (ICD), and a right ventricular (RV) defibrillator lead are shown to assist in 
determination of the type of system using chest radiography. A, Conventional pacemaker with one quadripolar lead that provides atrial and 
ventricular sensing and ventricular pacing. This chest radiograph shows a number of features of a modern pacing system. The generator is 
located in the left pectoral region. The single lead enters the subclavian vein under the clavicle but superficial to the first rib (a common site for 
lead problems, although no problem is demonstrated here). This lead has two electrodes positioned within the right atrium to provide sensing 
to detect intrinsic atrial activity. The ventricular portion of the lead shows the classic bipolar pattern with a ring electrode just proximal to the tip 
electrode, and these electrodes can be used for sensing intrinsic ventricular activity as well as depolarizing the ventricle. This particular system is 
a VDD pacemaking system used to provide atrioventricular (AV) nodal activity in patients with a functioning sinoatrial node and atrium because 
this system cannot be used to depolarize the atrium. Because the surface electrocardiogram often demonstrates ventricular pacing that tracks the 
atrial activity, inspection of the surface electrocardiogram often produces an erroneous diagnosis of a dual-chamber (DDD) pacemaker. B, Defi-
brillator system with biventricular pacing capability. Note that three leads are placed: a conventional bipolar lead to the right atrium, a multipolar 
lead terminating in the right ventricle, and a unipolar lead to the coronary sinus (CS). The presence of a “shock” conductor in the right ventricle 
(called a “shock coil”) distinguishes a defibrillation system from a conventional pacing system. Many ICDs have an additional shock coil in the 
superior vena cava (SVC). Typically, the SVC shock coil is electrically identical to the defibrillator case (called the “can”). When the defibrillation 
circuitry includes the ICD case, it is called “active can configuration.” This particular system is designed to provide “resynchronization therapy” in 
the setting of dilated cardiomyopathy with a prolonged QRS complex (and frequently with a prolonged PR interval as well). The bipolar lead in 
the right atrium will perform both sensing and pacing function. Similarly, the tip electrode in the right ventricle along with the shock coil performs 
RV pacing and sensing functions. When the second RV pacing electrode is merged with the shock coil, the lead is called “integrated bipolar” 
because unipolar RV pacing is not permitted in an ICD system. The lead in the CS depolarizes the left ventricle (LV). Failure to depolarize one of 
the ventricles could result in ventricular oversensing (and inappropriate antitachycardia therapy) in an ICD. C, Integrated bipolar RV defibrillator 
lead. The tip of this lead becomes enmeshed in the RV trabeculae (called a “tined” lead), rather than engaging the myocardial wall with a screw 
(“active fixation”). This particular lead has an SVC shock coil as well.
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chest radiograph (Fig. 48-1). A chest radiograph can also 
be used to identify the generator manufacturer (Fig. 48-2).

Pacemaking and defibrillation systems have a remark-
able record for reliability, but they can, and do, fail. Las-
key and associates analyzed FDA records for T-ICD report 
explantations for the period from 2003 to 2007 (459,000 
T-ICDs and 256,000 CRT-Ds implanted) and found an 
annual explantation rate of 5.0% for T-ICD and 8.3% for 
CRT-D.7 A similar study for PMs (1990 to 2002; 2.25 million 
implants) showed a 0.4% failure rate.8 Thus, every patient 
with a cardiac generator should undergo regular in-office 
follow-up. For appropriately selected devices, remote (i.e., 
telephone) checks can be used to identify battery deple-
tion, programming, sensing issues, arrhythmia detection 
(PM and ICD), and arrhythmia treatment (ICD). Some 
PMs and T-ICDs have automated sensing and capture test-
ing that can report problems, but commanded iterative 
testing, such as pacing thresholds, cannot be performed. 
For “stable” PMs, Medicare coverage includes telephone 
evaluation every 4 to 12 weeks. The Heart Rhythm Soci-
ety and European Heart Rhythm Association (HRS/EHRA) 
recommend evaluation (remote or in person) every 3 to 12 
G H I

ED F

BA C

Figure 48-2. Radiographic identifiers for some generator manufacturers. Pacemaker and implantable cardioverter-defibrillator generators can be 
identified from operative dictations, patient cards, or some chest radiographs. Using digital x-ray equipment with postprocessing zoom capability, 
corporate x-ray logo identifiers from Biotronik (A), Boston Scientific (B),CPI (C), ELA (D), Guidant (E), Medtronic (F), Pacesetter (G), Sorin (H), 
and St. Jude Medical (I) are shown. For Sorin devices, all identifiers start with “SP,” and the third character identifies the actual model. *Currently 
used logo.
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months. Medicare coverage and recommendations (HRS/
EHRA) include at least one in-person evaluation every year. 
Medicare has no coverage determination for ICD follow-
up care; HRS/EHRA recommends evaluation (remote or in 
person) every 3 to 6 months with at least one in-person 
evaluation annually.9,10

Issues also develop leading to “notices,” “product 
advisories,” or “recalls” from the various manufactur-
ers that may affect perioperative care. For example, BOS 
reported T-ICD magnet switch issues that could prevent 
delivery of shock. Two separate groups have been identi-
fied: (1) certain T-ICDs manufactured before 2005 (≈2000 
remaining implants) whose magnet switches should be 
permanently disabled and (2) some T-ICDs manufactured 
between January 2006 and December 2007 (≈34,000 
remaining implants) that must be checked for “tones/
beeps” following any magnet removal. Any ICD with the 
magnet switch disabled will deliver a shock even with a 
magnet in place (Fig. 48-3).4,11 The Medtronic (Minne-
apolis, Minn) Sprint Fidelis ICD lead series reports ven-
tricular activity in the absence of true electrical systoles 
(oversensing), and this can result in failure to pace or 
the delivery of inappropriate shock (Fig. 48-4). Recom-
mended actions included programming changes and use 
of telephone monitoring.12 In December 2010, St. Jude 
Medical (Sylmar, Calif) reported that their Riata ICD leads 
(227,000 implanted) could develop insulation failures, 

Setup
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value
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*Enable magnet use
  *Change tachy mode with magnet

Beeper

Beep during capacitor charge

Beep on sensed and paced ventricular events

Beep when ERI is reached

Off

Off

On

Present
value
Off

Figure 48-3. Magnet mode setup from a Guidant (now Boston Sci-
entific) Contak Renewal 3 HE model H179. This implantable cardio-
verter-defibrillator (ICD) is part of an “Urgent Medical Device Safety 
Information and Corrective Action” letter to physicians from the 
Guidant Corporation on June 23, 2005, in which a magnet switch 
problem was announced. The corrective action was designed to dis-
able the magnet switch permanently by programming. As a result, 
this ICD will not disable shock therapy in response to magnet place-
ment. According to the notice, approximately 46,000 Guidant ICDs 
were affected and should have their magnet switch permanently dis-
abled. Industry experts believe that fewer than 10,000 of these devices 
remained implanted and active after January 1, 2013. Note the line 
below the magnet switch report called “Change tachy mode with 
magnet.” Effective with software released by Boston Scientific in Octo-
ber 2009, this setting was removed from all ICDs except the Contak 
Renewal Series. When present and enabled, this setting allows perma-
nent deactivation of ICD function with the application of a magnet for 
more than 30 seconds. No Boston Scientific ICD with the “BOS” x-ray 
logo has this feature. ERI, Elective replacement indicator.
resulting in inappropriate ICD discharge or pacing fail-
ures. They recommended in-office follow-up every 3 to 
6 months.13

The complexity of PMs and ICDs, as well as the multi-
tude of programmable parameters, limits the number of 
generalizations that can be made about the perioperative 
care of the patient with an implanted pulse generator 
(PG). Aging of the population, continued enhancements 
in implantable technology, new indications for implan-
tation, and new devices continue to drive the growing 
numbers of implants. In 2005, the ASA published a Peri-
operative Practice Advisory, which was revised in 2011.14 
Also in 2011, the HRS and the ASA published an “Expert 
Consensus Statement,”15 in which many experts from 
several societies tried to balance technical, economic, 
and safety issues in these patients. The Canadian Anes-
thesia Society and Canadian Cardiovascular Society 
(CAS/CCS) jointly published a statement in 2012,16 and 
the United Kingdom’s Medicines and Healthcare Prod-
ucts Regulatory Agency (MHRA) published guidelines 
in 2006 in which the use of “surgical diathermy/elec-
trocautery” was anticipated.17 The MHRA document is 
silent on the CIED patient who is undergoing a surgical 
procedure without the presence of EMI. All the docu-
ments report that care of the emergency patient is more 
complicated than is care of the elective surgical patient 
(Table 48-1).

Patients with an implanted cardiac PG often have 
significant comorbid disease in addition to their cardiac 
rhythm disturbance. The ability to care for these patients 
requires attention to both their medical and psychological 
problems. Anesthesiologists also need an understanding 
of the patient’s PG, its functions, and likely idiosyncrasies 
in the operating or procedure room.

Finally, not all electronic generators implanted in the 
chest are cardiac devices, and devices resembling cardiac 
PGs have been implanted for indications unrelated to 
cardiac issues. When implanted in the pectoral position 
(the usual place for current cardiac PGs), these noncardiac 
devices can be mistakenly identified as cardiac PGs.18 PG 
implantation has been approved by the FDA for pain con-
trol, thalamic stimulation to control Parkinson disease, 
phrenic nerve stimulation to stimulate the diaphragm in 
paralyzed patients, and vagus nerve stimulation to con-
trol epilepsy and depression.19 Vagus nerve stimulation is 
also under consideration to treat heart failure,20 as well as 
perhaps obesity.21 Thus, when evaluating a patient with 
any PG, one must now determine whether the PG will 
be pacing the heart, stimulating the central nervous sys-
tem, stimulating the spinal cord, or stimulating the vagus 
nerve.

PACEMAKERS

PM manufacturers report that more than 3000 generators 
have been manufactured by more than 26 named enti-
ties since the 1960s. Currently, industry experts report 
that more than 350,000 adults and children in the United 
States undergo new PM placement each year, and likely 3 
million patients have PMs today. Worldwide, the preva-
lence probably approaches 5 million patients.
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Figure 48-4. Ventricular oversensing from damaged leads. A, Real-time telemetry recording from a Guidant implantable cardioverter-defibrillator 
(ICD) with a Guidant 0154 right ventricular (RV) defibrillation lead reports a spontaneous ventricular (red up arrow) event that was not present 
on the surface electrocardiogram (ECG), termed ventricular oversensing. In this ICD, the pacing function was DDD (lower rate, 60 beats/minute; 
atrioventricular delay, 180 msec), and this patient depended on the ICD pacing function for his ventricular systoles. The top tracing is the surface 
ECG, the second tracing is the intracardiac atrial electrogram (EGM), and the third tracing is the intracardiac ventricular EGM. Along the bottom 
is the “marker channel,” which shows the pacemaker’s interpretation of events: AP is atrial pace, AS is atrial sense, VP is ventricular pace, and 
the inappropriate ventricular sensed event is labeled “PVC” because it occurs after a ventricular event without an intervening atrial event. This 
oversensing has prolonged the R-R interval between the fourth and fifth ventricular systoles because this patient depends on the pacing func-
tion for his ventricular systoles. In a pacing-dependent patient, this type of oversensing can lead to asystole. It can also provoke inappropriate 
antitachycardia therapy (i.e., shock) in a patient with native ventricular activity because these oversensed events can increase the apparent heart 
rate count to the ICD. B, A patient with a single-chamber Medtronic ICD and a Medtronic Sprint Fidelis RV defibrillation lead was found to have 
a significant ventricular oversensing issue at interrogation on April 26, 2005, before a head and neck surgical procedure. In this case the ICD is 
reporting 875 “short R-R intervals” (note the arrow) since the previous interrogation 15 days earlier (April 11, 2005). These data are consistent 
with a lead fracture causing intermittent “make-break” contacts. In this case, new counts began accumulating 12 minutes after the previous inter-
rogation was complete. More than 100 counts/month is considered a problem; indications to replace the lead include ventricular oversensing in 
a pacing-dependent patient or a high rate of detection (frequently resulting in shock) triggered by this inappropriate oversensing. EOL, End of 
life; ERI, elective replacement indicator.
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TABLE 48-1 BRIEF REVIEW AND COMPARISON OF PUBLISHED PERIOPERATIVE ADVISORIES FOR CARDIAC

Preoperative 
Recommendation

Intraoperative Magnet 
Use

ESU Dispersive Electrode 
Placement Postoperative Recommend

ASA “Timely interrogation” 
before elective surgery

Shuns magnet 
use in favor of 
reprogramming

Prevent presumed current 
path from crossing the 
chest or CIED system

Interrogation recommended
footnotes added to 2011 
revision suggesting that C
reinterrogation not needed
monopolar ESU used

HRS/ASA PM interrogation 
within 12 mo, 
ICD interrogation 
within 6 mo, and 
CRT interrogation 
within 3-6 mo; CIED 
physician must provide 
prescription for 
perioperative care

Magnet use suggested 
for asynchronous 
pacing (where 
needed in PM-treated 
patients) and 
disabling ICD high-
energy therapy 
provided that patient 
position does not 
interfere with magnet 
access or observation

Prevent presumed current 
path from crossing the 
chest or CIED system

For most cases involving EM
(especially those inferior 
to umbilicus and where no
preoperative reprogramm
was performed), interroga
can take place within 1 mo
as ambulatory procedure; 
for reprogrammed CIEDs, 
hemodynamically challeng
cases, cardiothoracic surge
RFA, and external cardiove
interrogation before transf
from cardiac telemetry

CAS/CCS De novo interrogation 
likely not needed, but 
CIED physician must 
provide prescription for 
perioperative care

When reasonable, 
magnet use suggested 
for asynchronous 
pacing (as needed in 
PM-treated patients) 
and disabling ICD 
high-energy therapy

No mention Clear plan for postoperative 
established before elective

MHRA* Preoperative contact with 
the PM or ICD follow-up 
clinic for evaluation and 
perioperative recommen-
dations

Caution advised because 
magnet behavior can  
be affected by  
programming

“Ensure that the return 
electrode is anatomically 
positioned so that the cur-
rent pathway between the  
diathermy electrode  
and return electrode  
is as far away from the

pacemaker/defibrillator  
(and leads) as possible”

Follow-up clinic to prescribe
postoperative follow-up

ASA, American Society of Anesthesiologists; CAS/CCS, Canadian Anesthesia Society and Canadian Cardiovascular Society; CIED, cardiac implan
(any CIED that has right ventricular and left ventricular pacing capability); ECG, electrocardiogram; EMI, electromagnetic interference; ESU, 
ICD, implanted cardioverter-defibrillator; MHRA, Medicines and Healthcare Products Regulatory Agency; PM, pacemaker; RFA, radiofrequenc

*Recommendations appear relevant only if electromagnetic interference will be present.
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TABLE 48-2 NORTH AMERICAN SOCIETY OF PACING AND ELECTROPHYSIOLOGY/BRITISH PACING AND 
ELECTROPHYSIOLOGY GROUP REVISED (2002) GENERIC PACEMAKER CODE (NBG)*

Position I Position II Position III Position IV Position V

Pacing Chamber(s) Sensing Chamber(s) Response(s) to Sensing Programmability Multisite Pacing

O = None O = None O = None O = None O = None
A = Atrium A = Atrium I = Inhibited R = Rate modulation A = Atrium
V = Ventricle V = Ventricle T = Triggered V = Ventricle
D = Dual (A+V) D = Dual (A+V) D = Dual (T+I) D = Dual (A+V)

*The generic pacemaker code.23 This code, initially published in 1983, was last revised in 2002 in an effort to keep current with technologic develop-
ments in the pacing field. The NBG code is a joint project from the North American Society of Pacing and Electrophysiology (NASPE: “N”) and the 
British Pacing and Electrophysiology Group (BPEG: “B”). The “G” stands for generic.
A pacemaking system consists of an impulse generator 
and leads to carry the electrical impulse to the patient’s 
heart. Leads are connected to the heart’s chambers through 
the vena cava (transvenous leads), or they are directly 
sewn onto the surface of the heart (epicardial leads). Leads 
can be unipolar (one electrode per lead), bipolar (two elec-
trodes per lead), or multipolar (multiple electrodes and 
wires contained within one lead with connections in mul-
tiple chambers) (see Fig. 48-1, A). Because two electrodes 
are required to complete a circuit, the second electrode 
in a unipolar configuration is the metal generator case. 
Use of the case as an electrode requires that the genera-
tor pocket be devoid of gas, and electrical continuity has 
reportedly been disrupted by the use of nitrous oxide.22

PMs with unipolar leads are more sensitive to the 
effects of EMI, and these systems produce larger “spikes” 
on an analog-recorded ECG. Most pacemaking systems 
(except older Autocapture devices from St. Jude Medi-
cal) pace in bipolar mode because bipolar pacing usually 
requires less energy. Bipolar sensing is more resistant to 
interference from muscle artifacts or stray electromagnetic 
fields. Often, bipolar electrodes can be identified on the 
chest film because they will have a ring electrode 1 to 3 
cm proximal to the lead tip (see Fig. 48-1, A). However, 
generators with bipolar leads can be programmed to the 
unipolar mode for pacing, sensing, or both. Some PMs 
automatically switch to unipolar pacing or sensing on 
detection of a lead problem. Unipolar pacing is absolutely 
contraindicated in the presence of any ICD.

CODES

No discussion of PMs can take place without an under-
standing of the generic PM code, which was published by 
the HRS, formerly the North American Society of Pacing 
and Electrophysiology and Heart Rhythm UK, formerly 
the British Pacing and Electrophysiology Group. This code 
(NBG§) was initially published in 1983 and was last revised 
in February 2002.23 It describes the basic behavior of the 
pacing device (Table 48-2). PMs also come with a vari-
ety of terms generally unfamiliar to the anesthesiologist, 

§ The NBG code is a joint project of the North American Society of 
Pacing and Electrophysiology (NASPE) and the British Pacing and 
Electrophysiology Group (BPEG), now known as the Hearth Rhythm 
Society and Heart Rhythm Society UK, respectively. The “N” is 
NASPE, the “B” is BPEG, and the “G” stands for generic.
many of which are shown in the glossary at the end of 
this chapter.

The first two positions of this code (chamber[s] paced 
and chamber[s] sensed) seem relatively straightforward. 
Although early PMs provided only ventricular support, 
current models can provide pacing in the atria and ven-
tricles, and these devices can also be programmed to deter-
mine intrinsic activity in these chambers. The code does 
not describe the array of diagnostic data that can be accu-
mulated by these devices.

Probably the most confusing aspect of the NBG code 
is the third position (response to sensed event). Most 
PMs are programmed either to the DDD mode (atrial and 
ventricular [“dual-chamber”] pacing and sensing, both 
triggered and inhibited mode) or to the VVI mode (ven-
tricular pacing in the inhibited mode). Two other modes 
frequently found are VDD (ventricular pacing with atrial 
tracking) and DDI (dual-chamber pacing and sensing, but 
inhibited mode only). In the United States, atrial-only PM 
placement (AAI mode) is unusual; however, these devices 
are implanted in patients with sinus node disease, but 
intact atrioventricular (AV) conduction, in other coun-
tries. The NBG third position describes the following 
behavior:

D (Dual): DDD and VDD pacing provide AV synchrony. 
In the DDD setting, atrial pacing takes place in the 
“inhibited” mode (i.e., the pacing device will emit an 
atrial pulse if no sensed atrial event [or intervening 
ventricular event, because any ventricular event will 
reset atrial timing] takes place within the appropriate 
timeframe). In DDD or VDD devices, once an atrial 
event has occurred (whether native or paced), the 
pacing device ensures that a ventricular event follows 
(up to the upper tracking rate [UTR; see the glossary at 
the end of the chapter]).

I (Inhibited): The appropriate chamber is paced unless 
intrinsic electrical activity is detected during the pacing 
interval. For the DDI mode, AV synchrony is provided 
only when the atrium is paced. If intrinsic atrial activity 
is present, then no AV synchrony is provided by the 
pacing function.

T (Triggered): The pacing device emits a pulse only in 
response to a sensed event. The triggered mode is used 
when the device is being tested.

  

The VDD and DDI modes deserve further comment. 
VDD pacing is used for the patient with AV nodal dys-
function but intact and appropriate sinus node behavior. 
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VDD pacing is accomplished with a single lead that incor-
porates atrial sensing electrodes, as well as ventricular con-
ductors that can both pace and sense (see Fig. 48-1, A). A 
VDD device has no atrial pacing capability. As a result, in 
a patient who depends on atrial contraction to augment 
cardiac output, events that result in VVI pacing (e.g., 
sinus rate lower than programmed rate, battery deple-
tion) or asynchronous ventricular pacing (e.g., magnet 
placement in many devices, EMI) can lead to deteriorating 
hemodynamics.24,25

DDI pacing is indicated for the patient who has a dual-
chamber pacing device and also has episodes of paroxys-
mal atrial dysrhythmia (e.g., paroxysmal atrial fibrillation). 
DDI pacing prevents high ventricular rates (i.e., pacing 
at the UTR) that could result from attempted tracking of 
the atrial arrhythmia, and it provides AV synchrony only 
when the atrium is paced. Many DDD programs enter the 
DDI mode on detection of high (programmable) atrial rates 
(called Mode Switch, Automatic Mode Switch, or Atrial 
Tachy Response, depending on the manufacturer). When 
the mode is switched to DDI, perturbations (e.g., very high 
[>400/minute] atrial rates, EMI from the electrosurgical 
unit [ESU], or magnet placement and removal) may revert 
back to DDD pacing, with the resultant appearance of AV 
pacing or ventricular pacing at the UTR (see the section on 
magnets later in this discussion of pacemakers).

Rate modulation (the fourth position) also remains a 
poorly understood concept. Because some patients cannot 
increase their heart rate in response to increased oxygen 
demand (chronotropic incompetence), PM manufacturers 
have devised certain mechanisms to detect “patient exer-
cise,” such as sensors that detect vibration, respiration, 
and pressure (Box 48-1). As the sensor detects “exercise,” 
it increases the pacing rate (termed-sensor indicated rate). 
As the exercise tapers, this sensor-indicated rate returns 
to the programmed lower rate. The sensitivity of these 
sensors to their exercise signals and the rates of change 
in pacing are programmable features in current genera-
tors. Activation of rate-response algorithms, resulting in 
an increased paced rate in the operating room, whether 
from vigorous chest wall skin preparation, pressure on the 
generator, or EMI in a minute ventilation device, has led 
to inappropriate treatment and harm to the patient.26,27

With the 2002 revision of the NBG, the fifth column 
describes multisite pacing functionality (it had been used 
to describe antitachycardia function, but this scheme has 
been abandoned, and a generic defibrillator code has been 
established). Atrial multisite pacing may prevent atrial 
fibrillation,28 and ventricular multisite pacing is an accept-
able treatment for pacing the patient with dilated cardio-
myopathy (DCM).29-31

INDICATIONS

Indications for permanent pacing are shown in Box 
48-2 and are reviewed in detail elsewhere.32 Classically, 
antibradycardia pacing treats patients with sinus node 
disease (improper impulse formation) and AV nodal dis-
ease (improper impulse conduction). CRT pacing for the 
patient with DCM requires left ventricular (LV) pacing, 
usually through a lead placed into the coronary sinus 
(CS) (see Fig. 48-1, B) or sewn onto the LV free wall. In 
patients with significant RV-to-LV activation time, loss of 
capture in a ventricle can lead to ventricular overcount-
ing with resultant inappropriate antitachycardia therapy 
for the patient with a DCM pacing defibrillator.33,34 Pac-
ing continues to be explored to reduce the outflow tract 
obstruction in hypertrophic obstructive cardiomyopathy 
(HOCM) in both adults and children because paced ven-
tricular conduction takes place in a left bundle branch pat-
tern (the LV septum depolarizes after the other segments, 
rather than as the early systolic event).35

Pacing for HOCM and DCM requires careful attention 
to pacer programming. To be effective in these patients, 
the PM must provide the stimulus for ventricular depo-
larization, and AV synchrony must be preserved.36 PM 
inhibition or loss of pacing (i.e., from native conduction, 
atrial irregularity, ventricular irregularity, development 
of junctional rhythm, or EMI) can lead to deteriorating 
hemodynamics in these patients.

Currently Approved in the united StAteS

Vibration sensor
Motion sensor
Minute ventilation (bioimpedance sensor)
QT interval (Vitatron only)
Right ventricular pressure (Biotronik only)

under inveStigAtion

Right ventricular stroke volume
Blood pH
Blood temperature
Mixed venous oxygen sensor
Systolic time intervals
Evoked response
Intracardiac impedance

BOX 48-1 Rate Modulation (Activity) Sensors 
Available or Under Investigation*

*Of the types of sensors used to detect exercise in a patient with a cardiac 
pacemaker, five are currently approved in the United States, although 
many others remain under investigation. Some devices have two sen-
sors and can be programmed for cross-checking to prevent increases 
in heart rate from spurious causes. Minute ventilation sensors are 
very sensitive to stray electromagnetic interference, and patients have 
been inappropriately treated for pacemaker-driven tachycardias as a 
result. Perioperative experience with right ventricular pressure sensors 
is minimal at this time. Most pacemaker experts recommend that rate 
modulation be programmed to “off” in the perioperative period to pre-
vent confusion between intrinsic tachycardia and pacemaker-induced 
tachycardia (e.g., see Schwartzenburg and associates121).

Symptomatic diseases of impulse formation (sinus node disease)
Symptomatic diseases of impulse conduction (atrioventricular 

nodal disease)
Long QT syndrome
Hypertrophic obstructive cardiomyopathy†*

Dilated cardiomyopathy †*

BOX 48-2 Pacemaker Indications*

*Indications for permanent pacing are shown. Most patients with 
pacemakers currently fall into the first two categories (sinus node or 
atrioventricular nodal disease).

†Requires 100% ventricular pacing to be effective. Thus, short atrioven-
tricular delays (≈120-150 msec) are programmed.
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CRT pacing may cause inappropriate lengthening of 
the QT interval in susceptible patients, and this lengthen-
ing has been reported to be associated with torsades de 
pointes.37 As a result of this report, the prudent anesthe-
siologist should ensure adequate access to rapid defibril-
lation for patients with BiV pacing accomplished with a 
conventional PM.

MAGNETS

Despite often repeated folklore, most PM manufactur-
ers warn that magnets were never intended to treat PM 
emergencies or prevent the effects of EMI. Rather, magnet-
activated switches were incorporated to produce pacing 
behavior that demonstrates remaining battery life and, 
sometimes, pacing threshold safety factors.

Placement of a magnet over a generator may produce 
no change in pacing because not all PMs switch to a con-
tinuous asynchronous pacing mode when a magnet is placed. 
Moreover, not all models from a given company behave 
the same way. Possible effects of magnet placement are 
shown in Table 48-3.38-40 In some devices (Biotronik [Ber-
lin, world headquarters; Lake Oswego, Ore, U.S. head-
quarters], BOS, Pacesetter, St. Jude Medical, Telectronics), 
magnet behavior can be altered or completely eliminated 
by programming. For generators with programmable mag-
net behavior, only an interrogation with a programmer 
can reveal current settings.

For all generators, calling the manufacturer remains the 
most reliable method for determining magnet response 
and for using this response to predict remaining battery 
life (telephone numbers for the device manufacturers are 
shown in Appendix 48-1). As battery voltage falls, the 
magnet response can be used to detect the following:

Intensified follow-up interval (IFI) or elective replacement 
near (ERN): The device must be checked frequently 
(approximately every 4 weeks for most models).

Elective replacement indicator (ERI) or elective replacement 
time (ERT): The device is nearing the end of its useful 
life and should be electively replaced.

End of life (EOL): The device has insufficient battery power 
remaining and should be replaced immediately.

  

On application of a magnet, some devices perform a 
threshold margin test (TMT). In this test, one of more 
of the PM pulses is reduced in amplitude, pulse width, 
or both, in an attempt to gauge the safety margin for 
pacing voltage. Loss of capture on these TMT pulses indi-
cates an inadequate safety margin for pacing (Fig. 48-5). 
Some devices from St. Jude Medical (formerly Pacesetter) 
with the Siemens “Vario” feature reduce the ventricular 
pacing energy over 16 cycles to demonstrate the pac-
ing threshold. As a result, many pacing cycles can take 
place at insufficient energy for ventricular capture, and 
this can produce periods of asystole while the magnet is 
applied.41

Occasionally, PM-mediated tachycardia (PMT) can 
ensue on removal of the magnet from a dual-chamber 
PM (Fig. 48-6). These cases of PMT result from P waves 
conducted in retrograde fashion during asynchronous 
ventricular pacing, most commonly when the magnet 
rate is lower than the patient’s intrinsic rate. PMT from 
retrograde AV nodal conduction also can occur in any 
DDD or VDD pacing device following EMI, premature 
ventricular contraction, or a noncaptured atrial pace. 
When present, retrograde P waves can be “tracked,” typi-
cally resulting in ventricular pacing at the UTR. Each 
paced ventricular cycle results in another retrograde P 
wave, thereby producing tachycardia. Should this behav-
ior be observed in a conventional PM, it can be treated 
by application, then removal, of the magnet provided 
the PM has asynchronous pacing with magnet applica-
tion. Magnet application does not terminate PMT in an 
ICD.42 Most CIED devices can be programmed to recog-
nize these cases of PMT and periodically omit one ven-
tricular pacing pulse, or lengthen one AV delay cycle, 
during UTR pacing.

In addition, as noted previously, the patient with a 
dual-chamber device that has detected a high atrial rate 
and “mode-switched” to prevent UTR pacing could have 
the mode switch reset on application and removal of the 
magnet. These patients then undergo UTR pacing until 
criteria are met to return to the mode-switch mode. Dis-
tinguishing PMT caused by retrograde P waves from UTR 
pacing resulting from high atrial rates (before mode-switch 
entry) can be very difficult. In general, however, mode-
switch secondary to rapid atrial rates takes place within 10 
to 15 seconds, and PMT from retrograde P waves is quite 
persistent.

PREANESTHETIC EVALUATION AND 
PACEMAKER REPROGRAMMING

Preanesthetic management of the patient with a PM 
includes evaluation and optimization of coexisting dis-
ease (see also Chapter 39). American College of Cardiol-
ogy (ACC) guidelines suggest that cardiac testing (stress 
tests, echocardiograms) should be dictated by the patient’s 
underlying diseases, medications, symptoms, interval 
from the last testing, and planned intervention.43

No special laboratory tests or radiographs are needed 
for the patient with a conventional PM. Chest radiographs 
rarely depict lead problems, and a standard chest radio-
graph may exclude the generator or its markings. Fur-
thermore, most radiologists are unfamiliar with pacing 
issues.44 However, a patient with a CRT device may need a 
chest radiograph to document the position of the CS lead, 
especially if central line placement is planned. CS leads 
have no fixation and may be more easily dislodged than 
a standard PM or ICD lead. Spontaneous LV dislodgment 
likely occurs in at least 4.7% of patients,45 at a rate of 2.3% 
annually.46

Important features of the preanesthetic device evalu-
ation are shown in Appendix 48-2. The ASA advisory 
recommends a recent PM interrogation; the other 3 advi-
sories recommend contact with the patient’s CIED physi-
cian and clinic. However, in abstract form, Rozner and 
associates reported more than 30% noncompliance with 
in-person follow-up guidelines in 161 consecutive pre-
operative patients, as well as the need to replace 5% of 
PMs preoperatively for battery depletion.47 Remote evalu-
ation provides some assurance of battery longevity, but it 
does not provide rigorous evaluation of the pacemaking 
system.
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TABLE 48-3 PACEMAKER MAGNET BEHAVIOR*

Pacemaker Company
Magnet Mode 
Designation Explanation

Biotronik
(except INOS and DROMOS)

AUTO In normal operation, 10 asynchronous events at 90 beats/min, then returns 
to original programmed mode, without rate responsiveness. Pacing is at 
lowest available rate (LRL, sleep rate, or hysteresis rate). If battery at ERI, 10 
asynchronous events at 80 beats/min in VOO mode, then either VDD (dual-
chamber) or VVI (single-chamber) pacing at 11% lower than lowest available 
rate. For any dual-chamber mode (DDD, DDI, or VDD), the AV delay shortens to 
100 msec while the magnet is in place.

ASYNCH Asynchronous pacing at 90 beats/min in normal operation. At ERI, 80 beats/min 
(single-step change) in VOO mode regardless of original programming. For any 
dual-chamber mode (DDD, DDI, or VDD), the AV delay shortens to 100 msec 
while the magnet is in place.

SYNCH In normal operation, pacing in original programmed mode, without rate 
responsiveness. Pacing is at lowest available rate (LRL, sleep rate, or hysteresis rate). 
If battery at ERI, then either VDD (dual-chamber) or VVI (single-chamber) pacing at 
11% lower than lowest available rate. For any dual-chamber mode (DDD, DDI, or 
VDD), the AV delay shortens to 100 msec while the magnet is in place.

Boston Scientific/Guidant 
Medical/CPI (Cardiac 
Pacemakers, Inc.)

ASYNCH Asynchronous pacing at 100 beats/min in normal operation, 85 beats/min at ERT 
(single-step change). Insignia and all “BOS” label devices have an intermediate 
step (90 beats/min) at ERN. For Triumph and Prelude models, see Medtronic 
pacemakers, below. Insignia and all “BOS” label devices emit a reduced 3rd 
pacing pulse (on ventricular lead for dual chamber devices) to demonstrate 
adequacy of pacing output.

OFF No change, magnet is ignored. OFF is the magnet mode after a “power on reset,” 
which can occur secondary to EMI.

EGM mode No change in pacing. Magnet application initiates data collection.
Sorin (formerly ELA Medical) Asynchronous pacing at 96 beats/min gradually declining to 80 beats/min at ERI. 

Sorin pacemakers take 8 additional asynchronous pacing cycles (the final 2 cycles 
are at LRL with long atrioventricular delay) on magnet removal.

Medtronic Asynchronous pacing at 85 beats/min in normal operation, 65 SSI regardless of 
original programming if ERI (single-step change). Most Medtronic pacemakers 
emit one or more ventricular pulses during the first 3-7 asynchronous events 
(which may be at a rate of 100 beats/min) at a reduced pulse width or voltage to 
demonstrate adequacy of ventricular pacing output. A Medtronic dual-chamber 
pacemaker will revert to single-chamber, ventricular-only behavior on detection of 
ERI regardless of prior programming. Such behavior could result in hemodynamic 
embarrassment in a patient with sinus node disease and a bad ventricular lead.

St. Jude  
Medical (not 
including 
Telectronics)

“SJM” x-ray 
logo

Battery Test Asynchronous pacing at 98.6 (100 for Accent/Anthem series) beats/min gradually 
decreasing to 86.3 or less beats/min at ERI.

OFF No magnet response.
Event snapshots No change in pacing. Magnet application causes pacemaker to collect data. 

Identity and Entity models lack this feature.
Event snapshots +
Battery Test

For a magnet placed 2 seconds, pacing mode and rate are unchanged, and the 
device stores an electrogram. If the magnet is placed ≥5 seconds, the Battery 
Test mode (see earlier) is activated. Identity and Entity models lack this feature.

Pacesetter 
x-ray  
logo (ψ)

Battery Test Asynchronous pacing and the rate depends on specific model. In general, a pacing 
rate of less than 90 beats/min should prompt further evaluation.

OFF No magnet response.
VARIO mode 

(present in 
some models)

VARIO results in a series of 32 asynchronous pacing events. The rate of the first 
16 paces reflects battery voltage, gradually declining from 100 to 85 beats/
min at ERI. The next 15 paces are used to document ventricular pacing capture 
safety margin. The rate will be 119 beats/min with gradually declining pacing 
voltage. The sixteenth pace of this group is at no output. The next pace restarts 
the 32-event sequence. The 32-event sequence repeats as long as the magnet 
remains in place.

AV, Atrioventricular; EGM, electrogram; EMI, electromagnetic interference; the device should be replaced immediately; ERI, elective replacement indicator; 
the device should be replaced promptly; the FDA requires pacemakers to perform safely for at least 3 months from onset of ERI; ERN, elective replace-
ment near; the device should be undergoing monthly checks (same as IFI); ERT, elective replacement time (same as ERI); for Boston Scientific/Guidant/
CPI, at ERT rate-responsive programming is cancelled; at 3 months after ERT, only single-chamber operation continues; the device needs monthly 
battery checks; LRL, lower rate limit; the programmed lower rate, or set point, of the pacemaker; SSI, single-chamber, inhibited mode; if implanted for 
ventricular pacing, SSI = VVI; if implanted for atrial pacing, SSI = AAI.

*The effects of appropriately placing a magnet over a pacemaker are shown. Column 1 shows the pacemaker manufacturer. If the magnet response is 
programmable, then column 2 shows the various programmable modes available. The first mode shown for a company is the default mode. Column 
3 shows the effect on pacing therapy for the magnet mode shown in column 2. Unless otherwise specified, asynchronous pacing takes place, without 
rate responsiveness, in the chambers originally programmed. Thus, a dual-chamber program would result in DOO pacing, and a single-chamber pro-
gram would result in VOO (ventricular) or AOO (atrial) pacing, and a biventricular, dual-chamber device would be DOOOV.
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Magnet applied

857 msec
70 beats/min

857 msec
70 beats/min

667 msec
90 beats/min

Threshold margin test (failed)

Figure 48-5. Threshold margin test (TMT) demonstrating an inadequate safety margin for pacing. Application of a magnet to some pacemakers 
produces asynchronous pacing in which one or more pacing stimuli are emitted with reduced ventricular pacing voltage, pulse width, or both. 
This sequence is used to determine, without formal pacemaker interrogation, the adequacy of pacing energy settings. In this electrocardiographic 
strip from an Intermedics device, the patient was being paced in the VVI mode at a rate of 70 beats/minute (equal to 857-msec intervals). On 
application of the magnet, this pacemaker produced four intervals (five pacing stimuli) of asynchronous pacing at a rate of 90 beats/minute (667-
msec intervals), thus demonstrating adequate battery voltage for this device (pacemaker response to magnet placement depends on the manu-
facturer and sometimes the programming). At the fifth pacing stimulus after magnet application, the pacemaker performed a TMT by reducing 
the stimulus pulse width to 50% of the programmed value (equal to 50% of programmed energy). Failure of this stimulus to produce ventricular 
systole (i.e., failure to capture) demonstrates a dangerously low safety margin for ventricular pacing because pacing pulse width should be at least 
three and generally four times the threshold for capture. After these five initial stimuli, Intermedics pacemakers then pace asynchronously at the 
programmed lower rate (70 in this case) for 60 additional cycles. On completion of these 64 cycles (65 stimuli), Intermedics pacemakers return 
to programmed values and ignore the magnet.

Magnet removed

Figure 48-6. Pacemaker-mediated tachycardia (PMT) after removal of the magnet from a pacemaker. This patient had a dual-chamber pace-
maker implanted for atrioventricular (AV) nodal disease, and she was pacemaker dependent for ventricular activity. She had a sinus rate of 75 
beats/minute before application of the magnet with appropriate ventricular pacing (strip not shown). Her programmed AV delay was 200 msec. 
With magnet application, her pacemaker produced asynchronous AV sequential pacing (DOO mode) at a rate of 60 beats/minute. This strip is 
from an electrocardiographic recorder that enhances the pacemaker artifact indicated by black, downward arrows. Because the asynchronous 
“magnet” rate of this device was lower than her intrinsic atrial rate, many of the atrial pacing stimuli were applied during an atrial refractory 
period (called functional noncapture). A consequence of atrial noncapture can be retrograde AV nodal conduction with depolarization of the atria 
after depolarization of the ventricle or ventricles. The retrograde P waves are shown with the red upward arrows. While the magnet is applied, this 
retrograde depolarization of the atria is ignored. Shortly after the magnet was removed (shown), a paced ventricular event occurred, followed by 
retrograde AV nodal conduction. With the ensuing depolarization of the atria from this retrograde conduction, the pacemaker sensed an atrial 
event and responded by pacing the ventricle 200 msec later. Yet another retrograde P wave appears, and each ventricular pace in response to a 
retrograde P wave created yet another ventricular pace. The result is PMT at the upper tracking rate (programmed here to 130 beats/minute) of 
the pacemaker. PMT from retrograde AV nodal conduction can occur in any DDD or VDD device with magnet removal, a premature ventricular 
contraction, or a noncaptured atrial pace. Treatment of this PMT should be reapplication of the magnet. Some pacemakers can be programmed 
to eventually delay one AV cycle when pacing at the upper tracking limit to “break” PMT. Magnet application is ineffective in PMT in a patient 
with an ICD.
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For PMs, interrogation with a programmer remains the 
most reliable method for evaluating battery voltage, bat-
tery impedance, lead performance, and adequacy of cur-
rent settings. Special attention should be paid to patients 
from countries where CIEDs may be reused, because of 
possibly increased malfunction rates.48 For any PM with 
a battery voltage less than 2.6 volts or battery impedance 
(where available) greater than 3000 ohms, the company 
should be consulted about the possible need for elective 
replacement of the device preoperatively.

Appropriate reprogramming is the safest way to avoid 
intraoperative problems, especially for pacing-dependent 
patients in whom EMI (most commonly monopolar 
“Bovie” electrosurgery) will be present (Box 48-3). Assis-
tance may be available from the PM manufacturers (see 
Appendix 48-1 for company telephone numbers). How-
ever, interrogation of any generator with or without repro-
gramming requires a medical prescription and supervision 
by an appropriately trained physician.9,49 Hospital guide-
lines and policy should reflect the need for a competent 
physician to review and validate any care delivered by a 
company representative.

Reprogramming a PM to asynchronous pacing at a rate 
greater than the patient’s underlying rate usually ensures 
that no oversensing during EMI will take place, thus pro-
tecting the patient. However, in one case report, a Telec-
tronics device opened its output circuitry (i.e., no pacing 
stimuli were delivered) in the presence of high-voltage 
EMI.50 Furthermore, at our institution, two PMs in the 
DOO mode dropped their rate during use of monopolar 
coagulation ESU, presumably because of high battery cur-
rent drain.

Reprogramming a device will not protect the device 
from internal damage or reset caused by EMI. Addition-
ally, setting a device to asynchronous mode causes the PM 
to ignore premature atrial or ventricular systoles, which 

Any rate-responsive device (see text; problems are well 
known,121,122 and they have been misinterpreted, with the 
potential for injury to the patient55,59,63,67; the Food and Drug 
Administration has issued an alert regarding devices with min-
ute ventilation sensors65 [see Box 48-4])

Special pacing indication (hypertrophic obstructive cardiomy-
opathy, dilated cardiomyopathy, pediatric patients)

Pacing-dependent patient
Major procedure in the chest or abdomen
Rate enhancements present that should be disabled
Special procedures (see text)

Lithotripsy
Transurethral resection
Hysteroscopy
Electroconvulsive therapy
Succinylcholine use
Magnetic resonance imaging (generally contraindicated by 

device manufacturers)123

BOX 48-3 Situations Probably Requiring 
Pacemaker Reprogramming*

*In some situations and for certain patients, a cardiac implanted electronic 
device should be reprogrammed either to avoid potential injury to the 
patient or to prevent a pacemaker rhythm that could be confused with 
pacing system malfunction.
could lead to R-on-T pacing and malignant rhythm, espe-
cially in the patient with significant structural compro-
mise of the myocardium.51,52

In general, rate responsiveness and other “enhance-
ments” (e.g., atrial fibrillation suppression, hysteresis, 
managed ventricular pacing, sleep rate, AV search) should 
be disabled by programming to prevent misinterpretation 
of the cardiac rhythm.53-55 Older reports of pacing thresh-
old changes during both intrathoracic56 and nonchest sur-
gical procedures,57 as well as significant noncardiac acute 
disease,58 drive the issue of postoperative pacing threshold 
testing in nonautomated devices.

Special attention must be given to any device with a 
minute ventilation (bioimpedance) sensor because inappro-
priate tachycardia has been observed secondary to mechan-
ical ventilation,27,59 monopolar “Bovie” electrosurgery,59-61 
and connection to an ECG monitor with respiratory rate 
monitoring62-67 (Box 48-4). Sometimes, this PMT has led 
to inappropriate, unsuccessful pharmacologic treatment of 
the tachycardia,27 with injury to the patient.26

INTRAOPERATIVE (OR PROCEDURE) 
MANAGEMENT OF PACEMAKERS

Although no special monitoring or anesthetic technique 
is required for the patient with a cardiac generator, atten-
tion must be given to several concerns (see also Chapters 
45 and 67).

BoSton SCientifiC/guidAnt MediCAl/Cpi  
(CArdiAC pACeMAkerS, inC.)

Altrua
Pulsar (1172, 1272)
Pulsar Max (1170, 1171, 1270)
Pulsar Max II (1180, 1181, 1280)
Insignia Plus (1194, 1297, 1298)

MedtroniC

Kappa 400 series (KDR401, KDR403, KSR401, KSR403)

Sorin (wAS elA MediCAl)

Brio (212, 220, 222)
Chorus RM (7034, 7134)
Opus RM (4534)
Reply DR, SR
Rhapsody (2530)
Symphony (2250, 2550)
Talent (113, 133, 213, 223, 333)

teleCtroniCS/St. Jude

Meta (1202, 1204, 1206, 1230, 1250, 1254, 1256)
Tempo (1102, 1902, 2102, 2902)

BOX 48-4 Pacemakers With Minute 
Ventilation (Bioimpedance) Sensors*

*Pacemakers with minute ventilation (bioimpedance) sensors frequently 
respond to electromagnetic interference (EMI) with pacing at the upper 
sensor rate.63,67 These tachycardias also can be produced by connection 
to an operating room electrocardiographic monitor because many of 
these devices inject electrical signals through the electrocardiographic 
leads to determine respiratory rate or lead disconnection.62,64 In 1998, 
the U.S. Center for Devices and Radiologic Health issued a safety alert 
calling for the deactivation of any minute ventilation (bioimpedance) 
sensor before exposing a patient to a potential source of EMI or connec-
tion to medical devices.65
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Figure 48-7. Disabling the pacemaker artifact filter on a digitally processed electrocardiographic (ECG) monitor results in the “painting” of 
environmental noise (electromagnetic interference [EMI]) as pacemaker artifacts. A, Effects of “cut” monopolar electrosurgical unit (ESU) applica-
tion. Because the patient’s underlying rate exceeded the pacemaker’s programmed lower rate limit, no pacing took place. However, activation 
of the ESU in the “cut” mode produced sufficient electromagnetic noise that the monitor began “painting” pacemaker artifacts at a rate of 
approximately 20 Hz. The top tracing is the ECG lead II, the middle tracing is ECG lead V5, and the bottom tracing is the invasive arterial pressure 
waveform. B, The effects of “Coagulation” ESU application produced ventricular oversensing with pacemaker inhibition and left this patient with 
compromised cardiac output. Evidence also shows inappropriate monitor “painting” of pacemaker artifacts from the EMI. The top tracing is ECG 
lead II, the middle tracing is the pulse oximeter plethysmogram, and the bottom tracing is the invasive arterial pressure waveform. (From Rozner 
MA: Review of electrical interference in implanted cardiac devices, Pacing Clin Electrophysiol 26:923-925, 2003.)
First, ECG monitoring of the patient should include the 
ability to detect pacing discharges. Currently, most ECG 
monitors in both the operating room and the intensive 
care unit perform digital acquisition and analysis of ECG 
signals, and they are subject to considerable interference 
from a variety of sources.68 In their default settings, these 
monitors often filter high-frequency signals, thus resulting 
in the exclusion of pacing artifacts. Disabling this filter-
ing causes the monitor to “paint” pacing spikes onto the 
display. Even with the filtering disabled, however, pac-
ing artifacts do not always appear because modern leads 
may accomplish pacing with very low-amplitude pulses. 
Moreover, given that many digital monitors analyze only 
one lead for these signals (and then “paint” on artifacts 
on every lead), placement of the ECG leads can markedly 
affect the detection axis.¶ In practice, when a patient with 
known pacing is monitored, sometimes changing the  
“analysis” lead on the monitor results in the appearance of 

‖ Most monitors manufactured since 2005 have much improved capa-
bility to detect and display pacing artifacts, although they still filter 
these high-frequency signals in their default setup mode.
pacing signals. Unfortunately, when the high-frequency 
filter is disabled, EMI, especially from the use of the mono-
polar ESU, can lead to inappropriate “painting” of pacing 
artifacts on the monitor (Fig. 48-7).17,69

Second, monitoring of the patient must include the 
ability to ensure that paced electrical activity is converted 
to mechanical systoles. Mechanical systoles are best evalu-
ated by pulse oximetry plethysmography or arterial pres-
sure waveform display.14,49

Third, published perioperative experience with CRT pac-
ing remains limited. These patients often have ejection frac-
tions less than 30%, and they depend on pacing in both 
ventricles to improve their cardiac output. Loss of ventric-
ular pacing from any cause (e.g., AV dyssynchrony [atrial 
fibrillation, atrial flutter, appearance of junctional rhythm], 
myocardial ischemia, acid-base disturbance, change in pac-
ing threshold, ESU interference) can cause an immediate 
decrease in cardiac output. With the exception of trans-
esophageal echocardiography, no beat-to-beat monitoring 
of cardiac output has demonstrated any utility in detecting 
loss of LV capture. Patients with HOCM pacing can depend 
on ventricular pacing to limit LV outflow tract obstruction.



PART IV: Anesthesia Management1474
Fourth, some patients may need an increased pacing 
rate during the perioperative period to meet an increased 
oxygen demand. This subject is often not addressed. PM-
treated patients reportedly have high postoperative mor-
bidity and mortality,70 and failure to address tissue oxygen 
demands and cardiac output needs could contribute to 
this problem.

Fifth, appropriate equipment must be on hand to pro-
vide backup pacing and defibrillation if needed. Cardiac 
generators, although hardy, occasionally perform some 
untoward maneuver or fail, even in the absence of EMI.71 
Acceptable but inappropriate behavior of a PM or ICD can 
create an inhospitable situation. Even a properly working, 
dual-chamber PM can produce R-on-T pacing and ventric-
ular tachycardia (VT), especially in the setting of a junc-
tional rhythm or PVCs (Fig. 48-8).

The medical team caring for the patient with an 
implanted cardiac PG must understand that the patient 
has been deemed needy of this device by a physician 
who is an expert in the diagnosis and management of 
cardiac rhythm issues. Few anesthesiologists are qualified 
to contradict this diagnosis, yet some persist in providing 
anesthesia without appropriate backup pacing and defi-
brillation equipment on hand.

Monopolar “Bovie” ESU use remains the principal 
intraoperative issue for the patient with a PM. Between 
1984 and 1997, the FDA was notified of 456 adverse 
events with PGs, 255 from electrosurgery or external defi-
brillator, and a “significant number” of device failures.72 
Monopolar ESU is more likely to cause problems than 
bipolar ESU, and PMs with unipolar electrode configura-
tions are more sensitive to EMI than are PMs with bipolar 
configurations.73 The most common effect of ESU on pac-
ing function is ventricular oversensing, which causes pac-
ing inhibition (see Fig. 48-7, B). Sometimes, the generator 
detects significant EMI and begins pacing asynchronously 
at the programmed lower rate. This behavior is called 
noise or reversion mode pacing, even though the PM does 
not actually change modes. Noise reversion is not present 
in some ICDs and is programmable in others.

Magnet placement during electrosurgery may prevent 
aberrant PM behavior. Newer generators are believed to be 
relatively immune to spurious reprogramming from EMI, 
although they can undergo a reset condition that will 
likely alter the programmed settings.49,74,75

If monopolar ESU is to be used, then the electrosurgical 
dispersive electrode (often misidentified as the “grounding 
pad”) must be placed to ensure that the ESU current path 
does not cross the pacemaking system. Some authors rec-
ommend placement of this electrode on the shoulder for 
head and neck procedures or the distal arm (with sterile 
draping of the wire) for breast and axillary procedures.73,76 
Procedures using only monopolar ESU or with special EMI 
pacing ramifications include the following:

Electroconvulsive Therapy: This treatment may 
require nonsensing (asynchronous) mode to prevent 
myopotential-induced oversensing with resultant PM 
inhibition.77

Lithotripsy: The cardiac generator must be excluded from 
the lithotripter field. If the lithotripter triggers its output 
on the sensed ECG “R” wave, atrial pacing should be 
disabled to prevent the lithotripter from inappropriately 
firing on the atrial pacing artifact (see Chapter 72).

Magnetic resonance imaging (MRI): MRI requires 
special expertise, including the ability to immediately 
reprogram a CIED. The literature reports that MRI 
exposure can lead to magnet switch closure (magnet 
mode activation), CIED reprogramming, inappropriate 
high-rate pacing, generator damage, myocardial injury, 
lead failure, or arrhythmia. Except for CIED resets to 
safety parameters,75 no significant complications have 
been reported, even in large series.78 On February 8, 
2011, the FDA approved a Medtronic PM with MRI-
conditional labeling; conditions include MRI energy 
limitations, a requirement for ECG and pulse oximeter 
plethysmography monitoring, completion of cardiac 
monitoring and radiology training, and peri-MRI scan 
reprogramming.79 Medtronic has introduced a “second-
generation” MRI-conditional PM into the U.S. market 
with similar conditions but with automated testing and 
reporting features Only PMs from Medtronic have MRI 
labeling in the United States at this time, but Biotronik 
(ICD and PM), BOS (PM), and St. Jude Medical (PM) 
have received MRI labeling in other countries.

Nerve stimulator testing or therapy: Nerve stimulators can 
cause PM oversensing, with resultant PM inhibition80 
and cardiac arrest.81 Nerve stimulators have been used 
intraoperatively to inhibit undesired cardiac pacing25 
or arrest the cardiac rhythm for endovascular stent 
placement.82 In patients with an ICD, inappropriate 
detection of neuromuscular stimulators, transcutaneous 
electrical nerve stimulation, and chiropractic electrical 
muscle stimulation as VT or VF has been reported.83,84 
Nerve stimulators can also interfere with ECG monitoring 
of PM artifacts.69 As with ESU current, the electrical 
path for nerve stimulator current should not cross the 
generator system or the chest (see also Chapter 53).85

Radiofrequency ablation: Noncardiac radiofrequency 
ablation, especially when kept inferior to the umbilicus, 
behaves primarily like unblended “cut” monopolar 
ESU. Although problems seem to be rare, the HRS 
recommends postoperative interrogation before 
discharge from cardiac monitoring.49

Succinylcholine or etomidate use: Reports of myopotential 
problems on administration of succinylcholine86 or 
etomidate87 have been described (see also Chapters 30 
and 34). In the succinylcholine case, muscle fasciculations 
may have caused ventricular oversensing with resultant 
PM inhibition, but the case is difficult to interpret. No 
ECG tracings were published, and the PM was damaged 
during subsequent defibrillation. Using programmers, I 
have witnessed succinylcholine administration to more 
than 50 patients with PMs or defibrillators without 
finding any myopotential oversensing. The etomidate 
issue is also questionable because the particular PM had 
other issues.88 However, myopotential oversensing (in 
the absence of succinylcholine) has been observed to 
interfere with PM function89 or cause inappropriate ICD 
therapy (see also Chapter 34).90

Transurethral resection and uterine hysteroscopy: 
Transurethral resection of the bladder or prostate and 
hysteroscopic procedures generally use monopolar 
ESU, and device reprogramming may be needed to 
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Figure 48-8. Normal dual-chamber pacemaker timing can produce R-on-T pacing. A, This strip demonstrates functional ventricular undersens-
ing of a premature ventricular contraction (PVC) with resultant R-on-T pace leading to torsades de pointes in a normally functioning, appropriately 
programmed pacemaker (PM). This patient had a dual-chamber PM in the DDD mode with a programmed lower rate of 70 beats/minute (R-R 
interval of 857 msec) and atrioventricular (AV) delay of 200 msec. With these parameters, the pacemaker will pace the atrium 657 msec after any 
previous ventricular event. Atrial pacing is labeled A, and ventricular pacing is labeled V. The top tracing is electrocardiographic (ECG) lead II, the 
middle tracing is ECG lead V5, and the bottom tracing is the invasive arterial blood pressure waveform. Approximately 660 msec after the first QRS 
complex (1) on the strip (which was adequately sensed by the pacemaker), an atrial stimulus was emitted. At 200 msec after this atrial pace, a 
ventricular stimulus was emitted and appeared to depolarize the ventricle (2). Approximately 660 msec later (3), the patient experienced a PVC. 
Because the pacemaker was preparing to emit the atrial stimulus, it had disabled its ventricular sensing element (called post atrial ventricular 
blanking, see also Figure 48-13) and failed to sense this PVC (termed functional undersensing). At 200 msec after the atrial stimulus, no ventricular 
event had been sensed, so the pacemaker emitted a ventricular stimulus on the T wave. Because the ventricle was in a refractory period from the 
PVC, no depolarization of the ventricle occurred (called functional noncapture). At 660 msec from this attempted V-pace, the pacemaker again 
paces the atrium (4), and it appears that the next V-pace captures the ventricle. At point 5, a repeat of the events at point 3 occurs (i.e., the 
pacemaker disabled its sensing elements in preparation to pace the atrium and again failed to detect the PVC). This time, however, the V-pace on 
the T wave produced torsades de pointes. B, This strip was obtained from a Medtronic programmer during interrogation of a Kappa 700 dual-
chamber pacemaker. The top tracing is ECG lead II, and the bottom tracing is the “marker channel,” which shows the pacemaker’s interpretation 
of events. This pacemaker was programmed to the DDD mode with a lower rate of 60 beats/minute. The AV delay was 200 msec. As a result, 
after any ventricular event, the pacemaker will emit an atrial pulse at 800 msec if no intervening atrial or ventricular event takes place. This patient 
had junctional rhythm at 75 beats/minute (corresponding to an R-R interval of 800 msec), so the pacemaker emitted an atrial pulse just as the 
junctional event occurred. Because the pacemaker disables its ventricular sensing element when emitting the atrial pulse, it failed to detect the 
ventricular event and emitted the ventricular pulse 200 msec later, on the T wave. This inappropriate pacing takes place every other cycle because 
every other junctional event is sensed approximately 600 msec after the previous ventricular pace. Decreasing the AV delay diminishes the likeli-
hood of pacing during the vulnerable period of the ventricle. AP is an atrial pace, VP is a ventricular pace, and VS is a ventricular sensed event. The 
third complex deserves comment. The pacemaker sensed this ventricular event as it re-enabled its sensing element, and the pacemaker cannot tell 
whether the sensed event is a true ventricular depolarization or an “echo” of the atrial pace. When a signal from the ventricle is sensed within  
30 to 90 msec after an atrial pace, many CIEDs immediately emit a ventricular pacing stimulus. Called a ventricular safety pace, this pacing 
stimulus is designed to protect the patient from inappropriate sensing of the atrial signal by the ventricular channel, which would then inhibit 
the ventricular output. The safety pace is emitted at 110 msec to prevent R-on-T pacing. This feature is also called nonphysiologic AV delay by 
some manufacturers. R-on-T pacing can be appropriate (but not ideal) behavior of a DDD or DDI pacemaker in the setting of PVCs, as well as a 
junctional rhythm. It can also be seen with atrial or ventricular undersensing.



PART IV: Anesthesia Management1476
prevent PM oversensing with resultant PM inhibition. A 
resectoscope that includes the current-return electrode 
on the shaft (the irrigation medium is normal saline) 
could limit EMI to the generator but has not been 
carefully tested in this environment.

PACEMAKER FAILURE

PM failure has three causes: (1) generator failure, (2) lead 
failure, or (3) failure of capture. Generator failure is rare 
in a device that has been previously evaluated and not 
near the end of its useful battery life, unless the generator 
(or leads) is struck directly by the ESU. Lead failure, also 
unusual but reported during patient repositioning,91 can 
result in undersensing (intrinsic activity is not detected), 
oversensing (“detection” of events unrelated to intrinsic 
activity), or failure to deliver sufficient energy to the myo-
cardium to produce a depolarization (loss of capture). 
Myocardial changes that lengthen the refractory period 
or increase the energy requirement for depolarization 
(failure to capture) can result from myocardial ischemia 
or infarction, acid-base disturbance, electrolyte abnor-
malities, or abnormal antiarrhythmic drug levels.

The response to PM failure depends on the clinical situ-
ation. A patient with a perfusing rhythm and stable vital 
signs can be observed while a plan is made to correct the 
problem. For a patient with inadequate perfusion, the fol-
lowing steps can be tried (while cardiopulmonary resusci-
tation is in progress when appropriate):

 1.  A magnet can be applied if the PM is known to revert to 
an asynchronous mode, which will also eliminate sens-
ing behavior in these devices. Magnet application may 
add to the hemodynamic embarrassment in the setting 
of inadequate pacing safety margins52 or the onset of 
automated TMT.39

 2.  Temporary pacing can be initiated, and it can be 
transthoracic (transcutaneous), transvenous, or trans-
esophageal. Transesophageal (atrial) pacing requires 
a functional atrium and AV node for ventricular acti-
vation, so it is contraindicated in patients with atrial 
fibrillation or flutter. It is also generally contraindi-
cated in the presence of a permanent PM (or ICD). In 
the setting of external pacing, the ECG can be misin-
terpreted because the PM artifacts are large compared 
with the QRS complexes (Fig. 48-9, A). Successful ven-
tricular pacing has been reported with transesopha-
geal PMs, but it remains unreliable,92 and it produces 
inferior hemodynamics compared with atrial pacing 
(Fig. 48-9, B). Any external pacing may further inhibit 
PM output at energies that do not produce myocardial 
capture.93

 3.  Sympathomimetic drugs can be administered to 
decrease depolarization threshold or increase heart rate, 
or both. Epinephrine (0.5 to 1 μg/minute) or dopamine 
(5 to 20 μg/kg/minute) should be considered. Isopro-
terenol (0.5 to 10 μg/minute) is often recommended, 
but this drug is not widely available, and its use may 
produce hypotension. Atropine may be helpful.

 4.  Causes of myocardial ischemia should be sought and 
corrected. Myocardial ischemia can substantially 
increase the energy required for ventricular capture.94
 5.  Disturbances of electrolyte balance, antiarrhyth-
mic drug levels, and acid-base equilibrium should 
be investigated and corrected. Potassium, calcium, 
and magnesium abnormalities, as well as amioda-
rone, can raise depolarization thresholds. Moreover, 
potassium flux, ionized calcium level, and acid-base 
equilibrium can be affected by hyperventilation and 
hypoventilation.

 6.  If none of the foregoing measures succeed, consider-
ation should be given to placement of epicardial leads 
by the surgical staff.

POSTANESTHESIA PACEMAKER 
EVALUATION

A PM that was reprogrammed for the perioperative period 
should be reset appropriately. For nonreprogrammed 
devices, the performance and timing of a postoperative 
interrogation will depend on the nature of the case and 
the CIED team caring for the patient. Certainly, interro-
gation is warranted if any issues appear. Consideration 
should be given to increasing the lower paced rate in a 
chronotropically incompetent patient if increased cardiac 
output will benefit the patient during convalescence.

IMPLANTABLE CARDIOVERTER-
DEFIBRILLATORS

The development of an implantable, battery-powered 
device able to deliver sufficient energy to terminate VT 
or ventricular fibrillation (VF) represents a major medical 
breakthrough for patients with a history of ventricular 
tachydysrhythmias. These devices reduce deaths in the 
setting of malignant ventricular tachydysrhythmias,95,96 
and they have been long considered superior to antiar-
rhythmic drug therapy.97 Initially approved by the FDA 
in 1985, more than 120,000 devices will be implanted in 
the United States this year, and industry sources report 
that more than 300,000 patients have these devices 
today. Furthermore, results from the Sudden Cardiac 
Death–Heart Failure Trial (SCD-HeFT, which showed 
that prophylactic placement of an ICD is superior to 
drug therapy in any patient with an ejection fraction 
<0.35 and without evidence of arrhythmic inducibility) 
led to a significant increase in the number of patients for 
whom ICD therapy is indicated.98

Numerous technologic advances have been applied 
since the first ICD was placed, including substantial 
miniaturization (pectoral pocket placement with trans-
venous leads is the norm), as well as battery improve-
ments that now permit permanent pacing with these 
devices. Thus, one could easily confuse a pectoral T-ICD 
with a PM.

Like PMs, ICDs have a four-place generic code (NBD¶) 
to indicate lead placement and function, as shown in 
Table 48-4.99 The most robust form of identification, the 
label form, expands the fourth character into its compo-
nent generic PM code (NBG).

¶ The NBD code is a joint project from NASPE (the “N”) and BPEG (the 
“B”). The “D” stands for defibrillator.
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Figure 48-9. Issues with a transesophageal atrial pacemaker (TAP). A, Improper placement of a TAP demonstrating atrial noncapture. The top 
recording is electrocardiographic (ECG) lead II, the middle recording is ECG lead III, and the bottom recording is the invasive arterial pressure wave-
form. Sinus bradycardia with evidence of tissue underperfusion developed in this 72-year-old man. A TAP (CardioCommand, Tampa, Fla.) was 
placed, and the large ECG artifacts at 75 beats/minute were misinterpreted by personnel and by the ECG monitor as ventricular systoles (capture). 
This strip shows an underlying sinus rate of 50 beats/minute with a first-degree atrioventricular block (PR interval of 280 msec). The patient’s 
native atrial (P) and ventricular (R) depolarizations are noted. The arterial pressure waveform confirms pacing noncapture. B, Direct ventricular 
activation with a transesophageal pacemaker. The top recording is ECG lead II, and the bottom recording (enhanced vertical scale) is the invasive 
arterial pressure waveform. This strip is from an obese 61-year-old woman with diabetes and hypertension who was undergoing transsphenoidal 
hypophysectomy. Shortly after induction of anesthesia, sinus bradycardia at 37 beats/minute and mild hypotension developed. A transesopha-
geal pacemaker was placed but was advanced too far into the esophagus. This strip was recorded during “pullback.” The ventricle was directly 
activated in the first four events, with a resultant wide-complex QRS and average blood pressure of 135/75 mm Hg. On pullback, the atrium was 
activated, the QRS returned to a narrow complex, and blood pressure increased to 143/80 mm Hg. Except for the bradycardia, this patient had 
a normal heart and did not have a permanently placed generator.
The Cameron Health–BOS S-ICD system consists 
of a PG implanted along the lateral chest wall with a 
single lead tunneled subcutaneously to the area super-
ficial to the heart (Fig. 48-10). The principal advantage 
of the S-ICD implant is the ability to implant the device 
without gaining central venous access. The principal 
disadvantages include the inability to use the S-ICD to 
provide bradycardia support, the lack of ATP features, 
higher energy defibrillation thresholds (DFTs), larger 
size, and shorter battery life than a single-chamber 
T-ICD. Approximately 11.8% of all ICD patients have 
experienced an inappropriate shock.100
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TABLE 48-4 NORTH AMERICAN SOCIETY OF PACING AND ELECTROPHYSIOLOGY/BRITISH PACING  
AND ELECTROPHYSIOLOGY GROUP GENERIC DEFIBRILLATOR CODE (NBD)*

Position I Position II Position III Position IV†

Shock Chambers(s)
Antitachycardia Pacing 
Chamber(s) Tachycardia Detection

Antibradycardia Pacing 
Chamber(s)

O = None O = None E = Electrogram O = None
A = Atrium A = Atrium H = Hemodynamic A = Atrium
V = Ventricle V = Ventricle V = Ventricle
D = Dual (A+V) D = Dual (A+V) D = Dual (A+V)

*The NBD code is a joint project from the North American Society of Pacing and Electrophysiology (NASPE) (the “N”) and the British Pacing and Electro-
physiology Group (BPEG) (the “B”).99 The “D” stands for defibrillator.

†For robust identification, position IV is expanded into its complete NBG code. For example, a defibrillator programmed to ventricular shock and antit-
achycardia pacing along with biventricular pacing functionality would be identified as VVE-DDDRV, assuming that the pacing section was programmed 
DDDRV. Currently, no hemodynamic sensors have been approved for tachycardia detection (position III).
All T-ICDs have many programmable features to detect 
and treat both tachyarrhythmias and bradyarrhythmias. 
Essentially, these devices measure each cardiac R-R inter-
val and categorize the rate as normal, too fast (short R-R 
interval), or too slow (long R-R interval). When the device 
detects a sufficient number of short R-R intervals within 
a period of time (all programmable), it begins an antit-
achycardia event. Depending on arrhythmia characteris-
tics (primarily rate) and device programming, the internal 
computer chooses ATP (less energy use, better tolerated 
by patient) or shock. If the ICD chooses ATP, shock may 
be delayed; each cycle of ATP can delay shock 6 to 15 sec-
onds. If shock is chosen, an internal capacitor is charged. 
Charging time depends on the desired output, and an 
additional 6 to 15 seconds may pass during a maximum 

Figure 48-10. The Cameron Health–Boston Scientific subcutaneous 
implantable cardioverter-defibrillator. A schematic drawing of this sys-
tem (CE mark 2009; U.S. Food and Drug Administration approval in 
2012) is shown. This system consists of a generator implanted along 
the lateral chest wall with a lead tunneled into position over the heart. 
(From Hauser RG: The subcutaneous implantable cardioverter-defibrilla-
tor: should patients want one? J Am Coll Cardiol 61:20-22, 2013.)
shock. Charging time is lengthened by lower battery volt-
age, time from last charge,# and lower temperature.

Most ICDs are programmed to “reconfirm” VT or VF 
after charging to prevent inappropriate shock therapy. 
All T-ICDs can be programmed to begin ATP immediately 
on initiating a charge cycle (ATP while charging, which 
does not delay shock). Typically, T-ICDs deliver 6 to 18 
shocks per event. Once a shock is delivered, no further 
ATP takes place. Despite considerable improvement in 
detection of ventricular dysrhythmias, more than 10% of 
T-ICD shocks are for rhythm other than VT or VF, and 
supraventricular tachycardia (SVT) remains the most com-
mon cause of inappropriate shock therapy.6 Inappropri-
ate ICD therapy, whether shock or ATP, has been shown 
to injure myocardium,101 and it appears that any therapy, 
whether appropriate or inappropriate, shortens a patient’s 
life expectancy when compared with patients not receiv-
ing therapy.5,102 The likely results of these reports will be 
to delay initiation of T-ICD therapy for at least 30 to 60 
seconds following onset of arrhythmia.

Programmable features in current ICDs to differentiate 
VT from SVT include the following103:

 1.  Onset criteria: In general, onset of VT is abrupt, whereas 
onset of SVT has sequentially shortening R-R intervals.

 2.  Stability criteria: In general, the R-R interval of VT is rel-
atively constant, whereas the R-R interval of atrial fibril-
lation with rapid ventricular response is quite variable.

 3.  QRS width criteria: In general, the QRS complex width 
in SVT is narrow (<110 msec), whereas the QRS width 
in VT is wide (>120 msec).

 4.  “Intelligence” in dual-chamber devices attempts to 
associate atrial activity with ventricular activity.

 5.  Morphology waveform analysis includes comparison 
with stored historical templates.

  

When the R-R interval becomes sufficiently short for 
VF detection, most ICDs begin a shock sequence. As noted 
earlier, once the device delivers shock therapy, no further 
antitachycardia pacing takes place.

# The capacitor in an ICD “deforms” during inactivity, thus leading to 
increased time needed to charge the capacitor. To mitigate the effects 
of deformation, all ICDs perform nontherapeutic charging of their 
capacitor ( “reforming”) at a programmable periodic interval (usually 
1 to 6 months).
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A T-ICD will begin pacing when the R-R interval is too 
long. Single-chamber T-ICDs implanted into patients with 
sinus rhythm typically are programmed to VVI pacing 
mode with a backup rate of 40 to 50 beats/minute. In July 
1997, the FDA approved devices with sophisticated dual-
chamber pacing modes and rate-responsive behavior for 
patients with T-ICD who need permanent pacing (≈20% of 
patients with ICDs). Because of the Dual Chamber and VVI 
Implantable Defibrillator (DAVID) study, which suggested 
that DDD pacing in a patient without a clear need for dual-
chamber pacing decreased survival when compared with 
single-chamber device placement,104 many electrophysiolo-
gists program long (>250 msec) AV delays in these patients 
to limit ventricular pacing. As noted earlier, however, long 
AV delays can lead to R-on-T pacing (see Fig. 48-8, A). In 
addition, many manufacturers of T-ICDs have designed 
algorithms to limit RV pacing. Some of these algorithms 
allow dropped QRS events, which can resemble second-
degree Mobitz II block or pacing system malfunction.

INDICATIONS

Initially, ICDs were placed for hemodynamically signifi-
cant VT or VF (Box 48-5). Additional indications associ-
ated with sudden cardiac arrest include patients awaiting 
heart transplantation105 and patients with long QT syn-
drome,106 Brugada syndrome (right bundle branch block, 
ST-segment elevation in leads V1 to V3), and arrhythmo-
genic RV dysplasia.107,108 Studies suggest that ICDs can be 
placed prophylactically (i.e., used for primary prevention) 
to prevent sudden cardiac arrest in patients with hyper-
trophic cardiomyopathy,109 as well as in patients after 
myocardial infarction with an ejection fraction lower than 
30%,98 but these devices are of no benefit after coronary 
artery bypass grafting. Three-chamber T-ICDs have been 
FDA approved for patients with DCM.

MAGNETS

As in PMs, magnet behavior in some ICDs can be altered 
by programming. Most devices suspend tachydysrhythmia 

Ventricular tachycardia
Ventricular fibrillation
Brugada syndrome (right bundle branch block, ST-segment 

elevation in electrocardiographic leads V1 to V3)
Arrhythmogenic right ventricular dysplasia
Long QT syndrome
Hypertrophic cardiomyopathy
Prophylactic use in the patient who has CM without electro-

physiologic testing to justify placement: MADIT II (EF <30%, 
ischemic CM)98; MUSTT (EF <40%, ischemic CM with non-
sustained ventricular tachycardia)97; SCD-HeFT (EF <35%, and 
CM of any cause)3

BOX 48-5 Indications for Implantable 
Cardioverter-Defibrillators

CM, Cardiomyopathy; EF, ejection fraction, MADIT II, Multicenter  
Automatic Defibrillator Implantation Trial II; MUSTT, Multicenter  
Unsustained Tachycardia Trial; SCD-HeFT, Sudden Cardiac Death in 
Heart Failure Trial.
detection (and therefore therapy) when a magnet is appro-
priately placed to activate the magnet switch (Table 48-5). 
Some devices from BOS, Pacesetter, and St. Jude Medical 
can be programmed to ignore magnet placement, and 
some BOS (“GDT” label) ICDs have had their magnet func-
tion permanently disabled because of a magnet switch 
issue (e.g., see Fig. 48-3).11 For BOS devices, if the magnet 
mode is enabled and the T-ICD is enabled for antitachy-
cardia therapy, the T-ICD will emit beeps synchronized to 
R waves (older BOS T-ICDs with a CPI or GDT label) or at 
1 Hz (most BOS or BSC label T-ICDs) to signify adequate 
placement of magnet and suspension of tachyarrhythmia 
detection (thus disabling therapy). If any BOS T-ICD emits 
a constant tone when a magnet is applied, then antitachy-
cardia therapy will remain disabled, even when the mag-
net is removed. Many BOS T-ICDs with the GDT label must 
be auscultated following magnet removal to ensure that 
tone emission has ceased, thus indicating that the magnet 
switch has returned to the open position.11

To ensure correct magnet placement on their devices, 
Medtronic marketed a device called the Smart Magnet. 
Manufacturing ceased in approximately 2005 because not 
many of these devices sold. This battery-powered instru-
ment contains a magnet and a radiofrequency (RF) receiver. 
All Medtronic generators broadcast RF destined for the 
programmer on magnet placement, and the Smart Magnet 
detects this RF transmission and illuminates the “found” 
light when an ICD is under the magnet. Medtronic recom-
mends that the Smart Magnet be taped onto the patient. 
During EMI (e.g., monopolar ESU), signal transmission 
from the T-ICD to the Smart Magnet can be interrupted, 
and the ICD “found” light often turns off. In this setting, 
however, the T-ICD remains disabled because the physical 
presence of the magnet, rather than the RF communica-
tion, disables the antitachycardia therapy.

No ICD provides asynchronous pacing with mag-
net placement. T-ICDs from Sorin (Milano, Italy, world 
headquarters; Arvada, Colo, U.S. headquarters) change 
their pacing rate (but not mode) to indicate battery sta-
tus. Interrogating the device represents the most reliable 
method for determining magnet response. Contact with 
the CIED clinic or the manufacturer may provide addi-
tional information.

PREANESTHETIC EVALUATION  
AND REPROGRAMMING

In addition to evaluating and optimizing any comorbid 
diseases in the patient with an ICD, the ASA advisory rec-
ommends preoperative T-ICD interrogation. The other 
three statements recommend contact with the CIED 
clinic and physician. T-ICDs store considerable data on 
the occurrence of dysrhythmias. Because ATP is well tol-
erated, most patients remain unaware of this interven-
tion. For any patient scheduled to undergo an elective 
procedure, the onset of new dysrhythmias likely warrants 
investigation of the problem before the procedure (Fig. 
48-11). HRS/EHRA recommends 3- to 6-month follow-up 
with either in-office or remote (telephonic at this time) 
evaluation.9 As with PMs, remote follow-up does not allow 
iterative testing of sensing or pacing thresholds. Medicare 
has no coverage determination for ICD follow-up.
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TABLE 48-5 MAGNET BEHAVIOR OF IMPLANTABLE CARDIOVERTER-DEFIBRILLATORS*

ICD Manufacturer

Magnet 
Mode 
Designation

Effect on 
Tachycardia 
Therapy

Effect on Bradycardia 
Therapy (regular pacing) Magnet Mode Confirmation

Biotronik Disabled None None

Boston  
Scientific 
(Guidant 
Medical, CPI)

“GDT,” “CPI,”
“BOS 119,” “BOS 

203” x-ray label

ON Disabled None Short beep with each detected 
heartbeat or constant tone†

OFF None None None
All other “BOS” 

x-ray label
ON Disabled None Short beep every second or 

constant tone†

OFF None None None
Subcutaneous ICD Disabled but 

tone for 
only 60 
seconds

None Short beep every second for 60 
seconds, then no additional 
sounds (but tachyarrhythmia 
therapy disabled)

Medtronic AT-500‡ Disabled None None§

All others Disabled None
Pacesetter and St. Jude Medical NORMAL Disabled None None

IGNORE None None
Sorin (was ELA Medical) Disabled Pacing rate, but not mode, 

changes to 96 (new 
device), declining to 80 
beats/min, indicating 
elective replacement time

Pacing rate change as noted

ICD, Implantable cardioverter-defibrillator.
*The effects of appropriate magnet placement on an implantable cardioverter-defibrillator (ICD) are shown. Column 1 shows the manufacturer. Some 

manufacturers have multiple responses that can be determined by the x-ray identifier. If the magnet response is programmable, then column 2 shows 
the various magnet modes available. The first mode shown is the usual mode. A device reset from electromagnetic interference could produce some 
other mode (i.e., magnet mode disabled). Column 3 shows the effect on antitachycardia therapy (defibrillation and antitachycardia pacing) for the 
magnet mode shown in column 2. Only ICDs from Sorin Medical alter their antibradycardia pacing rate on magnet placement (column 4), and this 
pacing rate can be used to predict remaining battery life, provided the patient’s native heart rate is less than the magnet rate. Only ICDs from Boston 
Scientific/Guidant/CPI produce reliable audio feedback for confirmation of magnet placement (column 5). For devices from Pacesetter and St. Jude 
Medical, device interrogation is required to determine the magnet mode.

†For Boston Scientific/Guidant/CPI T-ICDs, if the magnet mode is programmed to “on,” appropriate magnet placement immediately disables tachycar-
dia detection and therapy, and tachycardia therapies remain disabled for as long as the magnet remains appropriately applied. When magnet mode 
is enabled in these devices, the ICD will emit either a constant tone or beep to identify appropriate magnet placement. If the device emits a constant 
tone, then tachycardia therapy is disabled whether or not a magnet is present, and tachycardia therapy will not be present even after the magnet is 
removed. If any of these ICDs emit a beep (ICDs with GDT or CPI x-ray codes emit each beep with either paced or sensed R waves; most ICDs with 
BOS x-ray code emits a beep every second), then a properly working ICD will be enabled for tachycardia therapy on magnet removal. Any Boston 
Scientific/Guidant/CPI ICD that does not emit a sound when a magnet is applied should undergo immediate device interrogation.

‡The Medtronic AT-500 series defibrillators provide antitachycardia pacing in the atrium only, and usually after a delay often exceeding 1 minute from 
the onset of atrial tachyarrhythmia. They do not have any shock coils on any lead and are very difficult to distinguish from a conventional two-chamber 
pacemaker. They have no apparent magnet response. The x-ray identifier on these devices includes the Medtronic M, but the first character is I. All 
other Medtronic cardiac generators have the Medtronic M, with the first letter identifier P.

§Some Medtronic ICDs emit a tone for 15 to 30 seconds when a magnet is placed on the device. However, this tone is not continuous with magnet 
placement, and it is not interrupted with immediate magnet removal. As a result, the tone cannot be used for confirmation of appropriate magnet 
placement.
Determination of the need for elective replacement of 
an ICD resulting from battery depletion is more compli-
cated than with PMs. Prediction of remaining ICD battery 
longevity obtained at interrogation is a feature available 
only in the newest of ICDs. For devices without battery 
longevity estimates, the capacitor charge time reflects bat-
tery status, and the manufacturer should be consulted 
when charge time exceeds 12 seconds. General statements 
about battery voltage in ICDs cannot be made because 
ICDs have different numbers of battery cells.

Most ICDs should have their antitachycardia therapy 
disabled before the use of any device causing EMI. The use 
of monopolar ESU can cause inappropriate shocks. Casa-
vant and associates found a stored electrogram sequence in 
an ICD, a finding suggesting that the device had misinter-
preted monopolar ESU during dermatologic facial surgery 
as VF.111 Figure 48-12 shows inappropriate VT detection 
that occurred intraoperatively. Additionally, one report 
exists of a central line guidewire interacting with the RV 
lead, thus leading to a short-circuit shock and subsequent 
failure of the T-ICD.112

The comments in the pacing section (including Appen-
dix 48-2 and Box 48-3) apply here for any ICD with anti-
bradycardia pacing. Many ICDs have no noise reversion 
behavior, so ESU-induced ventricular oversensing may 
lead to nonpacing in the patient who depends on the ICD 
for pacing.

INTRAOPERATIVE (OR PROCEDURE) 
MANAGEMENT OF IMPLANTABLE 
CARDIOVERTER-DEFIBRILLATORS

At this time, no special monitoring (resulting from 
the ICD) is required for the patient with an ICD. ECG 
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Figure 48-11. Unexpected ventricular tachycardia (VT) with antitachycardia pacing was found in this patient during her preoperative visit. 
A 65-year-old woman with a history of VT had undergone implantation of a Medtronic single-chamber defibrillator approximately 8 months 
previously. She had not had any dizziness or syncopal episodes since placement of an implantable cardioverter-defibrillator (ICD). Preoperative 
interrogation of her device revealed VVE-VVI programming, along with an episode of tachycardia at 150 to 162 beats/minute that was detected 
by the ICD as VT. The ICD delivered a six-beat burst of antitachycardia pacing at 182 beats/minute, which converted the tachycardia back to 
sinus rhythm. No backup pacing was needed after the VT was terminated. The upper tracing is a digitized ventricular electrogram that was stored 
in the ICD during the tachycardic event. The lower tracing is the “marker channel,” which reports the interpretation of each event by the ICD. 
The numbers below the marker channel represent the interval (in milliseconds). The rate is calculated by dividing the interval into 60,000 msec/
minute. TD marks the final event that starts therapy. TS represents an interval in the VT zone, TP is an antitachycardia pace event, and VS is an 
intrinsic ventricular depolarization with a rate that is neither too fast (short interval) nor too slow (long interval). This device was set to detect VT 
as 16 consecutive ventricular events with a rate between 146 and 200 beats/minute and to deliver antitachycardia pacing at 84% of the last R-R 
interval (the last interval was 400 msec, so antitachycardia pacing was delivered at a rate of 182 beats/minute (330 msec).
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Figure 48-12. Electromagnetic interference (EMI) from the monopolar electrosurgery unit (ESU; “Bovie”) caused an implantable cardioverter-
defibrillator (ICD) to detect ventricular fibrillation (VF). This stored electrogram (EGM) was one of 73 found at the end of a 4-hour surgical pro-
cedure in which considerable monopolar electrosurgery was used. This patient had a Guidant Medical ICD in the VOE-VVI mode. The patient’s 
ICD had been placed in a “monitor only” mode before surgery. As a result, the ICD recorded any instance of ventricular dysrhythmia that would 
have triggered therapy, but it could not actually deliver therapy. From left to right: 1, the EGM demonstrates a ventricular rate of 70 beats/minute, 
but with considerable noise on the baseline; 2, a VF event was declared for the detected heart rate of 345 beats/minute, and the ICD charged 
its capacitor; 3, the ICD was programmed to “reconfirm before shock,” and the ventricular rate remained 70 beats/minute with noise on the 
baseline; 4, again, the noise caused the ICD to believe that the patient remained in VF, and the ICD would have delivered a shock, except that it 
was programmed to “monitor only”; and 5, because the noise is gone (the ESU had stopped), the ICD declares the event over after “successful” 
defibrillation.
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monitoring and the ability to deliver external cardiover-
sion or defibrillation must be present during the time 
of ICD disablement. Should cardioversion or defibrilla-
tion be needed, the defibrillator pads should be placed 
to avoid the PG to the extent possible. Nevertheless, the 
patient, not the ICD, is being treated. When a magnet 
is used to prevent ICD discharge, simple removal of a 
magnet may not produce immediate antiarrhythmic 
therapy. The actual rate of the tachycardia versus the 
lowest treatment zone rate, as well programmed therapy 
delays, could lead to lengthy treatment postponements. 
The recommendations in the section on intraoperative 
(or procedure) management of pacemakers apply here, 
as well, to T-ICDs (S-ICDs have no permanent pacing at 
this time).

No special anesthetic techniques have been champi-
oned for the patient with an ICD. Most of these patients 
have severely depressed systolic function, dilated ventric-
ular cavities, and significant valvular regurgitation. Thus, 
the choice of anesthetic technique should be dictated by 
the underlying physiologic derangements that are pres-
ent. Conflicting data have been published regarding the 
choice of anesthetic drugs and changes to DFT. In 1992, 
Gill and associates examined DFTs in dogs and concluded 
that neither halothane nor isoflurane changed DFTs in 
open chest defibrillation compared with a pentobarbital 
infusion.113 However, Weinbroum and colleagues evalu-
ated DFTs in humans during ICD implant and found that 
halothane, isoflurane, and fentanyl increased DFTs.114 
Even with these increases, however, these increased DFTs 
were still substantially lower than the maximum energy 
generally available in ICDs, and these increases would 
not have been noted under usual testing conditions.

POSTANESTHESIA EVALUATION

Any ICD that was reprogrammed for an intervention must 
be reinterrogated and re-enabled, and deaths from failure 
to re-enable an ICD have been reported.115 All recorded 
events should be reviewed, and counters should be cleared. 
The pacing parameters (T-ICD only) must be checked and 
reprogrammed as necessary.

SPECIAL SITUATIONS: VENTRICULAR 
ASSIST DEVICES AND TEMPORARY 
PACING

Most patients with a ventricular assist device (VAD) 
also have a T-ICD. Although this subject exceeds the 
scope of this chapter, several important issues should be 
highlighted. First, the VAD can interfere with telemetry 
between the ICD and the programmer, thus resulting in 
the inability to modify parameters quickly116 and pos-
sibly necessitating T-ICD replacement.117 Several “work-
arounds” have been proposed, including changing the 
LVAD speed, covering the telemetry wand with an iron 
skillet, or encasing the wand and cord with metallic 
shielding material.116,118 Before placement of a T-ICD in 
a patient with a VAD, or placement of a VAD in a patient 
with a preexisting CIED, compatibility issues should be 
investigated. Second, in many of these patients who then 
undergo orthotopic heart transplantation, the T-ICD is 
disabled by programming, and the transvenous leads are 
cut at the level of the superior vena cava. Unfortunately, 
any subsequent device reset from cosmic radiation or EMI 
will restore single-zone shock behavior in all T-ICDs,49 so a 
patient may actually receive high-energy therapy to their 
superior vena cava, with likely disastrous result.

The second special situation is temporary pacing. Tem-
porary pacing devices can be used for bradycardia unre-
sponsive to pharmacologic therapy, bradyarrhythmias 
complicating myocardial infarction, heart rate support 
following cardiothoracic surgery, delivery of ATP to the 
atrium or ventricle in an attempt to treat a tachydysrhyth-
mia, bridge to permanent PM placement, and protection 
for potential catastrophic failure of a CIED expected to 
be exposed to strong EMI in a pacing-dependent patient. 
Pacing can be esophageal, transcutaneous, transvenous, 
or epicardial. In a patient with a CIED, placement of a 
temporary pacing device requires CIED reprogramming 
for temporary pacing testing (e.g., threshold evaluation) 
because the energy of temporary pacing that fails to depo-
larize the myocardium could inhibit permanent pacing. 
A T-ICD must be disabled to prevent inappropriate shock 
during temporary pacing testing and also if central venous 
access is planned.112

Esophageal pacing requires an intact atrium and AV 
node. Thus, esophageal pacing remains absolutely con-
traindicated when a history of atrial dysrhythmia (e.g., 
atrial fibrillation) or significant AV block exists. This 
technique requires a specially adapted esophageal probe 
and a unique generator. Pacing is AOO only, which usu-
ally causes no problems, even when the native heart rate 
exceeds the programmed heart rate. The pacing artifacts 
typically appear as large, negative “spikes” that can pro-
duce overcounting by the ECG monitor and can be con-
fused as QRS events (see Fig. 48-9).

Transcutaneous pacing is accomplished by plac-
ing conducting electrodes on the skin, preferably in an 
anteroposterior position. Device instructions should be 
followed. Pacing is ventricular only, and this may not 
produce appropriate hemodynamic support without atrial 
transport.

Transvenous and epicardial pacing can be atrial, 
ventricular, AV, or BiV, depending on the catheter or 
wires and the pacing generator used. Transvenous pac-
ing requires central venous access, and complete sterile 
barrier technique seems indicated in any patient, espe-
cially when a preexisting CIED is present. Three differ-
ent types of transvenous catheters are available at this 
time: a simple balloon-tipped bipolar catheter without 
a hemodynamic channel; a pulmonary artery catheter 
with one or two extra lumina for placement of bipolar 
wires into the atrium, right ventricle, or both; and a 
multielectrode pulmonary artery catheter intended for 
atrial-RV pacing. Both transvenous pacing and epicar-
dial pacing require a battery-powered external genera-
tor. In any patient with only a ventricular lead (whether 
transvenous or epicardial), the temporary pacing genera-
tor should be programmed only to VVI pacing because 
the use of DDD pacing (in the absence of a functioning 
atrial lead) can instigate VT secondary to R-on-T pac-
ing (Fig. 48-13).51 The use of the DDD pacing mode 
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Figure 48-13. DDD pacing without atrial lead initiates ventricular tachycardia (VT) by R-on-T pacing. Temporary external dual-chamber pacing 
without an atrial lead produced several R-on-T paces, one of which initiated polymorphic VT. This patient had undergone elective aortic valve 
replacement with root repair, three-vessel coronary artery bypass grafting, and a partial Maze procedure 8 hours earlier. His underlying rhythm 
was atrial fibrillation. Tracings are electrocardiogram lead I (upper) and lead V5 (lower). Pacemaker (PM) settings were DDD mode; pacing rate 
was 60 beats/minute; and AV delay was 200 msec, resulting in a VV cycle length of 1000 msec and a ventriculoatrial time (VA) of 800 msec. AP 
is presumed atrial pace, BVE is a blanked ventricular event secondary to postatrial ventricular blanking, VP is ventricular pace, and VS is presumed 
ventricular sense. At the expiration of the VA timer, the PM presumably emitted an AP because no atrial signal had been sensed. The PM then 
invoked a 20- to 36-msec postatrial ventricular blanking period to prevent any ventricular oversensing resulting from the AP. As a result, the 
native ventricular event was not sensed (BVE), resulting in a VP 200 msec after the AP. The VP fell on the vulnerable period of repolarization, thus 
initiating VT. ABP, Arterial blood pressure; HR, heart rate; NBP, noninvasive blood pressure; PVC, premature ventricular contraction; Spo2, periph-
eral oxygen saturation. (From Schulman PM, Stecker EC, Rozner M: R-on-T and cardiac arrest from dual-chamber pacing without an atrial lead, Heart 
Rhythm 9:970-973, 2012.)
(default mode of many temporary PMs) with only an 
RV lead appears to be a common practice, and this R-on-
T phenomenon appears poorly understood, given that 
the occurrence of R-on-T–induced VT in this situation 
has been ascribed to “chance.”119 Some dual-chamber 
external pacing generators switch from VVI to DDD pac-
ing without warning or confirmation when changing 
parameters other than pacing mode.52 Temporary pac-
ing should be discontinued as soon as possible.

SUMMARY

Electronic miniaturization has permitted the design and 
use of sophisticated electronics in patients who need arti-
ficial pacing and/or automated cardioversion or defibrilla-
tion of the heart. These devices are no longer confined to 
merely keeping the heart beating between a minimum rate 
(pacing function) and a maximum rate (ICD functions) 
because they are now used as therapy to improve the fail-
ing heart. Furthermore, the advent of sophisticated pac-
ing algorithms that change heart rate or AV intervals, as 
well as permit occasional dropped QRS events, can mimic 
behavior that may be interpreted as “light anesthesia” 
(increased pacing rates) or pacing system malfunction. 
Inappropriate treatment of these events can lead, and has 
led, to injury and death in these patients.

Both the aging of the population and the ability to 
care for a patient with increasingly complex disease sug-
gest that anesthesiologists will be caring for many more 
patients with these devices, and we must be prepared for 
this situation. Safe and efficient clinical management of 
these patients depends on an understanding of implant-
able systems, indications for their use, and the periopera-
tive needs they create.
GLOSSARY

Atrial Fibrillation (AF) Suppression (formerly Dynamic 
Atrial Overdrive): A programmable rate enhancement 
for CIEDs that increases the pacing rate in response to 
the presence of intrinsic atrial activity. AF suppression 
is designed to pace the atrium at a rate just above the 
intrinsic rate to prevent atrial fibrillation.120 Its pres-
ence and maximal pacing rate should be identified 
before an anesthetic regimen because elevated pacing 
rates may prompt treatment, which will not affect the 
heart rate but may harm the patient. Consideration 
should be given to disabling this feature intraopera-
tively, especially if monopolar ESU will be used superior 
to the umbilicus, where EMI would be expected.

Atrioventricular Delay: The time that a dual-chamber sys-
tem waits after detecting (or initiating) an atrial event 
before pacing the ventricle. Some generators shorten 
this time as heart rate increases (termed rate-adaptive 
AV delay or dynamic AV delay). Some generators can 
be programmed to extend the AV delay to search for 
intrinsic conduction (search AV delay). Some genera-
tors prolong an AV delay after any atrial event in which 
the last ventricular event was intrinsic (AV delay hys-
teresis). In a patient with a conducting AV node, the 
sensed AV delay is slightly longer than the PR inter-
val on the surface ECG (see Fusion Beat and Pseudofu-
sion Beat) because the ventricular sensing element is 
attached to the apex of the right ventricle and detects 
the depolarization only after RV activation (typically 
>60 msec after activation of the AV node).

Automatic Rate. See Lower Rate Limit 
Bipolar Lead: An electrode with two conductors. Bipolar 

pacing typically uses less energy than unipolar pacing, 
and it produces smaller artifacts on analog monitors. 
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Bipolar sensing is more resistant to oversensing from 
muscle artifact or stray electromagnetic fields. Most 
pacing generators (but not ICDs) can be programmed 
to unipolar mode (separate settings for pacing and sens-
ing), even in the presence of bipolar electrodes.

EGM Mode (Electrogram Storage Mode): Passive acquisi-
tion and internal storage of ECG data for diagnostic pur-
poses while pacing (or monitoring) with programmed 
parameters. A PM programmed to enter the EGM mode 
on application of a magnet will not demonstrate asyn-
chronous pacing behavior.

Fusion Beat (FB): A PM spike delivered shortly before a 
native depolarization of the ventricle that alters the 
morphology of the QRS, often misdiagnosed as under-
sensing. With an FB, the pacing stimulus is delivered 
after the activation of the AV node but before the sens-
ing element detects the PM-induced depolarization. It 
is similar to preexcitation of the ventricle seen in Lown-
Ganong-Levine syndrome or Wolff-Parkinson-White 
syndrome. Confirmation of appropriate sensing behav-
ior can be made by lengthening the sensing interval 
(i.e., lengthening the AV delay). Fusion beats suggest, 
but should not be used to confirm, ventricular capture. 
See also Pseudofusion Beat.

Generator: The device with a power source and circuitry to 
produce an electrical impulse designed to be conducted 
to the heart. Typically, cardiac generators are placed in 
a pectoral pocket, and leads are inserted into the right 
atrium, right ventricle, or both. Since 1995, ICDs have 
also been approved for pectoral pocket placement.

Hysteresis: If present, the amount by which the patient’s 
intrinsic rate must fall below the programmed rate 
before the generator begins pacing. Some pacers 
periodically decrease the pacing rate to search for 
resumption of intrinsic activity (called search hyster-
esis). These functions, when present, can mimic PM 
malfunction.

ICD (Implantable Cardioverter-Defibrillator) Mode: The 
designation of chambers shocked, chambers paced for 
antitachycardia pacing, method of tachycardia detec-
tion, and chambers paced for antitachycardia therapy. 
Table 48-4 shows the NASPE/BPEG generic ICD code.

Lower Rate Limit (LRL, also Automatic Rate or Pro-
grammed Rate): The lowest sustained regular rate 
at which the generator will pace. Generators convert 
this value into the maximum allowable R-R interval 
and emit a pacing pulse at the expiration of this time. 
Dual-chamber pacing devices subtract the AV delay to 
determine the maximum allowable interval from a ven-
tricular event to the expected atrial event.

Mode Switch: In dual chamber (AV) systems, a feature 
designed to limit ventricular pacing during high atrial 
rates (whether atrial fibrillation, flutter, or tachycardia) 
by temporarily switching to DDI(R) / VVI(R) depending 
upon the manufacturer. The mode switch detect rate, 
duration of high rate tracking (pre-mode switch) and 
return to dual chamber tracking mode upon termina-
tion of the atrial high rate can be manufacturer and 
programming dependent. Often, removal of a magnet 
in the setting of a high atrial rate will lead to transient 
ventricular pacing at the upper tracking rate until mode 
switch occurs. EMI can also cause inappropriate mode 
switch with resultant loss of atrial transport producing 
hemodynamic embarrassment.

Oversensing: Detection of undesired signals that are inter-
preted as cardiac activity. Ventricular oversensing can 
lead to ventricular pause (PM or ICD) or inappropriate 
antitachycardia therapy (ICD). Atrial oversensing can 
lead to inappropriately high paced ventricular rates in 
DDD or VDD devices; these ventricular systoles occur 
in the absence of true atrial systoles, and hemodynamic 
compromise can result.

Pacing Mode: The designation of chambers paced, cham-
bers sensed, sensing response, rate responsiveness, and 
antitachyarrhythmia function for a PM system. Table 
48-2 shows the NASPE/BPEG generic PM code.

Programmed Rate. See Lower Rate Limit 
Pseudofusion Beat (PFB): A PM spike delivered shortly 

after a native depolarization without alteration of 
the QRS morphology. PFBs are often misdiagnosed as 
undersensing, and they result from the position of the 
sensing electrode relative to the depolarizing wavefront 
(see Fusion Beat). Confirmation of appropriate sens-
ing behavior can be made by lengthening the sensing 
interval (i.e., decreasing the program rate [atrial FB] or 
lengthening the AV delay [ventricular PFB]). PFB can-
not be used to confirm electronic capture.

Rate Enhancements: Features such as rate-adaptive AV 
delay (shortens the AV delay with increasing heart 
rate), AV search hysteresis (lengthens or shortens 
the AV delay to produce intrinsic AV conduction), 
AF suppression (also called dynamic atrial overdrive; 
increases the lower rate on appearance of native 
atrial depolarization, thus creating nearly constant 
atrial pacing but at a rate only slightly higher than 
the patient’s intrinsic rate), rate smoothing (limits 
changes in ventricular paced rates resulting from 
changes in atrial rates; rising and falling rate lim-
its can be programmed separately), sleep rate (see 
Sleep Rate), ventricular rate regulation (similar to 
rate smoothing but used only during atrial fibrilla-
tion), and hysteresis (see Hysteresis). Each of these 
enhancements can produce pacing or nonpacing that 
can mimic PM dysfunction, and consideration should 
be given to disabling these enhancements before any 
anesthetic regimen.

Rate Modulation: The ability of the generator to sense the 
need to increase heart rate in response to the patient’s 
activity. Mechanisms include (1) a mechanical sen-
sor in the generator to detect motion or vibration, 
(2) electronic detection of the QT interval (shortens 
during exercise), (3) transthoracic impedance to mea-
sure changes in respiration, and (4) sensors for central 
venous blood temperature or oxygen saturation (see 
Table 48-3). Some generators now incorporate multiple 
sensors. The pacing rate determined by the rate modu-
lation algorithm is called sensor indicated rate.

Rest Rate: A rate lower than the programmed rate, invoked 
by the pacing device after some period (manufacturer 
specific) of patient inactivity, which is determined by 
the exercise sensor.

Sensor Indicated Rate: The pacing rate determined by the 
sensor in a PM programmed to a rate-responsive mode 
(fourth character of NBG = R).
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Sleep Rate (also Circadian Rate): The rate (lower than the 
programmed rate) at which the pacing generator will 
pace during programmed “nighttime” hours. Travel 
across time zones can lead to maladaptive behavior 
when using this feature.

Undersensing: Failure to detect a desired event.
Unipolar Lead: An electrode with only one conductor. 

Some devices with bipolar leads are programmed to the 
unipolar lead mode. Systems with unipolar leads pro-
duce larger spikes on the ECG than bipolar leads. Sys-
tems with unipolar leads use the generator case as the 
second conductor. Unipolar pacing or sensing modes 
cannot be programmed in an ICD.

Upper Sensor Rate (USR, also Upper Activity Rate or 
UAR): The maximum rate to which a rate modulated 
CIED can drive the heart. The USR is not affected by 
UTR because when USR becomes active, the CIED is 
pacing the atrium.

Upper Tracking Rate (UTR, also called Upper Rate Limit 
or URL): In dual chamber (AV) systems, the maximum 
rate at which the ventricle can be paced regardless of 
the atrial rate. When the atrial rate exceeds this rate, 
the observed AV delay will lengthen and some QRS 
events can be dropped, a behavior that appears similar 
to Wenckebach rhythms.
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Determining the indication for and date of initial device placement
Identifying the type of device (pacemaker, implantable cardio-

verter-defibrillator) and manufacturer
Determining the patient’s underlying rhythm and rate (if any)
Identifying the number and types of leads
Determining the last generator test date and battery status
Obtaining a history of generator events (if any)
Obtaining the current program information (device interrogation), 

including mode, rate, and rate enhancements

Ensuring that generator discharges become mechanical systoles 
with adequate pacing safety margins

Ensuring adequate safety margin for sensing events (if intrinsic 
events are present)

Ensuring that magnet detection is enabled (magnet behavior and 
rate should be recorded)

Determining whether the pacing parameter should be repro-
grammed, which will depend on, for example, pacing depen-
dency, surgery type and location, and need for increased heart rate

APPENDIX 48-2 Preanesthetic Cardiovascular Implantable Electronic Device (Pacemaker, Implantable 
Cardioverter-Defibrillator) Evaluation*

*The preanesthetic cardiovascular implantable electronic device evaluation should consist of a device interrogation. The foregoing statements can be 
fashioned into a request to the cardiologist or pacemaker service. For implantable cardioverter-defibrillators, the term generator events includes a history 
of antitachycardia therapy.

AM Pacemaker Corp.
(Guidant Medical)

800-227-3422 Diag/Medcor
(St. Jude Medical)

800-722-3774

Angeion
(Sorin)

800-352-6466 Edwards Pacemaker Systems
(Medtronic)

800-325-2518

Arco Medical
(Boston Scientific)

800-227-3422 ELA Medical
(Sorin)

800-352-6466

Biotronik 800-547-0394 Intermedics
(Boston Scientific)

800-227-3422

Boston Scientific 800-227-3422 Medtronic 800-505-4636
Cardiac Control Systems Unavailable Pacesetter

(St. Jude Medical)
800-722-3774

Cardio Pace Medical, Inc.
(Novacon)

Unavailable Siemans-Elema
(St. Jude Medical)

800-722-3774

Cardiac Pacemakers, Inc.: 
CPI
(Boston Scientific)

800-227-3422 Sorin
Telectronics Pacing
(St. Jude Medical)

800-352-6466
800-722-3774

Coratomic
(Biocontrol Technology)

Unavailable Ventritex
(St. Jude Medical)

800-722-3774

Cordis Corporation
(St. Jude Medical)

800-722-3774 Vitatron
(Medtronic)

800-328-2518

APPENDIX 48-1 Pulse Generator Company Telephone Numbers*

*Companies in bold market both pacemakers and implantable cardioverter-defibrillators.
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Neurologic Monitoring
CHRISTOPH N. SEUBERT • MICHAEL E. MAHLA

K e y  P o i n t s

 •  Intraoperative neurologic monitoring has four key principles:
 •  The pathway at risk during the surgical procedure must be amenable to 

monitoring.
 •  The monitor must provide reliable and reproducible data.
 •  If evidence of injury to the pathway is detected, some intervention should be 

possible.
 •  If changes in the neurologic monitor are detected, they may have prognostic 

value even if no intervention is possible. In this situation, the direct benefit to 
the patient from early detection of impending neurologic injury is minimal.

 •  Few randomized prospective studies have evaluated the efficacy of neurologic 
monitoring modalities.

 •  Anesthesiologists can improve the efficacy of monitoring by maintaining good 
physiologic homeostasis and stable levels of anesthesia during parts of the surgical 
procedure that place the nervous system at greatest risk.

 •  Based on clinical experience and nonrandomized studies, four practice patterns for 
use of neurologic monitoring have emerged:

 •  In some procedures, monitoring is recommended and is used by most centers.
 •  In certain procedures, monitoring is used frequently in some centers but not in 

others.
 •  Some procedures have no clear clinical experience or evidence indicating that 

monitoring is useful at all (experimental use).
 •  In certain procedures, monitoring is used selectively for patients believed to be 

at higher than usual risk for intraoperative neurologic injury.
 •  Good communication among surgeons, anesthesiologists, and neurophysiologists 

is essential to optimizing the utility of monitoring.
Neurologic monitoring in the context of anesthesia care 
for a patient spans a wide spectrum of techniques, diverse 
procedures, and various intraoperative or even postop-
erative settings. Techniques for monitoring fall into two 
broad categories: (1) techniques to assess metabolic integ-
rity of the nervous system, which include either global or 
regional determinations of blood flow or oxygenation; or 
(2) techniques to assess functional integrity, which simi-
larly may be global or focused on specific anatomic com-
ponents of the nervous system.

The procedures and settings in which neurologic mon-
itoring is typically applied all share the characteristic that 
changes in the monitored parameters can be corrected or 
minimized by either modifying the surgical approach or 
manipulating variables under the control of the anesthe-
siologist. Monitored procedures range from procedures in 
which monitoring dictates the surgical approach, such as 
localization of the motor strip during tumor operations 
1487

or neurologic examination during “awake” craniotomy, 
to procedures that by their nature put parts of the ner-
vous system at increased risk.

In many procedures that require neurologic moni-
toring, the anatomic target is also susceptible to drugs 
administered in the course of an anesthetic regimen. 
The anesthesiologist and the surgeon must be aware not 
only of limitations inherent in individual monitoring 
techniques but also of nonsurgical factors that influence 
the monitoring results. The monitoring approach ide-
ally should anticipate nonsurgical factors by providing 
a degree of redundancy that helps distinguish localized 
surgical trespass from a systemic event.

For some procedures, neurologic monitoring is a 
marker of the quality of care and is routinely employed 
because outcome data support its use. Examples include 
correction of scoliosis and resection of vestibular schwan-
nomas. More frequently, the approach to monitoring is 
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based on local conventions and surgical expectations. In 
this latter case, monitoring utility depends on the follow-
ing: (1) a good understanding of the technique’s capabili-
ties and limitations by anesthesiologists, surgeons, and 
the intraoperative monitoring team; (2) good communi-
cation; and (3) mutual collaboration to allow corrective 
action in the presence of changing signals or to prevent 
false alarms that disrupt surgical procedures.

Individual monitoring modalities are initially described 
in isolation so that the clinician can appreciate the inher-
ent strengths and weaknesses of each. Then this infor-
mation is used to develop suitable approaches to various 
clinical settings that combine and integrate individual 
techniques to optimize neurologic outcome for patients. 
Finally, this chapter reviews the manner in which neuro-
logic monitoring is currently useful and the areas where 
more work is needed to determine the more specific indi-
cations for monitoring in surgical patients in the future.

MONITORING MODALITIES

MONITORS OF ADEQUACY OF NERVOUS 
SYSTEM BLOOD FLOW

Adequacy of cerebral blood flow (CBF) can be monitored 
by two principal methods. The first method assesses blood 
flow itself, with the implicit assumption that “normal” 
flow provides adequately for the metabolic needs of the 
brain. The second approach assesses oxygen delivery 
either locally or globally, with the implicit assumption 
that “normal” values at the site of measurement reflect 
adequate blood supply throughout the central nervous 
system (CNS). However, these assumptions have limita-
tions, as exemplified by global or hemispheric CBF in the 
context of a patient’s disease process.

In the normal brain, values of hemispheric CBF of 
approximately 50 mL/100 g/minute reflect adequate 
oxygen delivery for maintaining structural integrity and 
function. Values of less than 20 to 25 mL/100 g/minute 
are associated first with failure of function and, on fur-
ther decrease, with structural damage.1 In neurosurgical 
patients, structural integrity and function may be altered 
by both disease processes and anesthetic drugs, which 
influence interpretation of measured CBF. A CBF of  
40 mL/100 g/minute in a patient in barbiturate coma 
after resection of an arteriovenous malformation may 
represent hyperemia (because metabolic demand is very 
small), whereas the same CBF in a patient with a mass 
lesion may reflect a modest decrease in cerebral perfusion 
pressure secondary to increasing intracranial pressure. 
Thus, the clinical response to an abnormal value requires 
context and clinical judgment.

Global Blood Flow Monitoring 
Techniques (Noninvasive)
Intravascular tracer compounds. Direct measurement 
of CBF is possible by determining kinetics of wash-in or 
washout, or both, of an inert tracer compound, a method 
originally described by Kety and Schmidt.2 The most 
widely used measurement technique involves admin-
istration of a radioactive isotope of xenon-133 (133Xe),   
followed by measurement of the radioactivity wash-
out with gamma detectors placed over specific areas of 
the brain. Depending on the number of detectors, this 
method can provide a spatial resolution of 4 cm. In 
normal brain, flow at different depths may be inferred 
from the early washout, which should reflect high-per-
fusion cortical gray matter, and late washout, from low- 
perfusion deeper white matter.

Drawbacks of the method are the patient’s exposure to 
radioactive compounds and the need for externally placed 
and potentially cumbersome detector equipment, which 
may interfere with the operation itself in the case of intra-
cranial surgical procedures. Focal areas of hypoperfusion 
may be missed because of underlying or overlying ade-
quate flow, a phenomenon described as look-through.3 
Despite these shortcomings, 133Xe washout has been 
used at a few major centers for intraoperative monitor-
ing during operations such as carotid endarterectomy.4-8 
Modern variations of the same concept are mean tran-
sit time determinations of intravascular contrast agents 
during neuroimaging for determining locoregional blood 
flow7,8 or a double-indicator technique for determining 
global CBF.9 All these techniques share the limitation of 
providing a snapshot of CBF in time instead of continu-
ous monitoring.

transcranIal doppler ultrasound. Transcranial Dop-
pler (TCD) ultrasound is a technique that infers CBF from 
measurements of the blood flow velocity in the large con-
ducting arteries of the brain. The TCD probe transmits 
pulses of sound waves through the thin temporal bone 
in a variation of the pulsed wave Doppler technique with 
which anesthesiologists may be familiar from echocar-
diography. When these sound waves are reflected off the 
red blood cells back toward the TCD probe, the velocity 
of the reflected sound waves is changed because the blood 
cells themselves are in motion toward or away from the 
probe. This phenomenon is known as the Doppler shift 
and is directly related to flow velocity and flow direction 
of the blood cells. Blood flow is more rapid during systole 
and in the center of a vessel and slower in diastole and 
near the vessel wall. TCD imaging records a spectrum of 
flow velocities whose outline resembles an arterial wave-
form tracing. These concepts are illustrated in Figure 49-1.

Intraoperatively, TCD measurements are usually made 
by continuous monitoring of the middle cerebral artery 
for the purpose of detecting either significant changes 
in flow velocity or the presence of particulate emboli. 
As a diagnostic study, in addition to the middle cerebral 
artery, the anterior cerebral, anterior communicating, 
posterior cerebral, and posterior communicating arteries 
can be examined through the temporal bone window. 
The basilar, ophthalmic, and internal carotid arteries also 
can be insonated through the foramen magnum (TCD 
probe at the back of the flexed neck) (basilar artery), the 
closed eyelid (with reduced sound energy) (ophthalmic 
artery and carotid syphon), and near the angle of the jaw 
(internal carotid artery). An important limitation of TCD 
ultrasound is that most of the examination is performed 
through the temporal bone, which may be thick enough 
to preclude an adequate examination in 10% to 20% of 
patients.10,11
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Figure 49-1. A, Transcranial Doppler monitoring is done by insonating the arteries at the base of the brain through a thin part of the temporal 
bone. B, If this procedure is performed with an imaging probe, some intracranial structures, such as the cerebral peduncles (white triangles) or 
the sella complex (white triangle labeled “S” ), can be visualized. The captured Doppler signals originate from the right middle, right anterior, and 
left anterior cerebral arteries. C, Normal Doppler spectrum obtained from the middle cerebral artery. By convention, flow toward the probe is dis-
played as a waveform above the baseline. D, Doppler profile of the bifurcation of the terminal internal carotid artery as it branches into the middle 
cerebral artery (flowing toward the transducer) and the anterior cerebral artery (flowing away). This flow signal can be obtained if the transducer is 
focused as shown in A. E to G,Examples of three clinical applications of transcranial Doppler. E, Emboli are highly echogenic and appear as high-
energy transient signals. On the audible output, these emboli are easily noticed as brief beeps or chirps. F, Doppler profile of a middle cerebral 
artery in a patient with severe vasospasm after an aneurysmal subarachnoid hemorrhage (compare with C). G, Transcranial Doppler examination 
consistent with intracranial circulatory arrest. A brief systolic inflow is followed by retrograde flow during diastole.
Two assumptions that are intuitive and plausible, but 
ultimately unproven, must be made for TCD-measured 
blood flow velocity to have a direct relationship with 
CBF. First, blood flow velocity is directly related to blood 
flow only if the diameter of the artery where the flow 
velocity is measured and the measurement angle of the 
Doppler probe remain constant. In practical terms, find-
ing a means to affix the TCD probe in a way that pre-
vents dislodgment or movement during monitoring is 
challenging. The second assumption requires that CBF in 
the basal arteries of the brain is directly related to corti-
cal CBF. Because TCD monitoring is typically performed 
mainly using the middle cerebral artery, this assumption 
may be invalid if collateral blood flow by leptomenin-
geal collateral vessels from anterior and posterior cerebral 
artery territories is adequate. Although these two assump-
tions constrain the utility of TCD imaging as a stand-
alone monitor of CBF, the changes in flow velocity seen 
in typical applications (discussed subsequently) are large 
enough to provide useful clinical information.

More important, TCD ultrasound is the only con-
tinuous neurologic monitoring technique that provides 
early warning for hyperperfusion and for the number 
of emboli delivered to the brain during various phases 
of an operation. Because of their high echogenicity, 
emboli show up in the TCD spectrum as high-intensity 
transient signals (HITSs) (see Fig. 49-1), easily identified 
as brief beeps or chirps within the background of the 
Doppler sounds.

Jugular BulB venous oxygen saturatIon. The degree 
of oxygen extraction by an organ can be monitored by 
measuring the oxygen saturation of the mixed venous 
blood that drains that organ. In the case of the brain, jug-
ular bulb venous oxygen saturation (Sjvo2) measures the 
degree of oxygen extraction by the brain and represents 
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the balance between cerebral oxygen supply and demand. 
To monitor Sjvo2, a fiberoptic catheter is inserted in retro-
grade fashion into the jugular bulb through the internal 
jugular vein under fluoroscopic guidance. The fiberoptic 
bundle emits near-infrared light and records light reflected 
back to the catheter, a technique known as reflectance 
oximetry. Because near-infrared light can travel several 
centimeters in tissue and is mostly absorbed by hemo-
globin, oxygen saturation of the surrounding tissue can 
be monitored (i.e., the jugular venous blood). Correct tip 
placement is crucial to minimize admixture of extracra-
nial venous blood. To decrease the risk of complications, 
usually only one side is monitored.

Several theoretical limitations of the technique may 
interfere with proper interpretation of Sjvo2 values 
and trends. Although nearly all blood from the brain 
drains through the jugular veins, intracranial mixing of 
venous blood is incomplete and may result in differences 
between right-sided and left-sided measurements. The 
dominant jugular vein (i.e., the right for most patients) 
drains predominantly cortical venous blood, whereas the 
contralateral jugular vein drains more of the subcortical 
regions.12 Despite such regional differences, Sjvo2 must 
be considered a monitor of global cerebral oxygenation 
because inadequate perfusion to a focal brain region may 
not decrease Sjvo2 values less than the normal range 
of 55% to 75%. Because Sjvo2 represents the balance 
between supply and demand, interpretation of the abso-
lute value of Sjvo2 must take the clinical circumstances 
into account.

cereBral oxImetry. Cerebral oximetry is a noninvasive 
technique that, similar to Sjvo2 monitoring, uses reflec-
tance oximetry to measure the oxygen saturation of the 
tissues underneath the sensor. Typically, two sensors are 
applied to both sides of the forehead. The light passes not 
only through parts of the frontal brain but also through 
the overlying skull and scalp. Contamination of the 
oximetry signal by extracranial blood sources is a serious 
concern, although the use of two sensing diodes with dif-
ferent distances from the light source within one sensor 
patch and adjustments of the algorithm of the oximeter 
may minimize this problem.13,14

Because two thirds to four fifths of the cerebral blood 
volume is venous blood, cerebral oximetry determines 
predominantly local venous oxygen saturation.15 It can 
be expected that, in the presence of cerebral ischemia, 
oximetry values decrease as a result of increased oxy-
gen extraction, well before function fails or permanent 
neuronal damage ensues. The simplicity of its use and 
the familiarity with the principles of treating decreases 
in systemic mixed venous oxygen saturation have made 
cerebral oximetry a popular trend monitor in operations 
that potentially cause decreases in blood flow to the ves-
sels of the head. The use of cerebral oximetry during such 
procedures has some significant limitations, however. 
First, adequacy of global cerebral perfusion is inferred 
from measurements over the frontopolar brain. Second, 
normative data on normal values or expected changes 
for cerebral oximetry are largely absent, but preoperative 
application of the sensors allows the start of a trend in 
conjunction with a neurologic baseline examination.
An example of how these limitations play out is pro-
vided by a study of the use of cerebral oximetry dur-
ing 100 carotid endarterectomies in awake patients.16 
Cerebral oximetry was able to identify 97.4% of patients 
with adequate CBF as indicated by the absence of clini-
cal symptoms. The monitor frequently indicated inade-
quate CBF, defined as a 20% decrease in cerebral oxygen 
saturation from the preclamp baseline, although the 
patient had no clinical symptoms of inadequate CBF. 
The false-positive rate of 66.7% may simply illustrate 
that oxygen extraction increases before function fails. 
The real problem is that the lower limit of acceptable 
regional oxygen saturation is unknown in a large pop-
ulation of patients.17 The value may be different from 
patient to patient, and the addition of anesthetic drugs 
that influence cerebral metabolism may confuse the pic-
ture further.

Tissue-Level Blood Flow Monitoring 
Techniques (Invasive)
Tissue-level monitoring for the brain is by definition 
invasive. All monitors in current clinical or research use 
are implanted through a burr hole, extend either into the 
white matter or ventricular system, and typically use a 
bolt for stabilization. They all share a 1% to 2% risk of 
bleeding, infection, or ischemia related to the implanta-
tion procedure.18 A second shared feature is their limited 
spatial resolution (i.e., each monitoring probe monitors 
only a limited area of brain surrounding the probe). When 
these monitors were first developed, optimal placement 
of the device was not clear, given such limited spatial 
resolution. Based on today’s appreciation of the impact 
of secondary neurologic insults on the ultimate outcome, 
tissue-level monitoring is best performed in morphologi-
cally and functionally normal tissue that is part of the 
penumbra or vulnerable zone of interest.19-21 Placing a 
blood flow monitor into the brain tissue supplied by an 
aneurysm-carrying artery in the setting of a subarachnoid 
hemorrhage maximizes, but does not ensure, the chances 
of early detection of vasospasm.

Of the tissue-level monitors, two have undergone suf-
ficient refinement to be in wider clinical use. They repre-
sent the two principal modes of assessing adequate blood 
flow: assessing CBF through thermal diffusion monitor-
ing and assessing oxygen delivery through tissue partial 
pressure of oxygen (Po2) monitoring.

thermal dIffusIon cereBral Blood flow monItorIng. 
Thermal diffusion CBF monitoring is based on the idea 
that the rate at which heat dissipates in a tissue depends 
on the tissue’s thermal conductive properties and the 
blood flow in that area. Because thermal conduction prop-
erties remain constant, changes in heat dissipation reflect 
changes in blood flow and can be expressed quantitatively 
in the conventional units of CBF as mL/100 g/minute. In 
practice, the probe consists of a thin catheter with two 
thermistors placed 5 mm apart (Fig. 49-2). When inserted, 
both thermistors are located in subcortical white mat-
ter. The proximal or passive thermistor measures brain 
temperature, whereas the distal or active thermistor is 
heated to 2° C higher than the temperature measured by 
the passive thermistor. The power required to sustain the 
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2° C temperature difference is directly proportional to 
CBF. The initial rate of propagation of the thermal field 
is used to establish the fixed conductive component of 
heat transfer.

The short-term performance of this technology was 
validated against stable xenon computed tomography 
(CT) in patients with head injury, and the technology 
performed well across a wide range of CBF values in a 
sheep model of hypercarbia, hyperventilation, and car-
diac arrest.22 In continuous clinical use, the probe shows 
some drift and recalibrates at regular intervals.23 To avoid 
thermal tissue injury, measurement is automatically sus-
pended if the passive thermistor measures a brain temper-
ature of 39.1° C. Because fever is a frequent complication, 
particularly in patients with severe brain disease, the 
inability to monitor during a febrile episode may consti-
tute a true limitation of the technique.

tIssue partIal pressure of oxygen monItorIng. Localized 
monitoring of tissue Po2 is based on an oxygen-sensitive 
electrode originally described by Clark.24 The diffusion 
of oxygen molecules through an oxygen-permeable 
membrane into an electrolyte solution causes an electric 
current that is proportional to Po2. Currently available 
catheter-based electrodes provide stable recording condi-
tions over long periods. Similar to regional CBF probes, 
they are placed into the subcortical white matter.

T1

T2

°C

1

2

4 mm 0

Distance from thermistor

Figure 49-2. Thermal diffusion measurement of cerebral blood flow. 
The probe is placed in the subcortical white matter. It contains a pas-
sive thermistor (T1) that measures brain temperature and is located 
outside of the area influenced by the active thermistor. The active 
thermistor (T2) is heated to 2° C higher than brain temperature. The 
energy required to maintain that increase in temperature is propor-
tional to cerebral blood flow.
Most of the data on brain tissue oxygen levels (PBro2) 
come from studies in patients with head trauma. Compar-
ison with stable xenon CT for assessment of CBF shows 
good correlation between PBro2 and CBF.25,26 Similarly, 
the time course of changes in PBro2 after traumatic brain 
injury resembles that of CBF.27,28 Critics of the technique 
argue that PBro2 values are highly influenced by the partial 
pressure of arterial oxygen (Pao2) and are merely an elab-
orate indicator of the quality of the patient’s ventilation. 
This view is supported by the observation that increasing 
the fraction of inspired oxygen (Fio2) increases PBro2, but 
this likely represents an oversimplification.29 Concurrent 
microdialysis studies have shown that increasing Fio2 not 
only increases PBro2 but also decreases tissue lactate levels, 
findings suggesting a true improvement in the metabolic 
milieu of the brain tissue itself.30,31

MONITORS OF NERVOUS SYSTEM 
FUNCTION

The most commonly used monitors of function are the 
electroencephalogram (EEG), sensory-evoked responses 
(SERs), motor-evoked responses, and the electromyogram 
(EMG). The EEG is a surface recording of the summation 
of excitatory and inhibitory postsynaptic potentials spon-
taneously generated by the pyramidal cells in the cere-
bral cortex. The signals are very small, and each recording 
electrode records only information generated directly 
beneath the electrode. Monitoring the EEG is usually 
directed toward one or more of four perioperative uses. 
First, the EEG is used to help identify inadequate blood 
flow to the cerebral cortex that is caused by either surgi-
cally induced or anesthetic-induced reduction in blood 
flow or retraction on cerebral tissue. Second, the EEG may 
be used to guide an anesthetic-induced reduction of cere-
bral metabolism either in anticipation of a loss of CBF 
or in the treatment of high intracranial pressure, when a 
reduction in CBF and blood volume is desired. Third, the 
EEG may be used to predict neurologic outcome after a 
brain insult. Finally, the EEG may be used to gauge the 
depth of the hypnotic state of the patient under general 
anesthesia (see Chapter 50).

EEG patterns can correlate with clinical states of the 
normal and diseased cerebral cortex. The electroencepha-
lographer can accurately identify consciousness, uncon-
sciousness, seizure activity, stages of sleep, and coma. 
In the absence of significant changes in anesthetic tech-
nique, the electroencephalographer also can accurately 
identify inadequate oxygen delivery to the brain (from 
either hypoxemia or ischemia). By using high-speed 
computerized EEG analysis and statistical methods, EEG 
patterns in the continuum from awake to deeply anes-
thetized are becoming, with few exceptions, much better 
understood. In addition, computer advances have made 
possible high-speed mathematic manipulation of the EEG 
signal to present the data in a manner more suitable to 
continuous trends for use during surgical or anesthetic 
monitoring.

Evoked potentials are electrical activity generated in 
response to either a sensory or a motor stimulus. Mea-
surements of evoked responses may be made at multiple 
points along an involved nervous system pathway. The 
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evoked responses are generally smaller than other electri-
cal activity generated in nearby tissue (muscle or brain) 
and are readily obscured by these other biologic signals. 
In the case of SERs, repeated sampling and sophisticated 
electronic summation and averaging techniques are 
needed to extract the desired evoked potential signal from 
background biologic signals. Motor-evoked responses are 
generally larger and commonly do not require averaging.

SERs are the most common type of evoked poten-
tials monitored intraoperatively. Since the 1990s, much 
research has been done on the use of intraoperative 
motor-evoked potentials (MEPs). Although routine use of 
MEP monitoring is still not widespread, it is becoming 
more so. The three basic types of SERs are somatosensory-
evoked potentials (SSEPs), brainstem auditory-evoked 
potentials (BAEPs), and visual-evoked potentials (VEPs).

The SSEP is produced by electrically stimulating a 
peripheral (or rarely cranial) nerve. Responses may be 
recorded proximally over the stimulated nerve, the spi-
nal cord, and the cerebral cortex. The recorded responses 
assess the function of the peripheral nerve, the posterior 
and lateral aspects of the spinal cord, a small portion of 
the brainstem, the ventral posterolateral nucleus of the 
thalamus, the thalamocortical radiation, and a portion of 
the sensory cortex. The BAEP is usually produced by a 
series of rapid, loud clicks applied directly to the external 
auditory canal. Responses are most commonly recorded 
from electrodes applied to the scalp, although more inva-
sive direct recordings from auditory structures and nerves 
may also be made. BAEPs assess function of the follow-
ing: the auditory apparatus itself; cranial nerve VIII; the 
cochlear nucleus; and a small area of the rostral brain-
stem, the inferior colliculus, and the auditory cortex. 
The VEP is produced by flash stimulation of the retina. 
Recordings are made from cortically placed electrodes 
and assess visual pathways from the optic nerve to the 
occipital cortex.

MEP responses are generated most commonly by the 
application of a transcranial train of electrical stimuli, and 
responses are recorded at various points along the spinal 
column, peripheral nerve, and innervated muscle. Electri-
cal stimuli to activate motor tracts also may be applied 
at the level of the spinal cord, but this method of stimu-
lation is controversial (see later). At best, it is a mixed 
response and at worst primarily a sensory response. MEPs 
assess the integrity of the descending motor pathway 
through the internal capsule, the brainstem, the spinal 
cord, the peripheral nerve, and finally the muscle itself. 
The ability to record MEPs from some patients with cere-
bral palsy indicates that normal functional organization 
of the motor cortex cannot be inferred from MEPs.

Electroencephalogram
BasIc unprocessed electroencephalogram concepts. 
The EEG is produced by a summation of excitatory and 
inhibitory postsynaptic potentials produced in cortical 
gray matter. Because the EEG signal is generated only by 
postsynaptic potentials and is much smaller than action 
potentials recorded over nerves or from heart muscle, 
extreme care must be taken when placing electrodes 
to ensure proper placement and excellent contact with 
the skin, to avoid significant signal loss. Alternatively, 
subdermal needle electrodes may be used, particularly 
when sterile application of an electrode close to a sur-
gical field is necessary. When electrodes are applied 
directly to the surface of the brain, impedance is mini-
mized by close electrode contact and saturation of the 
area with an electrolyte solution.

EEG electrodes generally are placed according to a 
mapping system that relates surface head anatomy to 
underlying brain cortical regions. The placement pattern 
of recording electrodes is called a montage. Use of a stan-
dard recording montage permits anatomic localization of 
signals produced by the brain and allows development of 
normative EEG patterns and comparison of EEG record-
ings made at different times. The standard EEG “map” 
is called the 10-20 system for EEG electrode placement 
(Fig. 49-3). This system is a symmetric array of scalp elec-
trodes placed systematically based on the distance from 
the nasion to the inion and from the pretragal bony 
indentations associated with both temporomandibular 
joints. Based on 10% or 20% of these distances, record-
ing electrodes are placed systematically over the frontal 
(F), parietal (P), temporal (T), and occipital (O) regions 
at increasing distances from the midline. Left-sided elec-
trodes are given odd number subscripts, and right-sided 
electrodes are given even number subscripts. Increas-
ing numbers indicate an increasing distance from the 
midline. Midline electrodes are designated with a “z”  
subscript. The standard diagnostic EEG uses at least  
16 channels of information,32 but intraoperative record-
ings have been reported using 1 to 32 discrete channels.

A1 A2
T4

T6

P4PZ

FZ = frontal midline
CZ = central vertex
PZ = parietal midline
(note: z = zero)

P3,4 = parietal
O1,2 = occipital
F7,8 = anterior
Temporal—
records rhythms from
that general region,
but placed on frontal bone

P3T5

O1 O2

C4

F8F4FZF3
F7

FP1 FP2

CZC3T3
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Figure 49-3. International 10-20 system of electrode placement 
for recording electroencephalogram and sensory-evoked responses. 
(From Hughes JR: EEG in clinical practice, ed 2, Newton, Mass, 1994, 
Butterworth-Heinemann.)
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Figure 49-4. The loss and return 
of alpha activity as the eyes open 
and close can be seen. The large 
spikes (arrows) are muscle artifact 
from eye blinks and hence are best 
visible in channels that incorporate 
frontal electrodes (designated F  ).
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The intraoperative EEG is most commonly recorded 
from electrodes placed on the scalp. Recordings also 
may be made from electrodes placed on the surface of 
the brain (electrocorticography) or from microelectrodes 
placed transcortically to record from individual neurons 
(e.g., during surgery for Parkinson disease).33,34 The EEG 
signal is described using three basic parameters: ampli-
tude, frequency, and time. Amplitude is the size, or volt-
age, of the recorded signal and ranges commonly from 
5 to 500 μV (versus 1 to 2 mV for the electrocardiogram 
signal). Because neurons are irreversibly lost during the 
normal aging process, EEG amplitude decreases with age. 
Frequency can be thought of simply as the number of 
times per second the signal oscillates or crosses the zero 
voltage line. Time is the duration of the sampling of the 
signal; this is continuous and real time in the standard 
paper or digital EEG, but it is a sampling epoch in the 
processed EEG (see later).

normal electroencephalogram. Normal patterns seen 
on the EEG vary among normal individuals, but they are 
consistent enough to allow for accurate recognition of 
normal and pathologic patterns. The usual base frequency 
in an awake patient is the beta range (>13 Hz). This high-
frequency and usually low-amplitude signal is common 
from an alert attentive brain and may be recorded from 
all regions. With eye closure, higher-amplitude signals 
in the alpha frequency range (8 to 13 Hz), seen best in 
the occipital region, appear (Fig. 49-4). This “eyes closed” 
resting pattern is the baseline awake pattern used when 
anesthetic effects on the EEG are described. When events 
occur that lead the brain to produce higher frequencies 
and larger amplitudes, the EEG is described as activated, 
and when slower frequencies are produced (theta = 4 to  
7 Hz, and delta = <4 Hz), the EEG is said to be depressed. 
The EEG in a sleeping patient may contain all these fre-
quencies at various times. The slower frequencies occur 
during deep natural sleep with “sleep spindles” (Fig. 49-5), 
but during light sleep or rapid eye movement (REM) 
sleep, the EEG becomes activated, and the eye muscle 
EMG appears on the EEG.
In the normal EEG in awake and asleep patients, pat-
terns recorded from corresponding electrodes on each 
hemisphere are symmetric in terms of frequency and 
amplitude, the patterns are predictable if clinical states 
are known, and spike (epileptic) waveforms are absent. 
In most cases, normal EEG patterns are associated with 
normal underlying brain function in awake and anesthe-
tized patients.

aBnormal electroencephalogram. General character-
istics of the “abnormal” EEG include asymmetry with 
respect to frequency, amplitude, or both, recorded from 
corresponding electrodes on each hemisphere, and pat-
terns of amplitude and frequency that are unpredictable 
or unexpected in the normal recording. These abnormal 
patterns reflect either anatomic or metabolic alterations 
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Figure 49-5. Characteristic sleep spindles in normal sleep are shown 
in the center.
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in the underlying brain. Regional asymmetry can be seen 
with tumors, epilepsy, and cerebral ischemia or infarc-
tion. Epilepsy may be recognized by high-voltage spike 
and slow waves, whereas cerebral ischemia manifests first 
with EEG slowing with preservation of voltage. Further 
slowing and loss of voltage occur as ischemia becomes 
more severe. Factors affecting the entire brain may pro-
duce symmetric abnormalities of the signal. Identifying 
pathologic abnormal patterns in the global EEG signal 
is very important, although sometimes quite difficult, 
in the clinical situation. Many of the normal global pat-
tern changes produced by anesthetic drugs are similar 
to pathologic patterns produced by ischemia or hypox-
emia. Control of anesthetic technique is essential when 
the EEG is used for clinical monitoring of the nervous 
system.

processed electroencephalogram concepts. Interpreta-
tion of the standard raw EEG tracing is a science and an art. 
Until the last quarter of the twentieth century, the raw EEG 
was used during intraoperative monitoring, and the tech-
nologist relied on memory of the baseline and on experi-
ence to determine when significant EEG changes occurred. 
This qualitative approach was used simply because the 
waveforms could not be described mathematically in a 
time frame that would make such information of any prac-
tical use. Computer hardware has dramatically improved 
in speed and size, and real-time signal processing is now 
possible and commonly used.

Numerous limitations are introduced when mov-
ing from the raw EEG domain to the processed EEG 
domain. First, artifact is processed in many cases along 
with desired signal, thus leading to a perfectly believ-
able processed EEG display that is materially incorrect. 
Second, the standard 16-channel EEG montage provides 
more information than can be practically analyzed or 
displayed by most processed EEG monitors and perhaps 
more than is needed for routine intraoperative use. Most 
available processed EEG devices used by anesthesiology 
personnel use four or fewer channels of information—
translating to at most two channels per hemisphere. 
Processed EEG devices generally monitor less cerebral 
territory than a standard 16-channel EEG. Third, some 
intraoperative changes are unilateral (e.g., regional isch-
emia resulting from carotid clamping), and some are 
bilateral (e.g., EEG depression by bolus administration 
of an anesthetic drug). Display of the activity of both 
hemispheres is necessary to delineate unilateral from 
bilateral changes. An appropriate number of leads over 
both hemispheres is needed. Most early studies validat-
ing intraoperative EEG monitoring used continuous 
visual inspection of a 16- to 32-channel analog EEG by 
an experienced electroencephalographer; such moni-
toring was considered the gold standard.35,36 Adequate 
studies comparing the processed EEG with fewer chan-
nels with this gold standard across multiple uses and 
operations have not been conducted, although limited 
data using processed EEG monitoring during carotid 
surgery suggest that 2- or 4-channel instruments would 
detect most significant changes,37,38 provided the elec-
trodes are appropriately placed over watershed areas of 
blood supply.
devIces. EEG processing for intraoperative monitor-
ing is typically based on power analysis of a segment of 
raw EEG, referred to as an epoch (see also Chapter 50). 
Power analysis uses Fourier transformation to convert the 
digitized raw EEG signal into component sine waves of 
identifiable frequency and amplitude. The raw EEG data, 
which are a plot of voltage versus time, are converted 
to a plot of frequency and amplitude versus time. Many 
commercially available processed EEG machines display 
power (voltage or amplitude squared) as a function of fre-
quency and time. These monitors display the data in two 
general forms, either compressed spectral array or density 
spectral array. In compressed spectral array, frequency is 
displayed along the x-axis, and power is displayed along 
the y-axis with height of the waveform equal to the power 
at that frequency. Time is displayed along the z-axis. 
Tracings overlap each other, with the most recent infor-
mation in front (Fig. 49-6). Density spectral array also dis-
plays frequency along the x-axis; time is displayed along 
the y-axis, and power is reflected either by the density 
of the dots at each frequency or by a spectrum of colors. 
Each display format provides the same data, and choice 
depends on the preference of the user.

Many changes that occur during anesthesia and sur-
gical procedures are reflected as changes in amplitude, 
frequency, or both. These changes can be clearly seen in 
these displays if adequate and appropriate channels are 
monitored. Power analysis has been used clinically for 
many years as a diagnostic tool during procedures with 
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Figure 49-6. Diagram of a technique used to generate compressed 
spectral array. The example at the bottom of the figure shows com-
pressed spectra of the alpha rhythm from a normal subject. (From Stock-
ard JJ, Bickford RG: The neurophysiology of anaesthesia. In Gordon E, editor: 
A basis and practice of neuroanesthesia, New York, 1981, Elsevier, p 3.)
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risk for intraoperative cerebral ischemia, such as carotid 
endarterectomy and cardiopulmonary bypass (CPB). 
Power analysis is a sensitive and reliable monitor in the 
hands of experienced operators using an adequate num-
ber of channels. In addition, parameters obtained from 
power analysis have been investigated as monitors for 
depth of anesthesia39-42 (see Chapter 50).

data acquIsItIon perIod. An important consideration 
in the processed EEG is time. Raw EEG is continuous in 
real time. The processed EEG samples data over a given 
time period (epoch), processes the data, and then dis-
plays information in various formats. A relationship 
exists between epoch length and spectral resolution. 
If a long epoch length is chosen, the waveform can be 
described precisely, but the time required for data pro-
cessing is long and not real time. If a short length of data 
is sampled, analysis may be done in near-real time, but 
the epoch chosen for analysis may not be representa-
tive of the overall waveform (i.e., the condition of the 
patient). Moreover, data points may be insufficient for 
meaningful Fourier transformation. This issue, as related 
to the use of intraoperative EEG for analysis of anesthetic 
depth, was studied by Levy.43 A longer epoch may pro-
duce less epoch-to-epoch variability and allow more pre-
cise description of frequency and power; however, the 
longer epoch increases the delay before new information 
is processed and displayed, thereby reducing the amount 
and timeliness of information available for clinical deci-
sion making. In studying EEG epochs of 2 to 32 seconds, 
Levy concluded that 2-second epochs are appropriate 
during general anesthesia.43 Many commercially avail-
able devices have used 2-second epoch lengths, updated 
at varying user-selected intervals. With better and faster 
computers, continuous monitoring of 2-second epochs 
and now even longer epochs is possible.

Evoked Potentials
BasIc concepts common to all modalItIes. EEG signals 
provide information about cortical function, but little to 
no information about subcortical neural pathways cru-
cial to normal neurologic function. Intraoperative moni-
toring of SERs has gained increasing popularity since 
the 1980s because it provides the ability to monitor the 
functional integrity of sensory pathways in an anesthe-
tized patient undergoing surgical procedures that place 
these pathways at risk. Because motor pathways are often 
adjacent anatomically to these sensory pathways or are 
supplied by the same blood vessels, or both, function of 
motor pathways may be inferred, albeit imperfectly, from 
function of these sensory pathways. Today, MEPs are ide-
ally monitored together with SERs to provide direct infor-
mation about function of motor pathways.

sensory-evoked responses. SERs are electrical CNS 
responses to electrical, auditory, or visual stimuli. SERs 
are produced by stimulating a sensory system and record-
ing the resulting electrical responses at various sites along 
the sensory pathway up to and including the cerebral 
cortex. Because of the very low amplitude of SERs (0.1 
to 10 μV), it is often impossible to distinguish SERs from 
other background biologic signals, such as the EEG or 
EMG, which may be considered in this case undesirable 
noise. To extract the SER from the background noise, 
the recorded signal is digitized, and signal averaging is 
applied. With this technique, signal recording is time-
locked to the application of the sensory stimulus. During 
intraoperative posterior tibial nerve SER monitoring, after 
nerve stimulation at the ankle, only signal information 
occurring less than 90 msec after the stimulus is recorded 
(Fig. 49-7). The SER occurs at a constant time after the 
stimulus application; other electrical activity, such as 
spontaneous EEG, occurs at random intervals after the 
sensory stimulus. The averaging technique improves the 
SER signal-to-noise ratio by eliminating random elements 
and enhancing the SER. This enhancing effect increases 
directly with the square root of the number of responses 
added into the averaged response.

SER recordings are of two general types, determined by 
the distance of the recording electrode from the neural 
Figure 49-7. Sensory-evoked responses are described in 
terms of latency and amplitude. Interpeak latency is the mea-
sured time between two peaks. Interpeak latency may be 
measured between two peaks in the same channel or between 
peaks in different channels (shown in figure). The polarity of 
peaks is displayed contrary to standard convention (see text). 
The example shows a recording of posterior tibial somato-
sensory-evoked potentials. Each tracing is reproduced twice 
because reproducibility of a waveform helps distinguish signal 
from artifact. Left and right posterior tibial nerves are stimu-
lated at 0 and 90 msec, respectively. The first evoked response 
is recorded from the left and right popliteal fossa (LPF and RPF, 
respectively). The peak labeled CV2 represents the brainstem 
response recorded at the craniocervical junction. As a far-field 
potential, the potential looks similar for right- and left-sided 
stimulation. The primary cortical responses are recorded from 
the contralateral hemisphere (labeled P35 and N40).
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generator of the evoked response. SERs recorded from 
electrodes close to the neural generators (within ≈3 to 
4 cm in the average adult) are termed near-field poten-
tials.44 Near-field potentials are recorded from electrodes 
placed very close to the actual signal generator site,45 and 
the morphology is directly affected by electrode loca-
tion.44 Far-field potentials are recorded from electrodes 
located a greater distance from the neural generator and 
are conducted to the recording electrode through a vol-
ume conductor (brain, cerebrospinal fluid, and mem-
branes). Because the current spreads diffusely throughout 
the conducting medium, it is more difficult to locate the 
source of the recorded signal, and the electrode position 
has little effect on the morphology of the recorded evoked 
potential (see Fig. 49-7).44,45 As the distance between the 
recording electrode and the neural generator increases, 
the recorded SER becomes smaller. More responses must 
be averaged to record far-field potentials (several thou-
sand) than near-field potentials (50 to 100).44,45

SERs also may be described as cortical or subcortical 
in origin. Cortical SERs are generated by the arrival at 
the cortex of the volley of action potentials generated by 
stimulating the sensory system. Because these SERs are 
recorded as near-field potentials, they are typically easy 
to identify by elapsed time, waveform morphology, and 
amplitude. Subcortical responses may arise from many 
different structures depending on the type of response, 
including peripheral nerves, spinal cord, brainstem, 
thalamus, cranial nerves, and others. Cortical SERs are 
usually recorded from scalp electrodes placed accord-
ing to the standard 10-20 system for EEG recordings 
(see Fig. 49-3). Subcortical-evoked responses also may 
be recorded as far-field potentials from scalp electrodes 
or, as appropriate, from electrodes placed over the spinal 
column or peripheral nerve.

Evoked potentials of all types (sensory or motor) are 
described in terms of latency and amplitude (see Fig. 49-7). 
Latency is defined as the time measured from the applica-
tion of the stimulus to the onset or peak (depending on 
convention used) of the response. The amplitude is simply 
the voltage of the recorded response. According to con-
vention, deflections below the baseline are labeled positive 
(P), and deflections above the baseline are labeled negative 
(N). Because amplitude and latency change with recording 
circumstances, normal values must be established for each 
neurologic monitoring laboratory and may differ from 
values recorded in other laboratories.

SERs used for intraoperative monitoring include 
SSEPs, BAEPs, and, rarely, VEPs. For all these techniques, 
cortical recording electrodes are placed on the scalp, by 
using the same standard 10-20 system as for recording 
the EEG, whereas recordings for subcortical and periph-
eral signals are placed in various standardized anatomic 
locations. The surgical incision and the need for sterility 
may necessitate nonstandard electrode placements. Such 
deviations must be considered when interpreting base-
line and subsequent SERs. In the case of MEPs, stimu-
lating electrodes also are placed according to the 10-20 
system of electrode placement, but over motor cortex 
instead. Recording electrodes may be placed over the 
spinal column, peripheral nerve, and (most commonly) 
innervated muscle.
Intraoperative changes in evoked responses, such as 
decreased amplitude, increased latency, or complete loss 
of the waveform, may result from surgical trespass, such 
as retractor placement or ischemia. They may also reflect 
systemic changes, such as changes in the anesthetic drugs 
or doses, temperature, or hypoperfusion. If these changes 
are clinically significant, the surgeon or anesthesiologist 
can make changes to relieve or lessen the insult to the 
monitored pathway (and presumably surrounding neu-
ral structures). Interventions by the anesthesiologist are 
directed at improving perfusion to the nervous tissue at 
risk and include increasing arterial blood pressure, espe-
cially if induced hypotension is used or if arterial blood 
pressure has decreased to less than the preoperative level. 
In addition, correction of anemia with a blood transfu-
sion, intravascular volume expansion, augmentation of 
cardiac output, and ensuring that arterial blood gas ten-
sions are adequate all must be considered. Changes in 
evoked potentials after retractor placement during crani-
otomy or after compression of the blood supply to the spi-
nal cord from spinal column distraction promptly allow 
the surgeon and the anesthesiologist to make appropriate 
changes to the operative procedure and anesthetic man-
agement to minimize the chance of a postoperative neu-
rologic deficit (Fig. 49-8).

Tolerance limits for degree of change in evoked 
response signals or duration of complete loss of waveform 
before permanent neurologic dysfunction occurs are not 
clearly defined, especially for transcranial MEPs. Such 
ambiguity is common among intraoperative monitors. 
Although we do know that increased frequency and dura-
tion of ST-segment depression during coronary bypass 
surgery are associated with an increased risk of periop-
erative infarction, exact limits for degree and duration of 
ST-segment depression for surgery do not exist and likely 
vary significantly from patient to patient. The same prob-
lem may be exhibited with neurologic monitors.

Many centers using intraoperative SER monitor-
ing define decreases in amplitude of 50% or more from 
baseline associated with a less than 10% prolongation in 
latency as clinically significant SER changes. If not cor-
rected, such changes are associated in clinical series and 
in case reports with onset of new postoperative neuro-
logic deficits. As a result, such changes are immediately 
investigated. In practice, any SER changes directly associ-
ated with a surgical event are considered clinically sig-
nificant, even if the magnitude of change is less than 
just described. Changes in SER that do not progress to 
complete loss of the waveform are less likely to be asso-
ciated with a major new postoperative neurologic defi-
cit. Complete loss of the SER waveform intraoperatively 
without recovery probably indicates a major new deficit. 
If the SER recovers either spontaneously or after intraop-
erative interventions, the likelihood of neurologic injury 
depends on the procedure, the duration of the SER loss, 
and whether the SER is mainly used to judge integrity 
of adjacent unmonitored structures. These problems were 
illustrated in one study of aortic vascular surgery in which 
SSEPs were monitored to predict or prevent postoperative 
motor deficits (i.e., paraplegia or paraparesis). Loss of the 
SSEP waveform for less than 15 minutes was not associ-
ated with a new permanent neurologic deficit, whereas 
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Figure 49-8. Somatosensory-evoked potentials during aneurysm clipping. Responses generated by the cortex at risk are indicated by arrows. 
Baseline, after retractor placement, after retractor removal, and recovery traces are shown. The initial evoked response change occurred 4 minutes 
after retractor placement. Note loss of voltage of cortical-evoked response caused by inadvertent compression of the middle cerebral artery. Cerv, 
Cervical; LEP, left Erb point; REP, right Erb point.
complete loss of the SSEP for longer periods was increas-
ingly likely to reflect permanent neurologic injury, even 
if the response recovered completely to its intraoperative 
baseline during the surgical procedure.46

One of the most important principles of recording 
SERs intraoperatively is that reproducible, reliable trac-
ings must be obtained at baseline before any interven-
tion likely to cause changes in the evoked response. If 
good-quality tracings with identifiable waveforms cannot 
be recorded and reproduced at baseline, evoked response 
monitoring will be of little use in monitoring the integ-
rity of the CNS intraoperatively. If significant variability 
exists, or waveforms are difficult to identify, it will be 
impossible intraoperatively to distinguish SER changes 
that are clinically significant from a preexisting baseline 
variability of waveforms. When excellent, reproducible 
responses cannot be recorded at baseline, monitoring 
should not be used for clinical decision making.

somatosensory-evoked potentIals. SSEPs are recorded 
after electrical stimulation of a peripheral mixed nerve. 
Stimulation is provided most commonly with surface 
electrodes (e.g., electrocardiogram electrodes) placed on 
the skin above the nerve or with fine needle electrodes. A 
square wave stimulus lasting 50 to 250 μsec is delivered to 
the peripheral nerve, and the intensity is adjusted to pro-
duce a minimal muscle contraction. Increasing the stimu-
lus intensity beyond the sum of the motor and sensory 
threshold does not influence the amplitude or latency 
of the recorded evoked potential. On a practical basis, 
however, SSEP monitoring is often not initiated until 
after the patient is already anesthetized and paralyzed. In 
these cases, stimulus intensity is increased until no fur-
ther increase in response size occurs at any recording site, 
typically constant current stimulation of 20 to 50 mA. For 
comparison, consider supramaximal stimulation used for 
the neuromuscular blockade monitor, commonly 80 mA. 
The rate of stimulation varies from 1 to 6 Hz. The com-
mon sites of stimulation include the median nerve at the 
wrist, the common peroneal nerve at the knee, and the 
posterior tibial nerve at the ankle47 (see also Chapter 53).

SSEP responses consist of short-latency and long-
latency waveforms. Cortical short-latency SSEPs are 
most commonly recorded intraoperatively because they 
are less influenced by changes in anesthetic depth. The 
pathways involved in the generation of upper extrem-
ity short-latency SSEPs include large-fiber sensory nerves 
with their cell bodies in the dorsal root ganglia and cen-
tral processes traveling rostrally in the ipsilateral posterior 
column of the spinal cord and synapsing in the dorsal col-
umn nuclei at the cervicomedullary junction (first-order 
fibers), second-order fibers crossing and traveling to the 
contralateral thalamus through the medial lemniscus, 
and third-order fibers from the thalamus to the frontopa-
rietal sensorimotor cortex. These primary cortical-evoked 
responses, which are recordable with most anesthetic 
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techniques, result from the earliest electrical activity gen-
erated by the cortical neurons and probably arise from the 
postcentral sulcus parietal neurons. The longer-latency 
secondary cortical waves probably arise in the association 
cortex. These responses have much greater variability in 
an awake patient,45 habituate rapidly on repetitive stimu-
lation,44 and are only poorly reproducible during general 
anesthesia. Cortical SSEPs other than the primary cortical 
response are not monitored or interpreted intraoperatively 
because they are severely altered by general anesthesia.44

Upper extremity evoked potentials are likely con-
ducted rostrally in the spinal cord through dorsal column 
pathways, and lower extremity SSEPs are conducted sub-
stantially by the lateral funiculus.48 Stimulation of the 
posterior tibial nerve or common peroneal nerve at or 
higher than motor threshold activates group I fibers that 
synapse and travel rostrally through the dorsal spinocere-
bellar tract. After synapsing in nucleus Z at the spinomed-
ullary junction, the pathway crosses and projects onto the 
ventral posterolateral thalamic nucleus.49 Lower extremity 
SERs are conducted in all quadrants of the spinal cord, but 
primarily in the dorsal lateral funiculus.50,51 This pathway 
difference is important because the dorsal lateral funicu-
lus is supplied primarily by the anterior spinal artery, the 
artery that also supplies the descending motor pathway 
and neurons in the spinal cord. Manipulations, such as 
distraction of the spinal column to correct scoliosis, that 

TABLE 49-1 GENERATORS OF SOMATOSENSORY-
EVOKED POTENTIALS AFTER MEDIAN NERVE 
STIMULATION

Peak Generators
N9 (EP) Brachial plexus*
N11 Posterior columns or spinal roots
N13/P13 Dorsal column nuclei*
N14, 15 Brainstem or thalamus
N19/P22 Parietal sensory cortex*

*Indicates sites commonly recorded during surgical procedures. All other 
waveforms indicated are not commonly monitored.
may secondarily compress or distort radicular blood sup-
ply to the anterior spinal cord should cause changes in the 
SSEP in the event blood supply is reduced to critical levels. 
This hypothesis is verified by the very infrequent, but not 
zero, incidence of postoperative paraplegia on awakening 
without any intraoperative changes in SSEPs.

For SSEP recordings with median nerve stimulation, 
recording electrodes (usually electrocardiogram pads) are 
first placed at the Erb point, just above the midpoint of 
the clavicle. This point overlies the brachial plexus, and 
signals recorded here assure the clinician that the stimu-
lus is actually being delivered properly to the patient. The 
next electrode (either an electrocardiogram pad or a gold 
cup electrode) is placed midline posteriorly over the neck 
at level of the second cervical vertebra, relatively near 
the dorsal column nuclei. Signals recorded here ensure 
proper transmission of the response from the peripheral 
nervous system into the spinal cord and rostral along the 
spinal cord to the lower medulla. The final electrodes 
(gold cup electrodes, corkscrew, or needle electrodes) are 
placed on the scalp overlying the sensory (parietal) cor-
tex contralateral to the stimulated limb. Signals recorded 
here ensure the integrity of the pathway through the 
brainstem, thalamus, and internal capsule, and they may 
assess adequacy of CBF in this area of the cortex.52-56

To record SSEPs after posterior tibial nerve stimula-
tion, electrodes (electrocardiogram pads) are placed first 
over the popliteal fossa to ensure proper stimulus deliv-
ery to the nervous system. Electrodes also may be placed 
over the lower lumbar spine to ensure proper transmis-
sion of the signal into the spinal cord itself, but this site 
is not commonly used because of the proximity of ster-
ile surgical incisions. Cervical spine and scalp recording 
electrodes are placed in a similar fashion as described 
previously, although different locations may be used as 
required by the placement of the surgical incision. More 
invasive recording methods, such as epidural electrodes, 
also may be used intraoperatively.

Purported generators for short-latency SSEPs are listed 
in Table 49-1 and are shown in Figure 49-9.44,47 Induction 
Figure 49-9. Short-latency somato-
sensory-evoked potentials (SEP) 
produced by stimulation of the left 
median nerve (LMn) at the wrist. The 
ability to identify each of the labeled 
peaks shown in the tracing from the 
awake patient is compromised by 
the anesthetic state and use of dif-
ferent recording electrode locations 
(A to C). Corresponding tracings are 
labeled with the same letter. (From 
Chiappa KH, Ropper AH: Evoked poten-
tials in clinical medicine, N Engl J Med 
306:1205, 1982.)
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of anesthesia and use of different recording electrode 
locations (montage), necessitated by the surgical inci-
sion, may significantly alter the appearance of the SSEP. 
In these cases, attribution of a particular generator to a 
given wave on the tracing may be quite difficult. During 
neurologic monitoring, such precision is not needed, and 
recorded waveforms are compared with tracings obtained 
at baseline and during earlier portions of the surgical pro-
cedure. After lower limb stimulation, absolute latencies 
are increased because of the greater distance the response 
to stimulation must travel along the peripheral sensory 
nerve and spinal cord. Interpeak latencies (see Fig. 49-7) 
also are evaluated to assess specific conduction times, 
such as N9 to N14 conduction time, reflecting transmis-
sion time from the brachial plexus to brainstem, or N14 
to N19 conduction time, reflecting transmission time 
between the dorsal column nuclei and the primary sen-
sory cortex.57

BraInstem audItory-evoked potentIals. BAEPs are pro-
duced in the diagnostic laboratory by delivering repeti-
tive clicks or tones through headphones. Headphones 
are not practical for surgical monitoring of neurosurgi-
cal procedures, and click stimuli are delivered using foam 
ear inserts attached to stimulus transducers (Fig. 49-10). 
Stimulus intensity is usually set at 60 to 70 dB higher than 
the patient’s click-hearing threshold, although, practi-
cally speaking, many intraoperative laboratories estab-
lish monitoring after induction of anesthesia and instead 
begin with a stimulus intensity of 90 dB nHL (normal 
hearing level). The duration of the click is approximately 
100 μsec, and the stimulus is given usually 10 to 15 times 
per second. Clicks are delivered using different “polari-
ties” (i.e., the click may cause initial movement of the 
tympanic membrane away from the transducer [rarefac-
tion] or toward the transducer [condensation]). Use of 
these two different methods commonly produces very 
different waveforms, amplitudes, and latencies in indi-
vidual patients, and the method that produces the largest 

To stimulator

External opening
covered with
bone wax

Eardrum

Foam insert
in external
auditory
canal

Figure 49-10. Schematic of brainstem auditory-evoked potential–
stimulating apparatus. Loud click stimuli are delivered directly to the 
eardrum through the ear insert.
reproducible response is chosen. If stimulus artifact is 
a serious problem, clicks of alternating polarity may be 
used to decrease the artifact, but the waveforms produced 
are an average of those produced by either stimulating 
technique alone and may be more difficult to monitor.

Rate and intensity of stimulus delivery affect BAEPs.44,58 
Unilateral stimulation is used because responses from the 
other ear, which may remain normal during surgical pro-
cedures, may obscure any abnormal responses from the 
monitored ear. Recording electrodes are placed on the 
lobe of the stimulated ear and on the top of the head 
(vertex).58 White noise may be delivered to the contra-
lateral ear to prevent bone conduction from stimulation 
of the monitored ear from producing an evoked response 
from the contralateral ear. On average, 500 to 2000 rep-
etitions are required because BAEPs recorded from the 
scalp are far-field potentials and extremely small (often 
<0.3 μV).44,58

Peaks in recordings of BAEPs are labeled I through VII; 
the purported neural generators for these peaks and the 
auditory pathway are shown in Figure 49-11. The ana-
tomic auditory pathway would predict that BAEP moni-
toring would be most useful for surgical procedures in the 
posterior fossa that risk hearing or structures in the upper 
medulla, pons, and midbrain. As with other SERs, ampli-
tude, absolute latencies, and interpeak latencies are eval-
uated to assess integrity of the auditory system, localize 
the functional defect when it occurs, and assess periph-
eral and central conduction times. Because waves VI and 
VII are inconsistent and variable, they are not routinely 
monitored,58 and most articles on the use of BAEP for sur-
gical monitoring in the operating room report monitor-
ing waves only up to wave V.59-61

vIsual-evoked potentIals. VEPs are recorded after mon-
ocular stimulation with recording electrodes over the 
occipital, parietal, and central scalp.60 Flash stimulation 
of the retina using light-emitting diodes embedded in 
soft plastic goggles through closed eyelids or as needed by 
contact lenses with built-in light-emitting diodes is pro-
vided. VEPs are cortical SERs, which vary with the type 
of stimulus, part of the retina stimulated, degree of pupil 
dilation, and patient’s attention level.44 Because some 
of these factors change commonly and even constantly 
during the course of every anesthetic regimen, VEPs are 
highly variable during surgical procedures even when 
no surgical trespass on the visual system occurs. VEPs 
are the least commonly used evoked response monitor-
ing technique intraoperatively. However, reproducible 
intraoperative VEPs have been generated using multiple 
red light-emitting diodes embedded in a soft silicone disk 
placed directly on the cornea for stimulating the retina.62 
This technique may allow for further studies that will 
determine the clinical utility of this modality.

motor-evoked potentIals. MEPs are generated most 
commonly by the application of a transcranial train of 
electrical stimuli, and responses are recorded at various 
points along the spinal column, peripheral nerve, and 
innervated muscle.

Transcranial MoTor-EvokEd PoTEnTials. Monitoring of 
the integrity of the motor tracts within the spinal cord is 
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Figure 49-11. Schematic of audi-
tory neural pathway. The brainstem 
auditory-evoked potential is initiated 
by stimulation of the cochlea with 
a broadband click stimulus given 
through an ear insert in the external 
auditory canal. Neural generators 
of the brainstem auditory-evoked 
potential peaks are shown.
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a technique with great potential benefit, and even dur-
ing the relative short history of MEP monitoring, cases 
of loss of MEPs with preservation of the SSEP have been 
reported.63-68 This technique has potential applications 
in spinal surgery, in which transmission across the op-
erative field can be assessed, and in aortic surgery, with 
the potential for impairment of the blood supply to the 
vulnerable anterior spinal cord. Relative to SER monitor-
ing, MEP monitoring is quite invasive and, in the case of 
transcranial stimulation, uses much higher stimulus in-
tensity (≥400 V).

Several variants of MEP monitoring exist. The most 
common method involves transcranial electrical stimu-
lation. During transcranial electrical MEP monitoring, 
stimulating electrodes (usually small, metallic screw-
type electrodes similar to those used in fetal monitor-
ing) are placed into the scalp overlying the motor cortex, 
and a train of electrical stimuli (usually ≈400 to 500 V) 
is applied to the scalp. This stimulation definitely acti-
vates muscles of mastication, and bilateral bite-blocks 
must be placed to prevent serious damage to the tongue 
during stimulation. Alternatively, if the precentral gyrus 
or motor strip is exposed during the surgical procedure, 
stimulating electrodes may be placed directly onto the 
cortex. Because approximately 90% of the transcranial 
stimulus dissipates across scalp and skull, typical stimulus 
intensities of direct cortical stimulation are 40 to 50 V.

Both stimulating methods also activate surrounding 
cortical structures and subcortical white matter pathways 
(sensory and motor). In fact, transcranial MEPs (tcMEPs) 
can frequently be recorded from patients with cerebral 
palsy, despite the disruption of their cortical neuronal 
architecture. Distal antidromic propagation of the tran-
scranially applied stimulus is blocked by synapses in all the 
ascending sensory pathways. The stimulus is propagated 
easily orthodromically through descending motor path-
ways. The evoked responses may be recorded over the spi-
nal cord, the peripheral nerve, and, most commonly, the 
muscle itself. To enhance the MEP, these responses may 
be averaged in the same manner as SERs, but averaging is 
almost always unnecessary. Activation of the corticospi-
nal tract well below the motor cortex may limit the utility 
of tcMEP to assess the adequacy of CBF to the motor cor-
tex because activation may be distal to the site of ischemia 
and may be part of a different vascular bed.

sPinal MoTor-EvokEd PoTEnTials. Another method of 
producing the MEP involves electrical stimulation of 
the spinal cord itself above the area of the spinal cord 
at risk during the surgical procedure. Responses may be 
recorded over the distal spinal cord, peripheral nerve, 
and muscle.69-71 Responses are recorded distally, usually 
over the peripheral nerve, and profound surgical muscle 
relaxation is used to prevent gross movement intraopera-
tively. This type of MEP is called a neurogenic MEP. Ini-
tially, investigators believed that this response, recorded 
over a peripheral nerve in the lower extremity (typically 
the tibial nerve in the popliteal fossa), was generated by 
stimulation of the descending motor tracts, activation of 
the anterior horn cells, and propagation of the nerve ac-
tion potential by the peripheral nerve. Multiple clinical 
trials were conducted using this technique and compar-
ing results of MEP monitoring with the SSEP, with good 
results.69-71 These responses also have the advantage that 
they do not show the same sensitivity to anesthetic drugs 
that SSEPs do and may be recorded with any anesthetic 
technique.

Subsequent studies in animals and humans showed 
that neurogenic MEPs are, at best, mixed responses with 
a significant component of an antidromically conducted 
response along the sensory pathway.72 Stimulation of the 
dorsal column results in an antidromically conducted 
recordable signal peripherally because the somesthetic 
system does not synapse in the dorsal root ganglion, 
and fibers pass directly from the dorsal column through 
the cell body in the ganglion into the peripheral nerve. 
Because of this problem, use of neurogenic MEP monitor-
ing has decreased significantly, replaced by the more inva-
sive transcranial stimulation techniques, which produce 
responses that are exclusively produced by activation of 
the motor system.
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electromyography. Intraoperative monitoring of EMG 
responses generated by cranial and peripheral motor 
nerves allows early detection of surgically induced nerve 
damage and assessment of level of nerve function intra-
operatively. In these cases, the ability of a nerve to pro-
duce a response in the innervated muscle is used to assess 
the health of a cranial or peripheral nerve at risk during 
surgical procedures. Recordings are made from either sur-
face (electrocardiogram or gold cup) electrodes or needle 
electrodes placed directly in the innervated muscle of 
interest. Sensitivity of EMG recordings is best, if record-
ings are made from needles within the muscle itself. Sur-
face electrodes and, to a lesser extent, subdermal needle 
electrodes may completely miss neurotonic discharges 
that indicate damage to a nerve.73 The most experience 
with this monitoring modality has been obtained during 
facial nerve monitoring.

EMG monitoring may be either active or passive. Dur-
ing active monitoring, a cranial or peripheral nerve is 
stimulated electrically, and the evoked EMG (compound 
muscle action potential) response from the muscle is 
recorded. Stimulation of the nerve proximal to the oper-
ative area or tumor can be used to assess functional integ-
rity of the nerve.74 Nerve function also may be assessed 
by noting the intensity of nerve stimulus needed to 
evoke a muscle response and by the morphology of the 
compound muscle action potential. Nerve function may 
be monitored passively during surgical procedures with 
continuous recording of all generated responses from 
innervated muscle groups. “Popcorn” EMG discharges 
are produced by simple, benign contact with the moni-
tored nerve. Response trains are produced with more 
significant nerve irritation. Neurotonic discharges are 
produced by significant nerve irritation or damage, or 
both (Fig. 49-12).75 When these EMG responses reach 
a certain voltage threshold, they are usually converted 
into audible signals that provide immediate feedback to 
the surgeon and warn of impending nerve damage in 
real time. Real-time feedback is key because density and 
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Figure 49-12. Schematic of facial nerve monitoring and typical 
responses seen during surgical procedures.
frequency of neurotonic discharges may correlate with 
degree of postoperative nerve dysfunction, as shown 
by data obtained from patients undergoing resection 
of acoustic tumors.74 One caveat of EMG monitoring is 
that sharp section of a nerve may produce no EMG dis-
charge at all.

Intraoperative monitoring of the motor component of 
other cranial nerves also has been successfully performed. 
EMG monitoring of the trigeminal nerve can be accom-
plished with electrodes placed over or in the temporalis 
or masseter muscles. Trigeminal nerve motor monitoring 
has been used during nerve section for tic douloureux to 
ensure preservation of the motor branch of the trigeminal 
nerve and in combination with facial nerve monitoring 
during resection of large posterior fossa lesions.75 Using 
recording electrodes placed in or over the trapezius or 
sternocleidomastoid muscles, the spinal accessory nerve 
has been successfully monitored during resection of large 
meningiomas, glomus jugulare tumors, and neck carci-
nomas.75 EMG monitoring of the hypoglossal nerve with 
needle electrodes placed in the tongue has been infre-
quently used for large posterior fossa lesions and clivus 
tumors.75 Although EMG monitoring of the eye muscles 
can be performed using tiny hook wires for recording, it 
is rarely used, except at a few centers.

Monitoring of peripheral motor nerves has been per-
formed by placing needle electrodes in or over the mus-
cles innervated by nerves that traverse the operative area 
and are at risk from the planned surgical procedure. Audi-
tory feedback from EMG monitoring can warn the sur-
geon of unexpected surgical trespass of the nerve, help 
locate a nerve within the field (e.g., during untethering 
of the spinal cord), and localize the level of any conduc-
tion block or delay. Because radiculopathies have been 
reported to occur after surgical procedures of the spine, 
particularly because of incorrect pedicle screw placement, 
EMG monitoring of peripheral nerves has been used in 
patients undergoing spine operations, to decrease the risk 
of nerve root injury during the procedure.75 During pedi-
cle screw placement, the surgeon can stimulate the screw 
directly with a small amount of current. If EMG responses 
are produced with only a small amount of current, the 
screw has likely been placed outside the bony pedicle.

CLINICAL APPLICATIONS OF NEUROLOGIC 
MONITORING

NEUROVASCULAR SURGERY

See also Chapters 69 and 70.

Extracranial Neurovascular Surgery: Carotid  
Vascular Surgery (Monitors: 
Electroencephalogram, Somatosensory-Evoked 
Potentials, Transcranial Doppler, Cerebral 
Oximetry)
electroencephalogram. The use of the EEG as a moni-
tor of the adequacy of CBF during carotid endarterectomy 
has been established for many years. In a large series of 
patients undergoing carotid endarterectomy at the Mayo 
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Clinic in Rochester, Minn.36 the EEG was compared with 
regional CBF by using the 133Xe washout method. This 
study validated the EEG as an indicator of the adequacy 
of regional CBF.

Normal CBF in gray and white matter averages 50 mL/ 
100 g/minute. With most anesthetic techniques, the EEG 
begins to become abnormal when CBF decreases to 20 mL/ 
100 g/minute. The threshold for EEG changes apparently 
is much lower (8 to 10 mL/100 g/minute), however, when 
isoflurane is used.76 Cellular survival is not threatened 
until CBF decreases to 12 mL/100 g/minute (lower with 
isoflurane). The difference in blood flow between when 
the EEG becomes abnormal and the blood flow at which 
cellular damage begins to occur provides a rational basis 
for monitoring the EEG during carotid surgical proce-
dures. In many cases, prompt detection of EEG changes 
may allow intervention (e.g., shunting, increasing cere-
bral perfusion pressure) to restore CBF before onset of 
permanent neurologic damage. Standard hemodynamic 
monitoring provides no direct information about the 
adequacy of CBF. Blood pressure is not a specific indica-
tor of the adequacy of CBF. Significant hypotension is 
not predictably associated with EEG evidence of cerebral 
ischemia. Severe anemia and decreases in oxygen satura-
tion also decrease oxygen delivery. EEG activity becomes 
abnormal when increased blood flow cannot compensate 
for reduced arterial oxygen content.

Serious intraoperative decrease in cerebral oxygen sup-
ply may result from surgical factors (e.g., carotid cross-
clamping) that are usually beyond the anesthesiologist’s 
control and from factors that the anesthesiologist can 
correct. Reduction in CBF produced by hyperventilation, 
hypotension, or temporary occlusion of major blood ves-
sels may be corrected by reducing ventilation, by restoring 
normal arterial blood pressure, or in the case of temporary 
vessel occlusion, by even increasing arterial blood pressure 
to higher than the normal preanesthetic value. Because 
the EEG may readily detect cerebral ischemia, continuous 
EEG monitoring can evaluate the effectiveness of therapy 
instituted to correct ischemia.

If monitoring of the EEG could be proved scientifically 
to reduce the incidence of stroke during carotid vascu-
lar surgical procedures, EEG monitoring would be estab-
lished as a standard of care. Such definitive data do not 
exist because the incidence of stroke is too low to justify 
a large enough study to achieve statistical significance. 
So is universal use of EEG monitoring during carotid 
surgical procedures justified? In a large series of patients 
undergoing carotid endarterectomy with selective shunt-
ing who were monitored with 16-channel unprocessed 
EEG, no patient awakened with a new neurologic deficit 
that was not predicted by EEG.77 Transient, correctable 
EEG changes were not associated with stroke. Persistent 
changes were associated with stroke. Unfortunately, this 
study had no comparison group (i.e., to determine the 
rate of stroke without EEG monitoring).

In the North American Symptomatic Carotid Endar-
terectomy Trial and the European Carotid Surgery Trial, 
retrospective comparison of patients receiving EEG moni-
toring and patients not receiving EEG monitoring failed to 
show a significant difference in outcome.78,79 Because the 
EEG detects reductions in CBF that would not otherwise 
be apparent in unmonitored patients and permits inter-
vention that may correct the problem (usually placing 
a shunt or increasing blood pressure), EEG monitoring 
should logically be useful in reducing the incidence of 
stroke when selective shunting is used. Data available 
from studies at this time bring us no closer to resolving 
this question, however, than we were in the 1980s. Advo-
cates of monitoring and individuals who believe moni-
toring is of no value can cite multiple studies supporting 
each viewpoint.

Even more difficult to prove is that EEG monitor-
ing is useful when all patients undergo shunting during 
carotid clamping. Such monitoring has detected correct-
able shunt malfunction, and investigators have described 
hypotension-related EEG changes in patients with criti-
cal stenoses and poor collateral circulation.80 Advocates 
of selective shunting based on EEG (or other monitor-
ing) criteria claim that inserting a shunt unnecessarily 
through a region of diseased vessel would surely increase 
embolization. A multicenter study of 1495 carotid end-
arterectomies provides some evidence that shunting 
in patients without evidence of decreased cerebral per-
fusion increases the incidence of stroke more than six-
fold.81 Although this study and other more recent studies 
advocated that selective shunting using some form of 
monitoring of the adequacy of CBF should improve the 
perioperative stroke rate,82-84 an analysis by the Cochrane 
Stroke Group failed to show sufficient evidence to advo-
cate for routine shunting, selective shunting, or even no 
shunting at all.85 In addition, this review failed to demon-
strate that any type of monitoring for cerebral ischemia 
was superior to another. Until compelling studies address-
ing this issue are done, it is unlikely that EEG monitoring 
or other forms of CNS monitoring during carotid vascular 
surgical procedures will become standard practice.

Processed EEG also has been used during carotid vascu-
lar surgical procedures. Two issues affect the efficacy and 
reliability of processed EEG as a monitor for cerebral isch-
emia. First, what is the minimum number of channels 
(or areas of the brain) to be monitored? The 16-channel 
unprocessed EEG is a reliable and sensitive monitor for 
intraoperative cerebral ischemia during carotid endarter-
ectomy. In a series of more than 2000 patients monitored 
with 16-channel EEG at the Mayo Clinic, were no false-
negative EEGs were found77; in other words, no patient 
had undetected intraoperative cerebral injury. However, 
in many operating rooms where carotid surgical proce-
dures are performed, 16-channel EEG monitored by a 
dedicated technician is unavailable. Processed EEG using 
less than 16 channels is used much more commonly. 
Clinical experience and clinical investigations suggest 
that 4 channels (2 per side) are the minimum number 
of channels for adequate sensitivity and specificity.37 
When a limited number of channels were compared with 
16-channel EEG monitoring, 100% sensitivity and speci-
ficity were obtained using 2 channels per hemisphere, 
provided those channels monitored the middle cere-
bral artery territory. These results were obtained with a 
frontoparietal channel combined with a frontotemporal 
channel.37

The second issue is the experience level of the 
observer monitoring the processed EEG. Is a dedicated, 



Chapter 49: Neurologic Monitoring 1503
experienced technician or electroencephalographer 
needed? In a study addressing this question, the 16-chan-
nel unprocessed EEG monitored by a dedicated techni-
cian was compared with a processed EEG reviewed by  
3 anesthesiologists of differing levels of experience with 
processed EEG.38 These anesthesiologists interpreted the 
tracings without knowledge of the case. They were pre-
sented only with the written trace with an indication 
of the point at which the carotid artery was clamped. 
In these cases, the most important interpretation pitfall 
to avoid is the “false-negative” pattern. If the clinician 
interprets the EEG as showing adequate CBF when in fact 
it does not, the surgeon may fail to place a shunt in an 
ischemic patient. A false-positive result may be less of a 
problem because that patient is not ischemic but is given 
a shunt anyway. In this case, only the risk of emboli from 
the “unnecessary” shunt is incurred. The positive predic-
tive value of the anesthesiologist correctly interpreting 
the trace as unchanged after clamping was 91% to 98%; 
this finding indicates that the device can be used by nov-
ice interpreters with fair accuracy to determine the pres-
ence of cerebral ischemia at the time of carotid occlusion. 
In this study, the review by the anesthesiologist was not 
done during the course of the procedure, but rather “off 
line,” and it did not address the issue of whether an anes-
thesiologist providing intraoperative anesthetic manage-
ment of the patient can provide adequate monitoring of 
the processed EEG simultaneously.

EEG monitoring has limitations. Despite the data 
available from the Mayo Clinic, immediately evident 
postoperative strokes have been reported in patients 
without any evidence of EEG changes intraoperatively. 
In our experience, such strokes result from emboli 
through the lenticulostriate arteries to subcortical struc-
tures that do not generate or affect the EEG but are 
critically involved in the descending motor pathway. 
Overall, such events are rare.

Should the patient undergoing carotid endarterectomy 
have EEG monitoring? That question cannot be answered 
based on any available data. EEG monitoring provides 
information about CBF that would not otherwise be avail-
able. The clinician has an opportunity to intervene to 
increase inadequate blood flow when it occurs. Anecdot-
ally, many clinicians have found such monitoring useful 
and use it routinely. Population studies do not support 
routine use, and it is up to the clinician to decide whether 
to use it.

somatosensory-evoked potentIals. SSEP monitoring can 
gauge the adequacy of CBF to the cerebral cortex and 
subcortical pathways during carotid vascular surgical pro-
cedures.56,86,87 SSEPs have been found in the laboratory 
to have a similar but slightly lower threshold for failure 
compared with the EEG. SSEPs are generally intact until 
the cortical blood flow decreases to less than 15 mL/100 
g/minute.54 A meta-analysis of shunting during carotid 
vascular operations concluded that selective shunting 
based on SSEP monitoring results in a perioperative stroke 
rate similar to when EEG monitoring is used as the basis 
for shunting.88 However, logic also would suggest that 
changes in SSEP are unlikely, for example, with ischemia 
involving the anterior portions of either the frontal or 
temporal lobe, which could readily be detected by an 
appropriately placed EEG electrode. Even less outcome 
evidence supports the use of SSEPs than the EEG during 
carotid surgical procedures, but we and others have found 
SSEPs to be useful as a simultaneous monitor with EEG to 
detect subcortical ischemia.

transcranIal doppler ultrasound. TCD monitoring 
during carotid vascular surgical procedures is based on 
measurement of two primary parameters—blood flow 
velocity in major conducting arteries leading to the cere-
bral cortex (most commonly middle cerebral artery) and 
the number of emboli detected in the same artery. The 
hypothesis justifying the use of this monitoring dur-
ing carotid vascular surgical procedures has two com-
ponents: blood flow velocity correlates with CBF, and 
increasing numbers of emboli increase the likelihood 
of emboli-related cerebral ischemia or stroke. The first 
component has not been well tested and shows variable 
results. An early study in a small group of patients under-
going carotid operations did not show good correlation 
between CBF and blood flow velocity.89 Subsequent stud-
ies in patients with varying intracranial diseases yielded 
mixed results.90-93

The correlation between CBF and TCD-measured 
blood flow velocity remains good over time only when 
the artery being insonated does not change diameter and 
when cortical blood flow in the distribution of the mea-
sured artery does not have significant collateral sources 
of blood flow. The relationship between emboli count 
and stroke is better established with multiple studies con-
ducted in the preoperative, intraoperative, and postop-
erative periods; these studies indicate that higher emboli 
counts are associated with higher stroke risk and warrant 
intervention.94-100 TCD ultrasound is the only moni-
tor able to detect dangerous hyperemia, also known as 
normal perfusion pressure breakthrough, after removal 
of severe, flow-limiting carotid stenosis. Typically, a sus-
tained doubling of flow velocity after unclamping should 
prompt the anesthesiologist to consider lowering the 
blood pressure.

Intraoperative TCD monitoring is not often used. Good 
TCD signals cannot be obtained in many individuals who 
could benefit from monitoring. In addition, TCD probe 
motion during surgical procedures causes major problems 
with loss of signal or with angle of insonance–induced 
changes in the relationship between blood flow velocity 
and blood flow. Nonetheless, multiple series of carotid 
endarterectomies with TCD monitoring have had good 
success, with a reported critical blood flow velocity reduc-
tion of approximately 50% as indicative of inadequate 
CBF requiring intervention (shunt or increased arterial 
blood pressure, or both).94-100 Although outcome data are 
lacking, emboli count and risk of stroke suggest that if 
technical issues with probe attachment to the patient can 
be overcome, TCD ultrasound may be useful as a predic-
tor of impending stroke in the entire perioperative period.

cereBral oxImetry (near-Infrared spectroscopy). 
Near-infrared spectroscopy (NIRS) is an attractive moni-
tor because of its ease of application and lack of train-
ing required for interpretation. The hypothesis governing 
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its use is very simple: As oxygen delivery to the brain 
decreases, oxygen extraction from arterial blood increases, 
and the oxygen saturation in cerebral venous blood 
decreases. NIRS applied to cerebral monitoring measures 
the oxygen saturation in the cerebral venous blood in the 
prefrontal cortex and promptly detects increases in oxy-
gen extraction resulting from decreased oxygen delivery. 
The use of cerebral oximetry during neurovascular sur-
gical procedures is well documented, but several major 
questions surrounding use of NIRS during carotid surgical 
procedures remain unanswered.

What degree of decrease in oxygen saturation can be 
tolerated before intervention is necessary? Because most 
interventions involve some risk (e.g., shunt → emboli, 
increased BP → myocardial ischemia), the answer to this 
question is important; yet the answer does not exist. In 
awake patients, the saturation value at which any patient 
develops symptoms varies.101,102 An absolute value that 
required shunting could not be determined. Another study 
showed that cerebral oxygen saturation decreased before 
the EEG developed changes; the investigators concluded 
that NIRS monitoring of the brain should be used during 
carotid surgery.103 This finding should not be surprising, 
however, because function of the brain (in this case, elec-
trical function) does not fail until increased extraction of 
oxygen no longer meets metabolic demands for the tissue. 
If metabolic demands are being met by increased extrac-
tion, it is unclear that intervention is needed.

Finally, a study by Friedell and colleagues compared 
NIRS with EEG and SSEP monitoring during carotid sur-
gical procedures.104 In 24 of 323 patients, significant 
differences were observed between NIRS and monitors 
of electrical function. Seventeen patients showed no 
changes in electrical function with significant decreases in 
cerebral oxygen saturation. In seven patients, no change 
in cerebral oxygen saturation occurred despite significant 
change in the EEG and SSEP. The reason for the latter 
finding may be that NIRS and EEG or SSEP monitor differ-
ent vascular territories. These data, in combination with 
the data from studies in awake patients, suggest that use 
of NIRS alone during carotid vascular surgical procedures 
may be inappropriate. In addition, an aggregate of stud-
ies and case reports available in the literature suggests 
that no clear cutoff value of regional oxygen saturation 
that would mandate the use of shunting or increasing the 
cerebral perfusion pressure exists.

Intracranial Neurovascular Surgery 
(Monitors: Somatosensory-Evoked 
Potentials, Motor-Evoked Potentials)
somatosensory-evoked potentIals. SSEPs have been 
extensively studied during surgical repair of cerebral 
aneurysms. During these procedures, the surgical incision 
and brain retraction preclude placement of scalp or brain 
surface electrodes that could detect cerebral ischemia in 
at-risk cortex. Recording electrodes placed on the surface 
of the brain have been used successfully, but they are 
commonly considered “in the way” by neurosurgeons. 
Scalp electrodes may be placed easily for SSEP monitor-
ing, although the recording montage is frequently not 
the same as that used in an awake patient.
For aneurysms involving the anterior cerebral circula-
tion, SSEP monitoring has an excellent, but not perfect, 
record for predicting postoperative neurologic function. 
Most patients without surgically induced SSEP changes 
during the surgical procedure awaken with an unchanged 
neurologic examination. Patients with significant SSEP 
changes that do not revert to normal awaken with a new 
neurologic deficit. Patients with SSEP changes that return 
to normal after a significant intraoperative change may 
show at least a transient postoperative deficit, with the 
severity and duration increasing as the duration of the 
SSEP change increases. Many authors have reported sig-
nificant utility of SSEP monitoring in detecting improper 
aneurysm clip placement (see Fig. 49-8), and in guiding 
intraoperative arterial blood pressure management, par-
ticularly in patients already showing, or at significant risk 
for, vasospasm after subarachnoid hemorrhage.55,105-110 
The same success cannot be reported, however, for poste-
rior circulation aneurysms. In these cases, many areas of 
the cortex and subcortical structures are at risk for dam-
age that cannot be monitored by somatosensory pathway 
function. A significant false-negative monitoring pattern 
exists for these patients, but changes can still be detected 
when a surgical insult is sufficiently severe to involve 
large portions of the brain.111-114

Some centers have begun monitoring tcMEPs in addi-
tion to SSEPs during surgical clipping of aneurysms. 
Inclusion of tcMEPs is motivated by the desire to evalu-
ate the integrity of subcortical pathways in the internal 
capsule more effectively. Anatomically, the motor path-
way runs anterior to the sensory pathway in the internal 
capsule and is at greater risk if the anterior choroidal 
artery or lenticulostriate perforator vessels are injured 
during dissection and clip placement. Two concerns 
must be addressed, if tcMEP is to be incorporated suc-
cessfully in these cases. First, motion caused by stimula-
tion needs to be minimized, to avoid interfering with 
the surgical procedure. Second, and more important, 
stimulus parameters need to be set to limit deep current 
spread that would activate the corticospinal tract dis-
tal to the internal capsule and obscure ischemia of the 
proximal pathway. The use of longer stimulus trains at 
intensities close to the motor threshold addresses both 
concerns.

SUPRATENTORIAL INTRACRANIAL 
NONVASCULAR SURGERY 
(MONITORS: AWAKE PATIENT, 
ELECTROENCEPHALOGRAM, 
SOMATOSENSORY-EVOKED POTENTIALS)

During supratentorial procedures, neurologic monitor-
ing can contribute to the precise localization of structures 
that need to be preserved or conversely supplement the 
anatomic information provided by imaging with func-
tional data. Three techniques fall under this category: 
(1) awake craniotomy can be a suitable approach for the 
resection of tumors and seizure foci; (2) intraoperative 
electrocorticography (i.e., the recording from strategically 
placed subdural electrodes) is used to target more closely 
the resection of seizure foci; (3) localization of the central 
sulcus and, by extension, the precentral motor cortex is 
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sometimes helpful, if these structures have been displaced 
by a tumor.

The most comprehensive approach to the problem 
of functional localization of brain structures that need 
to be preserved to achieve a good outcome is to perform 
entire segments of supratentorial craniotomy in an awake 
patient who is undergoing repeated neurologic exami-
nations targeted to assess the eloquent area at risk. Such 
procedures are typically divided into exposure, mapping, 
and resection phases and can be done with the patient 
entirely awake or awake only during periods when the 
neurologic examination must be assessed.115 Common to 
all these approaches is the need for meticulous locore-
gional anesthesia of the scalp at the craniotomy site and 
the pin sites of the head holder.116 A second requirement 
is a patient who is well informed about the awake parts 
of the procedure and is willing and able to cooperate. 
Dexmedetomidine, propofol, and remifentanil are the 
drugs most frequently incorporated into the anesthetic 
regimens for awake craniotomy.117 Complications of 
awake craniotomy include nausea and vomiting, respira-
tory problems, and “tight” brain, but these complications 
are typically mild and occur in less than 10% of cases in 
experienced centers. Seizures triggered by cortical stimu-
lation can be stopped by the application of iced saline to 
the exposed cortex or a small amount of barbiturate or 
propofol.

Seizure Focus Localization Surgery
Patients with epilepsy who have seizures that generalize 
from an anatomically distinct focus may benefit greatly 
from surgical resection of that seizure focus.118 Precise 
localization of a seizure focus is important for achieving 
the therapeutic objective of seizure control and for mini-
mizing complications from the resection. With sensitive 
magnetic resonance imaging techniques, neuronavi-
gation, and recordings of typical seizure activity in the 
awake patient after placement of subdural and depth elec-
trodes, the anatomic location and the appropriate extent 
of the resection frequently can be determined preopera-
tively.119 These developments have diminished the role 
of intraoperative recordings from the epileptogenic zone 
with electrocorticography.120

Neurologic monitoring during such a resection is per-
formed using two different techniques. First, activity of 
the seizure focus can be recorded through electrocorti-
cography. Second, eloquent brain areas next to the sei-
zure focus can be monitored during awake craniotomy 
as described in the previous section. Electrocorticography 
is done by placing a grid of subdural electrodes onto the 
exposed brain surface and recording spontaneous electri-
cal activity. Electrocorticography is constrained by sev-
eral limitations. The time for such recordings is limited 
to a few minutes; recordings are limited to interictal 
discharges, which may not correlate with the epilepto-
genic focus; and recordings need to be obtained from a 
brain that is under the effects of general anesthetic drugs, 
which alter the EEG.

To provide good conditions during the recording, the 
level of anesthesia is lightened (e.g., by use of a strict 
nitrousoxide-narcotic technique or low concentrations of 
volatile anesthetic drugs). Provocative techniques, such 
as hyperventilation or administration of a small dose of 
methohexital, may be useful to activate the seizure focus. 
Intraoperative seizure mapping requires the involvement 
of an expert electroencephalographer familiar with this 
technique.

Motor Strip Localization
Electrophysiologic monitoring of the somatosensory sys-
tem in anesthetized patients can provide a simple ana-
tomic guide to the location of the rolandic fissure, which 
separates the parietal primary sensory and frontal primary 
motor cortex. The fissure is located by recording cortical 
SSEPs from a subdural strip electrode that is placed per-
pendicular to the presumed location of the fissure. The 
exact location of the fissure is characterized by a reversal 
in the polarity of the primary cortical response between 
the electrodes straddling the fissure, as illustrated in the 
clinical example in Figure 49-13. Subsequent placement 
of the electrode strip onto the primary motor area of the 
precentral gyrus allows subsequent monitoring of the cor-
ticospinal tract through direct cortical stimulation.

POSTERIOR FOSSA SURGERY 
(MONITORS: BRAINSTEM AUDITORY-
EVOKED POTENTIALS, CRANIAL NERVE 
MONITORING, SOMATOSENSORY-EVOKED 
POTENTIALS, MOTOR-EVOKED POTENTIALS)

Besides the cerebellum, the posterior fossa contains 
within the narrow space of the brainstem many crucial 
neural structures, including the following: the ascending 
and descending sensorimotor pathways; cranial nerve 
nuclei; cardiorespiratory centers; the reticular activating 
system; and the neural networks that underlie crucial 
protective reflexes, such as eye blink, swallowing, gag, 
and cough. Surgical procedures of the posterior fossa are 
not undertaken lightly, and even small injuries can leave 
significant neurologic deficits. Although some of these 
neural structures, such as the sensory or auditory path-
way, can be monitored consistently, intraoperative integ-
rity of other neural structures is frequently only inferred 
from the well-being of neighboring structures amenable 
to monitoring.

Microvascular Decompression of Cranial 
Nerves V, VII, and IX
Microvascular decompression is performed most fre-
quently for trigeminal neuralgia (cranial nerve V) in 
patients who have acceptable medical risks for posterior 
fossa craniotomy. More rarely, the same approach is used 
to treat hemifacial spasm or neurovascular compromise 
of lower cranial nerves. The surgical procedure entails dis-
secting along the intracranial portion of the nerve, identi-
fying offending blood vessels that encroach on the nerve, 
and placing an insulating Teflon pad between vessel and 
nerve. The operation risks ischemic damage to perforat-
ing vessels coming off the offending arteries and cer-
ebellar retraction–related damage to cranial nerves. The 
facial and vestibulocochlear nerves are at particular risk 
for stretch-induced injury caused by medial retraction 
of the cerebellum. Retraction-induced stretch prolongs 
the interpeak latency between peaks I and V of the BAEP 
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Figure 49-13. Intraoperative localization of the rolandic fissure separating the primary sensory cortex and motor cortex. The clinical example is 
from a patient with a large parietal tumor shown in the scan. Two of the recordings made from a four-contact subdural electrode strip are shown. 
The relative positions of the strip electrode are labeled B and A. In recording A, the primary cortical response from the electrodes anterior to the 
rolandic fissure shows an upward deflection, whereas the response from electrodes posterior to the fissure shows a downward deflection. Moving 
the strip electrode anteriorly (recording B) moves this “phase reversal” between electrodes 3 and 4.
waveform and ultimately leads to complete loss of all 
waves beyond wave I (Fig. 49-14). Failure to release retrac-
tion in a timely manner results in postoperative hearing 
loss. Such monitoring increases the chances for preserved 
hearing after microvascular decompression.121-125

During microvascular decompression of the facial 
nerve for hemifacial spasm, more recent developments 
using EMG monitoring have enabled some centers to doc-
ument the adequacy of nerve decompression more clearly 
and lessen the likelihood of persistence or recurrence of 
hemifacial spasm postoperatively. This newer technique 
monitors the so-called lateral spread response (LSR) of 
the facial nerve. A peripheral branch of the facial nerve 
is stimulated. In the normal patient, this stimulation 
would not result in a recordable EMG response in a mus-
cle innervated by a different branch of the facial nerve. 
In patients with hemifacial spasm, EMG responses can 
be recorded in muscles innervated by a different branch 
of the facial nerve (LSR) indicating abnormal crossover 
of electrical activity. Decompression of the facial nerve 
has been shown in multiple studies to result in a great 
decrease or elimination of this LSR, and studies have indi-
cated that elimination of the LSR is highly predictive of 
immediate postoperative relief of hemifacial spasm.126

Vestibular Nerve Schwannoma
Vestibular nerve schwannomas are the most common 
tumors located in the cerebellopontine angle. Because of 
the common origin of the cochlear component of cranial 
nerve VIII and the essentially identical intracranial trajec-
tory of the facial nerve, hearing loss and facial nerve palsy 
are concerns during surgical resection of these tumors. 
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Size and preoperative auditory function are the best 
predictors of postoperative hearing.127 For tumors up to 
approximately 2 to 3 cm in size, monitoring of BAEPs can 
increase the chances of preserving hearing.128 In addition 
to BAEPs, the facial nerve is monitored through sponta-
neous and stimulated EMG. Prospective trials have shown 
a higher percentage of patients with a functional facial 
nerve 1 year postoperatively when facial nerve monitor-
ing was used as previously described. Tonic discharges 
warn of impending damage caused by stretch or heat 
(Bovie procedures). Sharp section of the nerve may elicit 
no discharge, and neuromuscular blockade may eliminate 
the ability to monitor. If the course of the nerve is dis-
placed by the tumor, the surgeon can map its course with 
a handheld stimulator and real-time auditory feedback.

Other Posterior Fossa Neoplasms
Monitoring for operations on other neoplasms located 
in the brainstem typically is individualized to each par-
ticular case or to the particular surgical approach. EMG 
may be recorded not only from the territory of the facial 
nerve, but also from the tongue to monitor the hypoglos-
sal nerve, and from the glottis through electrodes embed-
ded into a specialized endotracheal tube to monitor the 
vagus nerve. Such a setup can be used to map the floor 
of the fourth ventricle functionally, if it is distorted by 
a tumor.129 Such monitoring may be insufficient to pre-
serve vital reflexes because only the efferent limb of these 
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Figure 49-14. Intraoperative monitoring of brainstem auditory-
evoked responses during microvascular decompression. The baseline 
recording shows the typical five waves of the brainstem auditory-
evoked potential response. Intraoperative events are designated to the 
right of each trace. Placement of the retractor causes a severe increase 
in latency of wave V even after adjustment of retraction. During place-
ment of the sponge, all waves subsequent to wave I, which originates 
in the inner ear, are nearly completely lost. Removal of the retractor 
causes brainstem auditory-evoked potentials to revert toward baseline.
reflexes is monitored by recording EMG from innervated 
muscle.

Use of neurologic monitoring for brainstem isch-
emia, although performed in some centers, is not well 
documented or supported by clinical studies. Global 
well-being of the brainstem may be monitored by com-
bining multiple modalities of evoked potentials, such 
as BAEPs, SSEPs, and MEPs. Each modality monitors a 
function whose integrity would be considered impor-
tant in its own right for the functional outcome of an 
individual patient. As illustrated in Figure 49-15, the 
cross-section monitored by combining all these modali-
ties still leaves out crucial areas. Given that perfusion 
occurs through perforating vessels, it is easy to see that 
monitoring may indicate that all is well or, more likely, 
that a therapeutic intervention was helpful in restor-
ing function when clinically the patient is still left with 
a significant deficit. This occurrence invalidates nei-
ther monitoring nor the therapeutic intervention, but 
it indicates only that the monitored pathway was not 
located in an area at risk from the surgical procedure. 
Because of such obligatory “false-negatives” results, few 
studies address the utility of such monitoring. Given 
that each individual monitoring modality comes with 
its own constraints, such an approach typically requires 
a dedicated neurophysiologist for interpretation and 
troubleshooting.
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Figure 49-15. Monitoring of the brainstem with evoked potentials. 
Evoked potentials monitor specific tracts that encompass defined areas 
in the brainstem. This is shown in three transverse sections approxi-
mately at the levels indicated in the drawings. The areas directly moni-
tored by a given modality are indicated in blue and are labeled M 
(motor), S (somatosensory), and A (auditory). Conclusions about the 
well-being of the remainder of the brainstem are made by inference 
from the monitored areas.
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SPINAL COLUMN AND SPINAL CORD 
SURGERY (MONITORS: SOMATOSENSORY-
EVOKED POTENTIALS, MOTOR-EVOKED 
POTENTIALS, ELECTROMYOGRAM)

Intraoperative monitoring of SSEPs has been used most 
extensively in patients undergoing surgical procedures 
involving the spinal column or spinal cord, or both. 
Extensive experience has been gained in patients who 
have decompressive laminectomies or who have under-
gone corrective procedures for scoliosis. Intraoperative 
changes in SSEPs have been noted in 2.5% to 65% of 
patients undergoing surgical procedures on the spine 
or spinal cord.130-133 When these changes are promptly 
reversed either spontaneously or with interventions by 
the surgeon or anesthesiologist (e.g., lessening the degree 
of spine straightening in scoliosis repair or increasing 
arterial blood pressure), the patients most often have 
preserved neurologic function postoperatively. When 
these changes persisted, however, the patients most often 
awakened with worsened neurologic function.

False-negative (rare) and false-positive (common) results 
can occur with SSEP monitoring during spine operations. 
Patients with intact SSEPs throughout the procedure have 
awakened with a new significant neurologic deficit, but the 
total reported incidence of this finding is far less than 1% 
of all cases monitored. Patients with no postoperative neu-
rologic deficit commonly experience significant changes 
in intraoperative SSEPs.133 This monitoring pattern is most 
commonly caused by failure to control for other, nonpatho-
logic factors that may alter the SSEPs. Overall, the reliability 
of properly performed SSEP monitoring to predict the post-
operative sensory and motor function has been reported 
to be excellent.44,132,134 Motor tracts are not directly moni-
tored by SSEPs, however. In addition, the blood supply to 
the dorsal columns of the spinal cord, which carries all the 
upper extremity SSEPs and at least a portion of the lower 
extremity SSEPs, is derived primarily from the posterior 
spinal arteries. The blood supply to motor tracts and neu-
rons is derived primarily from the anterior spinal artery. 
A significant motor deficit can develop postoperatively in 
patients with intact SSEPs throughout the operative course. 
Such events have been reported.135,136

In operations on the spinal column and after acute spi-
nal cord injury, the sensory and motor changes generally 
correlate well44; however, in patients with neurologic dys-
function after thoracic aortic vascular surgical procedures, 
frequently posterior spinal cord function (propriocep-
tion, vibration, light touch) is left intact when motor and 
other sensory functions (pain, temperature) are impaired. 
This result occurred in 32% of patients with neurologic 
injury after aortic aneurysm repair in one series,137 with 
similar results in many other series. Intraoperative SSEP 
monitoring in these patients carries a significant risk for 
false-negative results, and such monitoring therefore is 
not widely used.

MEP monitoring during surgical procedures on the 
spine or its blood supply is very useful. MEPs can decrease 
without changes in SSEPs. The combined use of SSEP mon-
itoring and MEP monitoring may eliminate false-negative 
monitoring patterns during spine operations.138-143 In the 
case of monitoring paraplegia risk during surgical repair 
of thoracoabdominal aneurysms, the literature shows 
improving support for the use of MEP monitoring. Two 
earlier studies suggested that MEPs may not be as effective 
as hoped. The first study recorded MEPs from the canine 
lumbar spinal cord that were produced by transcranial 
electrical stimulation.137 Elmore and associates found 
that these spinally recorded potentials did not accurately 
predict postoperative motor function.144 In a second 
study, Reuter and colleagues recorded MEPs at the spinal 
cord and the peripheral nerve level that were produced by 
transcranial electrical stimulation in dogs.145 These inves-
tigators also found that the spinally recorded responses 
were inaccurate in predicting motor function postopera-
tively. The peripheral nerve responses disappeared in all 
animals and were not present 24 hours later regardless 
of whether the animal could move its lower extremities.

These studies suggest that the spinally recorded MEP 
likely represents a response generated by the descending 
corticospinal tract. This white matter pathway is resistant 
to ischemia compared with the more metabolically active 
anterior horn cells (gray matter). Recovery of this white 
matter–generated MEP response could occur after reperfu-
sion of the spinal cord, whereas the gray matter may not 
recover. Responses recorded from the peripheral nerve 
would reflect postsynaptic anterior horn cell function, 
but lower extremity ischemia occurring after aortic cross-
clamping may preclude recording this or the response 
from muscles during surgical procedures.

MEP monitoring during aortic vascular surgical proce-
dures has correctly detected inadequate spinal cord blood 
flow and improved operative outcome. The technique 
has proven useful, particularly when operative strategies 
such as reimplantation of crucial intercostal vessels based 
on results of MEP monitoring, alteration of spinal cord 
perfusion pressure (blood pressure increase or cerebro-
spinal fluid drainage, or both), spinal cord cooling, and 
other methods are used.146 Although this monitoring 
technique holds promise in aortic surgery, its validity has 
not been verified.

PERIPHERAL NERVE SURGERY (MONITORS: 
ELECTROMYOGRAM, NERVE ACTION 
POTENTIAL)

Neurologic monitoring for surgical procedures involving 
peripheral nerves can be done in two different settings. In 
the first, the peripheral nerve is intact but threatened by 
the operation. Examples include an intrinsic nerve tumor, 
such as a schwannoma, or an extensive soft tissue tumor, 
particularly if it displaces the normal anatomic course 
of a nerve. In the second setting there is a preexisting 
injury involving damage to a nerve and the objective is to 
explore the site of injury. Monitoring of spontaneous and 
stimulated muscle responses from muscle groups inner-
vated by the nerve in question can be used to guide the 
resection. Spontaneous EMG discharges can be generated 
by stretch or compression of the nerve, by local heating 
from electrocautery, or from ischemia. Two caveats apply 
to the monitoring of spontaneous EMG: (1) the neuro-
muscular junction is part of the monitored pathway, and 
muscle relaxation decreases or abolishes the sensitivity of 
monitoring in a dose-dependent manner; and (2) sharp 
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section of the nerve may not result in a noticeable dis-
charge. To search out the course of the nerve intraopera-
tively, the surgeon may stimulate the wound area with a 
handheld probe and listen for stimulated EMG or palpate 
for muscle contraction. The underlying concept should 
be familiar to anesthesiologists from the use of nerve 
stimulators in regional anesthesia.

A variation of this technique of monitoring that is in 
widespread use, because it is conceptually simple, is mon-
itoring of pedicle screw placement during spinal instru-
mentation with the aim of avoiding nerve root injuries 
resulting from malpositioned pedicle screws.147,148 The 
aim is to avoid malpositioned screws that weaken the 
construct or cause postoperative radicular pain. Typically, 
the pilot hole or, less desirable, the shank of an implanted 
pedicle screw is stimulated repetitively with increasing 
current to determine the threshold for eliciting a derma-
tomal compound muscle potential. The interpretation of 
responses is complicated by the anatomic relationship 
between pedicles and nerve roots that depends on the 
level of the spinal cord because the spinal cord is shorter 
than the bony spinal column. Thus, a medially misplaced 
screw in the lumbar region will come to lie next to a nerve 
root, whereas in the thoracic spine, a medial misplace-
ment puts the screw next to the corticospinal tract, which 
cannot be activated by single stimuli. Because thresholds 
vary in the cervical, thoracic, and lumbar spine, as well as 
between healthy and diseased nerve roots, this technique 
has limitations but is widely thought to be useful.149

In patients with prolonged weakness and sensory 
loss after nerve injury who undergo nerve exploration 
monitoring, peripheral nerve activity is very useful.150 
The aim is to determine whether nerve reconstruction 
may improve outcome. The area of the lesion is deter-
mined by preoperative nerve conduction studies. Intra-
operatively, the nerve is first stimulated proximal to the 
lesion, and a recording of the nerve action potential is 
made directly from the nerve distal to the lesion, as illus-
trated in Figure 49-16. If nerve conduction occurs across 
the lesion, lysis of scar is performed, and the incision is 
closed. Natural recovery by means of axonal regrowth 
produces the best outcome. If conduction does not occur 
across the lesion, resection of the damaged nerve and 
nerve cable grafting are performed.151-153

NONNEUROLOGIC SURGERY THAT 
RISKS DAMAGE TO THE CENTRAL 
NERVOUS SYSTEM (MONITORS: 
ELECTROENCEPHALOGRAM, TRANSCRANIAL 
DOPPLER, CEREBRAL OXIMETRY, JUGULAR 
VENOUS OXYGEN SATURATION)

Cardiopulmonary Bypass
See also Chapter 67.

electroencephalogram. In humans, changes that occur 
with the institution of CPB may alter the EEG by mul-
tiple different mechanisms. Plasma and brain levels of 
anesthetic drugs may be altered by CPB or by anesthet-
ics commonly given during CPB, alterations in arterial 
carbon dioxide tension and arterial blood pressure may 
occur, and hemodilution with hypothermic perfusate  
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Figure 49-16. Recording a nerve action potential (NAP) during brachial plexus exploration. The site of the injury on the lateral fascicle is indi-
cated in red. As shown in the inset, the surgeon places hook electrodes on either side of the exposed part of the nerve. If the injury is limited to an 
axonotmesis, proximal stimulation will result in a distal NAP similar to the ones shown in the recording to the right. The delay in the response in 
the third tracing is simply the result of a change in technical settings.
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nearly always occurs. These effects, all of which may pro-
duce EEG changes similar to pathologic changes seen 
with ischemia, make it difficult to interpret EEG changes 
occurring during CPB.

Levy and others tried to distinguish the normal effects 
of hypothermia from other events occurring at the insti-
tution of and conclusion of CPB.154,155 Initially, Levy 
concluded that only a qualitative relationship could 
be determined, but later, with the use of a much more 
sophisticated EEG analysis technique (approximate 
entropy), EEG changes associated with changes in tem-
perature could be quantified.

Chabot and colleagues,156 as well as Edmonds and 
colleagues,157 attempted to use quantitative (processed, 
multiple-channel) EEG during CPB to detect cerebral 
hypoperfusion and relate these changes to postopera-
tive neurologic function. In addition, some work has 
been done with intervention after detection of cerebral 
hypoperfusion using quantitative EEG. Although the data 
seem promising, only a few patients have been studied, 
with very few corroborating studies. In addition, this 
type of monitoring is extremely costly in time, person-
nel, and equipment. Given the lack of convincing out-
come data, the cost-to-benefit ratio is unclear. Some other 
investigators failed to show any convincing relationship 
between intraoperative EEG parameters and postopera-
tive neurologic function, especially in small infants and 
children158,159 (see also Chapter 93). Whether the pro-
cessed, quantitative EEG provides useful information for 
clinical management of patients during CPB is not clear. 
An evidence-based justification for routine application of 
this method is not apparent.

transcranIal doppler ultrasound. TCD ultrasound 
can monitor the cerebral circulation during CPB. Anec-
dotal reports and case series document the use of TCD for 
determining adequacy of CBF, detection of emboli, and 
detection of improper cannula placement.160 Only very 
limited outcome data exist, and use of TCD ultrasound 
during CPB does not stand up to evidence-based exami-
nation, primarily because of lack of information. Probe 
placement instability and inability to obtain signals in 
some patients also have limited the use of this monitor 
intraoperatively. Finally, although the hypothesis that 
cerebral microemboli are at least part of the pathogenesis 
of postoperative cognitive decline following CPB is attrac-
tive, any relationship between CPB counts of presumed 
emboli and postoperative cognitive dysfunction is not 
convincing.161

cereBral oxImetry and Jugular venous oxygen 
 saturatIon. As is the case with EEG monitoring during 
CPB, the use of NIRS or Sjvo2 has been recommended 
as an indicator of adequate perfusion of the brain dur-
ing CPB.162,163 Incorrect placement of CPB cannulas has 
been detected clinically and in laboratory studies. One 
more recent series of patients undergoing CPB for coro-
nary bypass surgery showed a more frequent incidence 
of major organ system dysfunction and longer hospital 
stays in patients with lower baseline and intraoperative 
cerebral oxygen saturation values.164 The same ques-
tions exist for this application of NIRS, however, as do 
for the use of NIRS during carotid vascular surgical pro-
cedures. A systematic review of the use of NIRS during 
CPB showed that data are insufficient to conclude that 
interventions based on low cerebral oxygen saturation 
values prevent either stroke or postoperative cognitive 
dysfunction.165 Use of NIRS during CPB does not stand 
up to evidence-based examination, and much more work 
is needed before NIRS can be recommended as a standard 
of care during CPB.

Sjvo2 is very invasive. Although data from case reports 
and studies suggest that Sjvo2 may have utility in detect-
ing inadequate CBF, lack of outcome data, lack of clearly 
defined critical values at different temperatures during 
CPB, and availability of more noninvasive modalities 
(EEG, cerebral oximetry) have resulted in only limited 
use of this monitoring method during CPB. Based on cur-
rent information, no neurologic monitoring techniques, 
either alone or in combination, are clearly useful in 
improving outcome during surgical procedures requiring 
CPB. Further research is needed before the cost in person-
nel and in equipment of neurologic monitoring during 
CPB can be justified.

INTENSIVE CARE APPLICATIONS OF 
NEUROLOGIC MONITORING (MONITORS: 
ELECTROENCEPHALOGRAM, EVOKED 
POTENTIALS, TRANSCRANIAL DOPPLER, 
JUGULAR VENOUS OXYGEN SATURATION)

Secondary injury to the CNS is a major modifiable risk fac-
tor in patients with CNS disease (see also Chapter 105). 
Aneurysmal subarachnoid hemorrhage, stroke, and 
traumatic brain injury are examples of CNS insults in 
which secondary injury has important implications 
for the ultimate functional outcome.166-168 The same 
diseases frequently result in a primary insult to the 
CNS that severely constrains the utility of the clini-
cal neurologic examination because of the need for 
mechanical ventilation and sedation. Many techniques 
of neurologic monitoring discussed earlier also have 
been used in the intensive care unit. Generally, how-
ever, techniques that require the continued presence 
of skilled technologists, such as monitoring of evoked 
potentials, are prohibitively expensive and of less prac-
tical value than techniques that can be performed as a 
daily examination or techniques that provide data eas-
ily integrated into the intensive care frame of mind. 
Along with monitoring, some of the techniques dis-
cussed previously also can provide important prognos-
tic information in comatose patients and can guide 
 decision making.

Cerebral Ischemia
Cerebral ischemia is an important cause of secondary 
injury to the CNS. It can be difficult to detect in patients 
who are either comatose or sedated, but it can occur 
even in patients with adequate cerebral perfusion pres-
sure.169,170 Three techniques may provide intensivists 
with additional information about cerebral perfusion. 
None of the monitors is considered “standard of care.” As 
with all monitors, the impact of the monitor on outcome 
depends on the quality of the therapeutic interventions 
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that result from integration of the additional data into 
the clinical management of a given patient.

Sjvo2 monitoring is used most extensively in the inten-
sive care unit to monitor patients with traumatic brain 
injury. The data have been used to guide blood pressure 
and ventilatory management to optimize blood flow. 
Sjvo2 monitoring has had a major effect on ventilatory 
management of head-injured patients and has signifi-
cantly reduced the routine use of hyperventilation in 
neurosurgical patients.171-175 Sjvo2 values of less than 
50% generally indicate cerebral ischemia. Increases in 
Sjvo2 may occur in response to therapy, or they may be an 
ominous sign if the increase is caused by falling demand 
because of neuronal death.

Similar to Sjvo2 monitoring, monitoring of PBro2 and 
blood flow is used most frequently in patients with trau-
matic brain injury. PBro2 performs well in clinical practice. 
Decreases to less than 10 to 15 mm Hg are associated with 
worsening outcome,27,175 whereas PBro2-targeted treat-
ment strategies may improve outcome.176 The data for 
thermal diffusion CBF are not as comprehensive, perhaps 
reflecting the slightly less robust technology.177 Nonethe-
less, in the setting of subarachnoid hemorrhage, thermal 
diffusion CBF of less than 15 mL/100 g/minute showed a 
sensitivity of 90% and a specificity of 75% for detecting 
symptomatic vasospasm.19

TCD ultrasound is widely used in the intensive care 
unit to document the presence and severity of cerebral 
vasospasm after subarachnoid hemorrhage. As the major 
cerebral arteries narrow, flow velocity within the lumen 
must increase if blood flow is to be maintained. Such nar-
rowing occurs 12 to 24 hours before the onset of clinical 
symptoms, thus allowing therapy to be initiated before 
the onset of clinical symptoms.178-182 Mean flow veloci-
ties of more than 120 cm/second seem to correlate well 
with angiographic vasospasm,183,184 although intracra-
nial pressure and concurrent therapy with hypertensive 
hypervolemic hemodilution modify the flow velocity. 
The latter two factors result in characteristic changes of 
the TCD waveform, however, and preserve the utility of 
the examination.

prognosIs In coma and determInatIon of BraIn death. 
EEG monitoring may help to assess the clinical course 
and the prognosis of comatose patients. Assessment of 
prognosis must be separated from the insult that pre-
cipitated the coma by more than 24 hours. If not, the 
EEG may reflect predominantly the effect of the insult 
and may not predict prognosis. More than 24 hours after 
the insult, spontaneous sustained burst suppression cor-
relates strongly with severe irreversible brain injury.185 
Absence of EEG variability portends a high likelihood of 
persistent vegetative state or death,185,186 whereas spon-
taneous variability, reactivity to external stimuli, and 
typical sleep patterns are associated with more favorable 
outcomes.187-189

A specific indication for EEG monitoring is the thera-
peutic induction of a coma by barbiturate administration. 
Because neither blood nor cerebrospinal fluid concen-
tration of barbiturates reliably predicts burst suppres-
sion and near-maximal reduction in cerebral metabolic 
rate of oxygen consumption,190 and because barbiturate 
administration usually requires an increase in cardiovas-
cular support, documentation of a burst suppression pat-
tern on EEG allows the use of the minimal effective dose 
of barbiturate.

Similar to EEG, evoked potential studies have a place 
in predicting prognosis in comatose patients. The pres-
ence of normal SSEPs bilaterally is an excellent prognostic 
sign, whereas the absence of any SSEP cortical response 
is a poor prognostic indicator. The degree of unfavorable 
outcome can be predicted by BAEPs. Intact and normal 
BAEPs with absent cortical SSEPs predict a best outcome 
of a chronic vegetative state. Outcome may be worse, 
however, because BAEPs commonly deteriorate later with 
rostral-to-caudal deterioration. Absent BAEP responses 
beyond wave I predict a high likelihood of brain death. 
Present but abnormal SSEPs are associated with out-
comes intermediate between good to high function and a 
chronic vegetative state.191-200

TCD ultrasound also has been used in the intensive 
care unit as an aid to the diagnosis of brain death. As 
intracranial pressure increases, the pulsatility of the TCD 
waveform increases, accentuating the systolic peak and 
diminishing flow during diastole. With further increases 
in intracranial pressure, a characteristic to-and-fro pat-
tern of flow is established, which is consistent with clini-
cal brain death.201 TCD studies are easily performed at 
the bedside and can minimize the need for unnecessary 
transports of the patient for definitive radiologic studies.

NONSURGICAL FACTORS INFLUENCING 
MONITORING RESULTS

ANESTHESIA AND THE 
ELECTROENCEPHALOGRAM

Anesthetic drugs affect the frequency and amplitude of 
EEG waveforms. Although each drug class and each spe-
cific drug have some specific, dose-related EEG effects 
(Table 49-2), some basic anesthesia-related EEG pat-
terns may be described. Subanesthetic doses of intrave-
nous and inhaled anesthetic drugs usually produce an 
increase in frontal beta activity and abolish the alpha 
activity normally seen in the occipital leads in an awake, 
relaxed patient with the eyes closed. As the patient loses 
consciousness with general anesthesia, the brain waves 
become larger in amplitude and slower in frequency. In 
the frontal areas, small beta activity seen in an awake 
patient slows to the alpha range and increases in size. In 
combination with the loss of the occipital alpha activity, 
this phenomenon produces the appearance of a “shift” of 
the alpha activity from the posterior cortex to the ante-
rior cortex. Further increases in the dose of the inhaled or 
intravenously administered anesthetic drug produce fur-
ther slowing of the EEG. Some anesthetic drugs suppress 
EEG activity totally (see Table 49-2). Other anesthetic 
drugs never produce burst suppression or an isoelectric 
EEG, despite increasing dose, either because they are inca-
pable of completely suppressing the EEG (e.g., opioids, 
benzodiazepines) or because cardiovascular toxicity of 
the drug (e.g., halothane) prevents administration of a 
large enough dose.
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TABLE 49-2 ANESTHETIC DRUGS AND ELECTROENCEPHALOGRAM

Drug Effect on EEG Frequency Effect on EEG Amplitude Burst Suppression?
Isoflurane, Sevoflurane, 

Desflurane
Yes, >1.5 MAC

Subanesthetic Loss of alpha, ↑ frontal beta
Anesthetic Frontal 4-13 Hz activity
Increasing dose >1.5 MAC Diffuse theta and delta → burst 

suppression → silence
↓ 0

Nitrous oxide (Alone) Frontal fast oscillatory activity (>30 Hz) ↓, especially with inspired 
concentration >50%

No

Barbiturates Yes, with high doses
Low dose Fast frontal ↑ beta activity Slight
Moderate dose ↑ Frontal alpha frequency spindles
Increasing high dose Diffuse delta → burst suppression → 

silence
↓ 0

Etomidate Yes, with high doses
Low dose Fast frontal beta activity
Moderate dose Frontal alpha frequency spindles
Increasing high dose Diffuse delta → burst suppression → 

silence
↓ 0

Propofol Yes, with high doses
Low dose Loss of alpha; frontal beta
Moderate dose Frontal delta; waxing/waning alpha
Increasing high dose Diffuse delta → burst suppression → 

silence
↓ 0

Ketamine No
Low dose Loss of alpha, variability ↓
Moderate dose Frontal rhythmic delta
High dose Polymorphic delta; some beta Beta is low amplitude
Benzodiazepines No
Low dose Loss of alpha; increased frontal beta 

activity
High dose Frontally dominant delta and theta

Opioids No
Low dose Loss of beta; alpha slows None
Moderate dose Diffuse theta, some delta
High dose Delta, often synchronized

Dexmedetomidine Moderate slowing, prominent spindles No

EEG, Electroencephalogram; MAC, minimum alveolar concentration.
*Delta = <4 Hz frequency; theta = 4-7 Hz frequency; alpha = 8-13 Hz frequency; beta = >13 Hz frequency.
Intravenous Anesthetic Drugs
See also Chapter 30.

BarBIturates, propofol, and etomIdate. Despite 
widely varying potencies and durations of action, bar-
biturates, propofol, and etomidate produce similar EEG 
patterns (Fig. 49-17 shows EEG effects of thiopental). 
These drugs all follow the basic anesthesia-related EEG 
pattern described previously with initial EEG activation 
(see Fig. 49-17, A), followed by dose-related depression. 
As the patient loses consciousness, characteristic frontal 
spindles are seen (see Fig. 49-17, B), which are replaced 
by polymorphic 1- to 3-Hz activity (see Fig. 49-17, C), 
as the drug dose is increased. Further increases in dose 
result in lengthening periods of suppression inter-
spersed with periods of activity (burst suppression). 
With a very high dose, EEG silence results. All these 
anesthetic drugs can cause epileptiform activity in 
humans, but epileptiform activity is clinically signifi-
cant only after methohexital and etomidate when given 
in subhypnotic doses.
ketamIne. Ketamine does not follow the basic anesthesia-
related EEG pattern. Anesthesia with ketamine is charac-
terized by frontally dominant rhythmic, high-amplitude 
theta activity. Increasing doses produce intermittent 
polymorphic delta activity of very large amplitude inter-
spersed with low-amplitude beta activity.202 Electrocor-
tical silence cannot be produced with ketamine. EEG 
activity may be very disorganized and variable at all doses. 
This disorganization of the EEG with ketamine is respon-
sible for the failure of the bispectral index (BIS) to be use-
ful in looking at the effect of ketamine on consciousness. 
Recovery of normal EEG activity even after a single bolus 
dose of ketamine is slow compared with barbiturates. No 
information is available about the relationship between 
emergence reactions after ketamine and the EEG. Ket-
amine can cause increased epileptiform activity.202

BenzodIazepInes. Despite varying potencies and durations 
of action, benzodiazepines also follow the basic anesthesia-
related EEG pattern. As a class, however, these drugs are inca-
pable of producing burst suppression or an isoelectric EEG.
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Figure 49-17. Electroencephalogram effects of  
intravenous administration of thiopental in humans: 
A, rapid activity; B, barbiturate spindles; C, slow 
waves; and D, burst suppression. (From Clark DL, 
Rosner BS: Neurophysiologic effects of general anes-
thetics, Anesthesiology 38:564, 1973.)
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opIoIds. As a class, opioids do not follow the basic anes-
thesia-related EEG pattern. Opioids generally produce 
a dose-related decrease in frequency and increase in 
amplitude of the EEG. If no further doses of opioids are 
given, alpha and beta activity return as drug redistribu-
tion occurs. The rapidity of return depends on the initial 
dose and on the drug. Remifentanil is associated with the 
most rapid return to normal.203 Complete suppression of 
the EEG cannot be obtained with opioids. Epileptiform 
activity occurs in humans and in animals receiving large 
to supraclinical doses of opioids. Sharp wave activity is 
common after induction of anesthesia with fentanyl, 
with 20% of patients showing this phenomenon after  
30 μg/kg, 60% after 50 μg/kg, 58% after 60 μg/kg, and 80% 
after 70 μg/kg. Alfentanil bolus has been used clinically 
to activate seizure foci during surgical treatment of epi-
lepsy.204 This epileptiform activity is mainly noted in the 
frontotemporal region.205

dexmedetomIdIne. Dexmedetomidine is being increas-
ingly used for sedation in the operating room and in 
the intensive care unit, and it is also used for sedation 
during diagnostic EEG studies in children. EEG studies 
of patients undergoing sedation with dexmedetomidine 
alone show patterns similar to those seen in normal 
human sleep, with increased slow-wave activity and sleep 
spindles prominent.206 Burst suppression or an isoelectric 
EEG pattern cannot be produced even with high doses of 
the drug. The level of sedation with dexmedetomidine 
can be effectively monitored with processed EEG param-
eters using BIS and entropy techniques.207 BIS values at 
comparable levels of sedation are lower with dexmedeto-
midine than propofol.208

Inhaled Anesthetic Drugs
See also Chapter 25.

nItrous oxIde. Used alone, nitrous oxide causes a 
decrease in amplitude and frequency of the dominant 
occipital alpha rhythm. With the onset of analgesia and 
depressed consciousness, frontally dominant fast oscilla-
tory activity (>30 Hz) is frequently seen.209 This activity 
may persist to some extent for 50 minutes after discon-
tinuation of nitrous oxide. When nitrous oxide is used in 
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combination with other drugs, it increases the effects that 
would be associated with the drug alone clinically and 
with respect to the EEG pattern seen.

Isoflurane, sevoflurane, and desflurane. Potent 
inhaled anesthetic drugs, including halothane and 
enflurane, which are no longer available, follow the 
basic anesthesia-related EEG pattern. Isoflurane initially 
causes an activation of the EEG, followed by a slowing 
of the EEG activity that is more marked with increas-
ing dose. Isoflurane begins to produce periods of EEG 
suppression at 1.5 minimum alveolar concentration 
(MAC), which become longer with increasing dose until 
electrical silence is produced at 2 to 2.5 MAC. Isolated 
epileptiform patterns sometimes can be seen during 
intersuppression activity at 1.5 to 2 MAC isoflurane.210 
Sevoflurane causes similar dose-dependent EEG effects. 
Equi-MAC concentrations of sevoflurane and isoflu-
rane cause similar EEG changes.211 Epileptiform activ-
ity has been induced by administration of sevoflurane 
in patients without epilepsy, and seizure activity on 
EEG, but not clinical seizure activity, has been reported 
in pediatric patients with a history of epilepsy during 
induction of anesthesia with sevoflurane.212,213 Despite 
these observations, sevoflurane, similar to other inhala-
tion drugs, is not suitable for use during electrocorti-
cography for localization of seizure foci.214 EEG patterns 
seen with enflurane are similar to the patterns seen with 
isoflurane, except that epileptiform activity is consider-
ably more prominent. At 2 to 3 MAC, burst suppression 
is seen, but virtually all intersuppression activity con-
sists of large spike-wave pattern discharges. Hyperventi-
lation with high concentrations of enflurane increases 
the length of suppression and decreases the duration 
of bursts, but it increases the amplitude and main fre-
quency component of the intersuppression epileptiform 
activity. Frank EEG seizures also may occur with enflu-
rane that produce the same cerebral metabolic effects as 
pentylenetetrazol, a known convulsant.

Halothane also produces EEG patterns similar to 
those of isoflurane, but dosages of halothane that would 
produce burst suppression in the EEG (3 to 4 MAC) are 
associated with profound cardiovascular toxicity. Des-
flurane produces EEG changes similar to those seen with 
equi-MAC concentrations of isoflurane. In limited clini-
cal studies, no evidence of epileptiform activity has been 
seen with desflurane, despite hyperventilation and 1.6 
MAC dosage,215 and desflurane has been used as a treat-
ment for refractory status epilepticus.216

Clinical studies showed that the EEG effects of inhaled 
anesthetic drugs are influenced by age and baseline EEG 
characteristics. Older patients and patients with EEG 
slowing at baseline were more sensitive to the EEG effects 
of isoflurane and desflurane (see also Chapter 80). As 
anesthesia was deepened, similar EEG pattern changes 
occurred, but these changes occurred at lower end-tidal 
anesthetic concentrations.217

ANESTHESIA AND SENSORY-EVOKED 
RESPONSES

Volatile Anesthetic Drugs
Multiple drugs used in the perioperative period can influ-
ence the ability to monitor SERs accurately (Table 49-3). 
A more recent review provides the interested clinician 
with a detailed analysis of all drug effects on SERs that is 
beyond the scope of this chapter.218 Table 49-3 does not 
quantify drug effects, but rather lists whether an individ-
ual drug is capable of producing a change in any part of 
an evoked response that could be mistaken for a surgically 
induced change. A “no” designation in this table does not 
mean that a given drug has no effects on SERs. The “no” 
designation indicates that any effects that do occur would 
not be called clinically significant by clinicians experienced 
in intraoperative monitoring. Several general concepts help 
the clinician who is trying to determine the best choice of 
drugs for use during monitored cases (Box 49-1).

The volatile anesthetic drugs isoflurane, sevoflurane, 
desflurane, enflurane, and halothane have similar effects 
in differing degrees on all types of SERs. VEPs are the 
most sensitive to the effects of volatile anesthetic drugs, 
TABLE 49-3 ABILITY OF AN INDIVIDUAL ANESTHETIC DRUG TO PRODUCE A CHANGE IN SENSORY- AND 
MOTOR-EVOKED POTENTIALS THAT COULD BE MISTAKEN FOR A SURGICALLY INDUCED CHANGE*

Drug

SSEPs BAEPs VEPs Transcranial MEPs

Lat Amp Lat Amp Lat Amp Lat Amp

Isoflurane Yes Yes No No Yes Yes Yes Yes
Nitrous oxide† Yes Yes No No Yes Yes Yes Yes
Barbiturates Yes Yes No No Yes Yes Yes Yes
Etomidate No No No No Yes Yes No No
Propofol Yes Yes No No Yes Yes Yes Yes
Diazepam Yes Yes No No Yes Yes Yes Yes
Midazolam Yes Yes No No Yes Yes Yes Yes
Ketamine No No No No Yes Yes No No
Opioids No No No No No No No No
Dexmedetomidine No No No No No ND ND No

Amp, Amplitude; BAEPs, brainstem auditory-evoked potentials; Lat, latency; MEPs, motor-evoked potentials; ND, no data available from the literature; 
SSEPs, somatosensory-evoked potentials; VEPs, visual-evoked potentials.

*This table is not quantitative in any way. “Yes” or “no” designations indicate whether an individual drug is capable of producing an effect on any 
 portion of the evoked response that could be mistaken for a surgically induced change.

†Increases the anesthetic effect of the drug or drugs with which it is used.



and BAEPs are the most resistant to anesthetic-induced 
changes. Spinal and subcortical SSEP responses are signifi-
cantly less affected than are cortical potentials.219-221

Because they are the most widely used intraoperative 
SER technique, SSEPs are the most completely studied 
with respect to the effects of anesthetic drugs. The effects 
of the currently used volatile anesthetic drugs on corti-
cal SSEPs are dose-dependent increases in latency and 
conduction times and a decrease in amplitude of corti-
cally, but not subcortically recorded signals.219-223 When 
comparing the different volatile anesthetic drugs, studies 
are not clear.219,221 One study suggested that halothane 
has a greater impact on cortical SSEPs than either isoflu-
rane or enflurane,221 whereas another published report 
supported a greater effect produced by enflurane and iso-
flurane than halothane.219 None of these differences are 
clinically important and may be ignored by the practicing 
clinician. Desflurane and sevoflurane have effects on SERs 
that are qualitatively and quantitatively similar to those 
of isoflurane.224-228 In neurologically normal patients, 
0.5 to 1.0 MAC of any of the potent inhaled anesthetic 
drugs in the presence of nitrous oxide is compatible with 
monitoring of cortical SSEPs (Figs. 49-18 to 49-20).219,223 

 1.  Intravenous drugs have significantly less effect than 
 “equipotent” doses of inhaled anesthetics.

 2.  Combinations of drugs generally produce “additive” effects.
 3.  Subcortical (spinal or brainstem) sensory-evoked responses 

are very resistant to the effects of anesthetic drugs. If subcorti-
cal responses provide sufficient information for the surgical 
procedure, anesthetic technique is not important, and effects 
on cortically recorded responses may be ignored.  

BOX 49-1 Guidelines for Choosing Anesthetic 
Techniques During Procedures in Which 
Sensory-Evoked Responses Are Monitored
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Figure 49-18. Representative somatosensory-evoked potential corti-
cal responses (C-3, C-4-FPz) at various minimum alveolar concentration 
(MAC) levels of isoflurane. (From Peterson DO, Drummond JC, Todd MM: 
Effects of halothane, enflurane, isoflurane, and nitrous oxide on somato-
sensory evoked potentials in humans, Anesthesiology 65:35, 1986.)
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Neurologically impaired patients may show a significantly 
greater sensitivity to inhaled anesthetic drugs, even to the 
point of not tolerating any recordable level of inhaled 
anesthetic drug. Generally, better monitoring conditions 
are obtained, however, with narcotic-based anesthetic 
drugs with less than 1.0 MAC total (nitrous oxide plus 
potent drug) end-tidal inhaled anesthetic concentration.

The volatile anesthetic drugs result in increases in 
latency of BAEPs without significantly affecting the ampli-
tude.223,229-231 Volatile anesthetic drugs cause increases in 
latency and decreases in amplitude in the early (middle-
latency) cortical responses after auditory stimulation,230 
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Figure 49-19. Representative somatosensory-evoked potential cortical 
responses (C-3, or C-4-FPz) at various minimum alveolar concentration 
(MAC) levels of enflurane. (From Peterson DO, Drummond JC, Todd MM: 
Effects of halothane, enflurane, isoflurane, and nitrous oxide on somatosen-
sory evoked potentials in humans, Anesthesiology 65:35, 1986.)
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Figure 49-20. Representative somatosensory-evoked potential corti-
cal responses (C-3, C-4-FPz) at various minimum alveolar concentration 
(MAC) levels of halothane. (From Peterson DO, Drummond JC, Todd MM: 
Effects of halothane, enflurane, isoflurane, and nitrous oxide on somato-
sensory evoked potentials in humans, Anesthesiology 65:35, 1986.)
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however, and these middle-latency responses are now 
used to monitor the hypnotic component of general 
anesthetic drugs.32 Adequate monitoring of BAEPs is pos-
sible with any clinically useful concentrations of inhaled 
anesthetic drugs (with or without nitrous oxide) (Figs. 
49-21 and 49-22).223,229-232

Use of the volatile anesthetic drugs during monitor-
ing of VEPs results in dose-dependent increases in latency 
with or without changes in amplitude.223,233-236 Isoflu-
rane results in dose-dependent increases in latency and 
decreases in amplitude up to 1.8% in 100% oxygen, at 
which time the waveform is lost.223,233 Enflurane, in the 
absence of hypocarbia, also leads to decrease in ampli-
tude.233 Halothane causes increases in latency without 
changes in amplitude.234,235 These results are not clini-
cally relevant because the variability of VEPs in anesthe-
tized patients is so great that satisfactory monitoring, in 
the opinion of many experts, is impossible using any 
anesthetic technique.

Although volatile anesthetic drugs cause significant 
changes in the SER waveforms, adequate monitoring 
intraoperatively can be provided in the presence of anes-
thetic doses of volatile anesthetics. Doses of anesthetic 
drugs causing significant depression of the response to 
be monitored must be prevented. In our experience, end-
tidal concentrations of inhaled anesthetic drugs totaling 
greater than 1.3 MAC have a dose-related increasing proba-
bility of obliterating cortical SSEPs, even in neurologically 
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Figure 49-21. Influence of isoflurane alone on brainstem auditory-
evoked potential in a typical subject. Latency of peaks III and IV to V  
increased at 1.0% but stabilized with increasing anesthetic depth. 
(From Manninen PH, Lam AM, Nicholas JF: The effects of isoflurane–
nitrous oxide anesthesia on brainstem auditory evoked potentials in 
humans, Anesth Analg 64:43, 1985.)
normal patients. Equally important, anesthetic concen-
trations should not be changed during the critical periods 
of intraoperative monitoring. Critical periods are defined 
as periods in which surgical interventions are most likely 
to result in damage to neurologic tissue and changes in 
the SERs. Because the volatile anesthetic-induced changes 
in SERs are dose dependent, increasing anesthetic dosage 
at a crucial point in the operative procedure can result 
in confusing changes in the SERs that potentially may 
be caused by the anesthetic drug, the surgical proce-
dure, or both. The appropriate intervention is difficult to 
determine.

As with the volatile anesthetic drugs, nitrous oxide 
causes differing effects on the SERs, depending on the 
sensory system monitored. It causes decreases in ampli-
tude without significant changes in latency in SSEPs 
when it is used alone or when it is added to a narcotic-
based or volatile anesthetic drug.219,220,237 The addition 
of nitrous oxide to a maintenance volatile anesthetic 
drug during the monitoring of BAEPs causes no further 
change.229 Similarly, use of nitrous oxide alone causes no 
change in BAEPs, unless gas accumulates in the middle 
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Figure 49-22. Brainstem auditory-evoked potential recording 
obtained in one patient at different enflurane (Ethrane)–inspired con-
centrations. (From Dubois MY, Sato S, Chassy J, et al: Effects of enflu-
rane on brainstem auditory evoked responses in humans, Anesth Analg 
61:898, 1982.)
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ear.237 Use of nitrous oxide alone results in an increase in 
latency and a decrease in amplitude in VEPs, but when it 
is added to a volatile anesthetic technique, it causes no 
further changes in VEPs.233,237

Intravenous Anesthetics
The effects of barbiturates on SERs have been studied 
in animal models and in humans (see also Chapter 30). 
Increasing doses of thiopental in patients result in pro-
gressive dose-dependent increases in latency, decreases in 
amplitude of SSEPs, and progressive increases in latency 
of wave V in BAEPs. The changes in SSEPs are more pro-
nounced than the changes in BAEPs, and waveforms 
beyond the initial primary cortical response are quickly 
obliterated. This finding is consistent with the theo-
ries that barbiturates affect synaptic transmission more 
than axonal conduction. Early waveforms in SERs result 
primarily from axonal transmission, and later waves 
depend on multisynaptic pathways in addition to axo-
nal transmission. At doses of thiopental far larger than 
doses producing an isoelectric EEG, adequate monitor-
ing of early cortical and subcortical SSEPs and BAEPs was 
preserved.238 Other barbiturate compounds show simi-
lar effects. Somatosensory and auditory SERs were never 
obliterated even at doses larger than those causing com-
plete suppression of spontaneous EEG activity.239 This 
observation is important, especially when attempting to 
monitor the adequacy of CBF during cerebrovascular sur-
gical procedures when the patient has been given large, 
“protective” doses of barbiturates. The EEG is isoelectric 
and not helpful for monitoring. The early cortical SSEP 
waveforms are still preserved, however, and may be very 
helpful in determining adequacy of CBF. Preserved abil-
ity to monitor SSEPs in head-injured patients receiving 
therapeutic thiopental infusions has been shown.240 VEPs 
are much more sensitive to barbiturates. Low barbiturate 
doses obliterated all except the earliest waveforms. The 
early potentials persisted with increases in latency even 
to very high pentobarbital doses.241 Except for VEPs, ade-
quate perioperative monitoring of SERs is possible even in 
the presence of large-dose barbiturate therapy as long as 
the effects of the drug (increased latency with moderately 
decreased amplitude) are considered.

After bolus administration and intravenous infusions, 
etomidate causes increases in latency of all waves and pro-
longation of central conduction time in SSEPs. In contrast 
to virtually all other commonly used anesthetics, etomidate 
causes increases in amplitude of the cortical SSEP.242,243 
This effect may result from an alteration in the balance 
of inhibitory and excitatory influences or an increase in 
the irritability of the CNS. This effect seems to be pres-
ent in the cortex, but not in the spinal cord.243 Etomidate 
infusions have been used to enhance SSEP recording in 
patients when it was impossible to obtain reproducible 
responses at the beginning of intraoperative monitoring 
because of the patients’ pathologic features (Fig. 49-23). 
Following baseline responses that could not be monitored, 
the etomidate augmentation of the SSEP allowed adequate 
monitoring and detection of intraoperative events leading 
to compromise of the spinal cord.243 The effects of etomi-
date on BAEPs are dose-dependent increases in latency and 
decreases in amplitude that are not clinically significant.244
Benzodiazepines also can cause changes in SERs.245,246 
Diazepam causes increases in latency and decreases in 
amplitude of SSEPs, increases in latency in the cortical 
response after auditory stimulation, and no change in 
BAEPs.245,246 Midazolam causes decreases in amplitude 
without changes in latency of SSEPs.242

Generally, opioids cause small, dose-dependent increases 
in latency and decreases in amplitude of SSEPs. These 
changes are not clinically significant. Effects on amplitude 
are more variable than the latency increases.247,248 Even at 
large doses of fentanyl (60 μg/kg), reproducible SSEPs can 
be recorded.248 Other opioids cause similar dose-depen-
dent changes in SSEPs.247,249 Opioids can be used even 
in large doses in patients requiring intraoperative SSEP 
monitoring without impairment of the ability to monitor 
neurologic function adequately. Opioid-induced changes 
must be taken into account, however, when evaluating 
the recordings. Large intravenous bolus administration of 
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Figure 49-23. Effects of etomidate on somatosensory-evoked poten-
tial. A, These tracings were obtained from a mildly mentally impaired 
patient with severe kyphoscoliosis during the early maintenance phase 
of anesthesia using isoflurane and fentanyl. B, These tracings were 
obtained after discontinuing isoflurane and instituting an etomidate 
infusion at 20 μg/kg/minute. Note dramatically increased amplitude 
and clarity of the signal in the cortical (Cort) channels (marked by 
arrows), which both are recorded with the same amplification scale.
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opioids should be avoided at times of potential surgical 
compromise to neurologic function, to prevent confusing 
the interpretation of SEP changes if they develop. BAEPs 
were resistant to doses of fentanyl of 50 μg/kg with no 
changes observed in absolute latency, interpeak latency, 
or amplitude.250

Based on several case reports and small series, dexme-
detomidine is compatible with all types of evoked poten-
tial monitoring, although data regarding MEPs are not 
entirely consistent. Once study demonstrated significant 
attenuation of MEPs during surgical treatment of scoliosis 
when dexmedetomidine was used as an adjunct to propo-
fol and remifentanil.251 Data are limited, and large studies 
are lacking. Use of dexmedetomidine currently is not a 
problem.

ANESTHESIA AND MOTOR-EVOKED 
POTENTIALS

Effects of anesthetic drugs on tcMEPs recorded from 
muscle are surprisingly profound (see Table 49-3).252-257 
Anesthetic techniques typically used by most anesthesiol-
ogists for surgical procedures of the spine would produce 
prohibitive depression of the MEP.258,259 Intravenously 
administered anesthetic drugs produce significantly less 
depression, and techniques using any of a combination 
of ketamine, opioids, etomidate, and propofol have been 
described.260-266 We have had excellent experience with a 
combination of propofol and remifentanil, which also is 
supported in the literature.

Anesthetic effects on MEP responses recorded at spinal 
levels seem to be less serious. When responses are recorded 
from muscle, neuromuscular blocking drugs should be 
monitored quantitatively, maintaining T1 twitch height at 
approximately 30% of control values to prevent excessive 
movement during the operation.138,253 When responses are 
not recorded from muscle, profound relaxation is desirable 
because gross muscle movement produced by MEP stim-
ulation is eliminated, facilitating the surgical procedure. 
More recent studies using rapid trains of stimuli with tran-
scranial electrical and magnetic stimulus techniques have 
produced responses that are more resistant to the effects of 
anesthetic drugs, and more “traditional” techniques using 
inhaled anesthetic drugs and narcotics may be used.267-269 
Total intravenous anesthesia is preferred to techniques 
using nitrous oxide or potent inhaled anesthetic drugs, 
however. Precise control of the anesthetic regimen and 
avoidance of boluses during critical monitoring periods 
are more important than for SSEPs, and active cooperation 
of the anesthesia care team is essential for good, repro-
ducible results. Figure 49-24 shows the dramatic effect of 
introduction of 0.3 MAC isoflurane to a total intravenous 
technique using propofol and remifentanil.

PATHOPHYSIOLOGIC EFFECTS ON 
THE ELECTROENCEPHALOGRAM

Hypoxia
Hypoxia may produce inadequate delivery of oxygen to 
the cerebral cortex generating EEG, and changes simi-
lar to those occurring with ischemia result. Initially, 
hypoxemia may not cause any EEG changes because the 
brain can increase blood flow to compensate. When the 
hypoxemia becomes severe enough, further increases in 
flow are impossible, and EEG changes occur. “Slowing” 
of the EEG during hypoxia is a nonspecific global effect. 
Fast frequencies are lost, and low frequencies dominate. 
Eventually, the EEG is abolished as the brain shuts down 
electrical activity and diverts all oxygen delivered to 
maintenance of cellular integrity.

Hypotension
In a normal, awake patient, significant levels of hypo-
tension are needed to cause the earliest of CNS signs, 
as measured by discrimination tests such as the flicker-
fusion test. This test examines the flicker rate at which 
the observer perceives the light to be continuous. In the 
early days of deliberate hypotension, this test was part 
of the preoperative evaluation to judge how far the pres-
sure could be reduced during the operation. Clear signs of 
confusion and inability to concentrate or respond prop-
erly to simple commands generally represent very low 
levels of cerebral perfusion when caused by hypotension 
because the normal cerebral circulation has a large capac-
ity to vasodilate and maintain normal flow in the pres-
ence of significant hypotension.

The EEG changes associated with even this level of 
hypotension are not dramatic, although they are clear by 
comparison with a previously active recording. Herein 
lies the problem with using intraoperative EEG to deter-
mine whether a given level of hypotension has resulted 
in brain ischemia. EEG changes are not very pronounced 
and are bilateral. These changes also are nearly identical 
to the changes caused by increasing doses of many anes-
thetic drugs. EEG changes associated with hypotension 
can be detected, but when the hypotension is induced 
slowly and is associated with changes in anesthetic 
drugs (e.g., use of isoflurane to reduce blood pressure), 
the changes are very difficult to interpret. EEG changes 
associated with acute, severe hypotension such as may 
be caused by sudden arrhythmias are easier to read. 
Many patients undergoing surgical procedures do not 
have a normal cerebral circulation, however. In these 
individuals, even mild hypotension may result in sig-
nificant cerebral ischemia. Monitoring the EEG during 
planned hypotension may be helpful in these patients, 
provided other causes of similar EEG changes may be 
carefully controlled. Although not supported in the 
literature, when the EEG changes (e.g., during carotid 
surgical procedures) secondary to hypotension, cerebral 
ischemia is likely.

Hypothermia
During cooling on CPB, the total power and peak power 
frequency of the high-frequency band were highly cor-
related with temperature when using Fourier analysis 
and spectral edge data; however, significant variability 
was noted among subjects, especially during cooling.270 
Complete EEG suppression usually develops at 15° C to 
18° C. Levy and colleagues showed an improved ability to 
quantify the effects of hypothermia on the EEG by using 
an EEG processing technique known as approximate 
entropy.155
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Figure 49-24. A, Transcranial electrical motor-evoked potential recording showing surgically induced change during spine surgery (scoliosis 
repair). B, Motor-evoked potential with an anesthetic-induced change. Note similarity of the change pattern, except that in the anesthetic-
induced change, the responses in the upper extremity also changed. Left-sided and right-sided responses are shown on the corresponding panel. 
A single upper extremity response is shown (top tracing) in each panel. Responses from four muscle groups in each lower extremity are shown 
directly below them. Ant tib, M tibialis anterior; gast, m gastrocnemius; L, left; quad, m quadriceps femoris; R, right; then, thenar.
Hypercarbia and Hypocarbia
Hypocapnia is known to activate excitable seizure foci, 
and in rare cases it may produce EEG evidence of cerebral 
ischemia even in awake subjects.271 Hypercapnia, unless 
severe and associated with hypoxemia, has only indirect 
effects secondary to increased CBF. In an anesthetized 
patient, hypercarbia-associated increases in CBF may 
have effects similar to those seen with increasing end-
tidal tension of volatile anesthetic drugs.272

Untoward Events
One of the main reasons for monitoring the brain of 
an anesthetized patient is to enable detection of inju-
ries to the nervous system that would not be otherwise 
apparent. Although hundreds of such case reports exist 
in the literature, as well as many in our experience, the 
cost effectiveness of such monitoring is unclear. In a 
more recent case at our institution, severe EEG changes 
occurred at the beginning of a carotid endarterectomy, 
before surgical incision, and were unassociated with any 
other vital sign changes or hypotension. Immediate angi-
ography revealed acute carotid occlusion and completely 
changed the operation performed on this patient, who 
recovered completely. Some intraoperative events could 
lead to CNS insult that, if detected early, could be rapidly 
reversed or treated to prevent permanent injury. Given 
the rarity of such events, however, it is extremely unlikely 
that such monitoring would be shown to be beneficial in 
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any foreseeable randomized trial. If the “at-risk” patient 
could be identified preoperatively, perhaps the EEG or 
other types of neuromonitoring could be useful in detect-
ing untoward CNS events during anesthesia, such as a 
new stroke after elective general surgical procedures.

PHYSIOLOGIC FACTORS INFLUENCING 
SENSORY-EVOKED RESPONSES

Numerous physiologic variables, including arterial blood 
pressure, temperature (local and systemic), and analysis 
of arterial blood gas values can influence SEP recordings. 
With decreases in mean arterial blood pressure to below 
levels of cerebral autoregulation as a result of either 
blood loss or vasoactive drugs, progressive changes 
in SERs occur. SSEP changes observed are progressive 
decreases in amplitude until loss of the waveform with 
no changes in latency.273,274 BAEPs are resistant to even 
profound levels of hypotension (mean arterial pressure 
of 20 mm Hg in dogs).273 Cortical (synaptic) function 
necessary to produce cortical SERs seems to be more sen-
sitive to hypoperfusion than spinal cord or brainstem, 
nonsynaptic transmission.274 Rapid decreases in arterial 
blood pressure to levels higher than the lower limit of 
autoregulation also have been associated with transient 
SSEP changes of decreased amplitude that resolve after 
several minutes of continued hypotension at the same 
level.275 Reversible SSEP changes at systemic pressures 
within the normal range have been observed in patients 
undergoing spinal distraction during surgical treatment 
of scoliosis. These changes resolved with increases of arte-
rial blood pressure to slightly higher than the patient’s 
normal pressure; this finding suggests that the combina-
tion of surgical manipulation with levels of hypotension 
generally considered “safe” could result in spinal cord 
ischemia.276

Changes in temperature also affect SERs (see also 
Chapter 54). Hypothermia causes increases in latency 
and decreases in amplitude of cortical and subcortical 
SERs after all types of stimulation.277-279 Hyperthermia 
also alters SERs, with increases in temperature leading to 
decreases in amplitude in SSEPs and loss of SSEPs at 42° C 
during induced hyperthermia.280

Changes in arterial blood gas tensions can alter SERs, 
probably in relation to changes in blood flow or oxygen 
delivery to neural structures.281,282 Hypoxia produces SSEP 
changes (decreased amplitude) similar to the changes 
seen with ischemia.282 Decreased oxygen delivery associ-
ated with anemia during isovolemic hemodilution results 
in progressive increases in latency of SSEPs and VEPs that 
become significant at hematocrit values lower than 15%. 
Changes in amplitude were variable until extremely low 
hematocrit values (≈7%) were reached, at which point the 
amplitude of all waveforms decreased.283
TABLE 49-4 CURRENT PRACTICES IN NEUROLOGIC MONITORING

Procedure Monitors Current Practice

Carotid endarterectomy Awake patient neurologic 
examination, EEG, SSEP, TCD

NIH recommends use of one of these four available monitors

CO Threshold value not determined, inadequate normative 
population data

Scoliosis surgical treatment SSEP Monitoring recommended and may substitute for wake-up 
testing

Wake-up test Largely abandoned in centers using electrophysiologic 
monitoring; monitoring not continuous, and false-negative 
monitoring patterns reported

MEP Increased clinical use now that transcranial electrical stimulation 
is FDA approved; useful in combination with SSEP

Acoustic neuroma Facial nerve monitor Facial nerve monitoring recommended
BAEP BAEP showing some clinical evidence of improved outcome in 

some procedures
Intracranial aneurysm clipping SSEP, EEG, tcMEP Used routinely in some centers; limited clinical data on outcome, 

but appears clinically useful during anterior circulation 
procedures

Cranial nerve V decompression BAEP Used in some centers; reduces hearing loss
Cranial nerve VII decompression BAEP, facial nerve monitor Data from small series showing improved hearing preservation
Supratentorial mass lesions SSEP, tcMEP Used in some centers in selected high-risk procedures
Infratentorial mass lesions BAEP, SSEP, tcMEP BAEP to detect retractor-related cranial nerve VIII injury; SSEP and 

tcMEP in rare, high-risk lesions adjacent to ascending sensory 
or descending motor pathways

Decompression of spinal stenosis SSEP, tcMEP Used in some centers in high-risk procedures (more often 
cervical)

Spinal cord trauma SSEP, MEP Used in some centers in high-risk procedures
Cardiopulmonary bypass EEG, TCD, Sjvo2, CO Used routinely in some centers; actively studied, but no outcome 

data yet
Aortic coarctation SSEP Used routinely in a few centers; no widespread acceptance
Aortic aneurysm repair SSEP, MEP Used routinely in a few centers; no widespread acceptance

BAEP, Brainstem auditory-evoked potential; CO, cerebral oximetry; EEG, electroencephalogram; FDA, U.S. Food and Drug Administration; MEP, motor-
evoked potential; NIH, National Institutes of Health; Sjvo2, jugular bulb venous oxygen saturation; SSEP, somatosensory-evoked potential; TCD, transcra-
nial Doppler; tcMEP, transcranial motor-evoked potential.
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SUMMARY

Regardless of the type of intraoperative neurologic moni-
tor, several principles must be observed for neurologic 
monitoring to provide potential benefit to the patient. 
First, the pathway at risk during the surgical procedure 
must be amenable to monitoring. Second, if evidence 
of injury to the pathway is detected, some intervention 
must be possible. If changes in the neurologic monitor 
are detected, and no intervention is possible, although 
the monitor may be of prognostic value, it does not have 
the potential to provide direct benefit to the patient from 
early detection of impending neurologic injury. Third, 
the monitor must provide reliable and reproducible data. 
If the data have a high degree of variability in the absence 
of clinical interventions, their utility for detecting clini-
cally significant events is limited.

This chapter reviews the most common clinically 
used intraoperative neurologic monitors. Ideally, clini-
cal studies would provide outcome data on the efficacy 
of a neurologic monitor in a given procedure to improve 
neurologic outcome. Although a wealth of clinical expe-
rience exists with many of these monitoring modalities, 
little is available in the way of randomized prospective 
studies evaluating the efficacy of neurologic monitoring. 
Based on clinical experience with neurologic monitoring 
and nonrandomized clinical studies in which neurologic 
monitoring is used and generally compared with histori-
cal controls, practice patterns for use of neurologic moni-
toring have developed. In certain procedures, neurologic 
monitoring is recommended and used by most centers; in 
other procedures, monitoring is used almost routinely in 
some centers, but not in others; and in some procedures, 
no clear clinical experience or evidence indicates that 
monitoring is useful at all (experimental use). Finally, 
in some procedures, monitoring is used selectively for 
patients believed to be at higher than usual risk for intra-
operative neurologic injury. Table 49-4 provides a sum-
mary of current clinical practice.
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Monitoring Brain State During General 
Anesthesia and Sedation
EMERY N. BROWN • KEN SOLT • PATRICK L. PURDON • OLUWASEUN JOHNSON-AKEJU

K e y  P o i n t s

 •  Anesthesiologists rely extensively on physiologic signals and anesthetic dosing 
strategies to track states of the brain and central nervous system under general 
anesthesia.

 •  Heart rate and systemic arterial blood pressure changes are the principal 
physiologic signals used to monitor the anesthetic state of patients receiving 
general anesthesia.

 •  Use of the neurologic examination during induction of and emergence from 
general anesthesia can provide information regarding loss and recovery of 
consciousness.

 •  Electroencephalogram (EEG)-based indices are used to track the level of 
consciousness of patients receiving general anesthesia. The most commonly used 
EEG-based indices are the bispectral index (BIS), the Patient Safety Index (PSI), 
Narcotrend, and Entropy.

 •  Real-time analysis of the unprocessed EEG and the spectrogram (density spectral 
array) is a highly informative way to monitor brain states of patients receiving 
general anesthesia.

 •  Normalized symbolic transfer entropy (NSTE) is a new approach for quantifying 
how changes in frontoparietal functional connectivity relate to anesthesia-induced 
changes in consciousness.

 •  In the future, closed-loop anesthetic delivery (CLAD) systems may provide highly 
accurate ways to control states of general anesthesia, medical coma, and sedation.

 •  Obtaining reliable quantitative markers of nociception is an active area of 
investigation.

Acknowledgment: The editors and publisher would like to thank Drs. Adrian W. Gelb, Kate Leslie, Donald R. Stanski, 
and Steven L. Shafer for contributing a chapter on this topic to the prior edition of this work. It has served as the 
foundation for the current chapter.
General anesthesia is a drug-induced reversible condi-
tion composed of four behavioral and physiologic states: 
unconsciousness, amnesia, analgesia, immobility, and 
stability of the physiologic systems, including the auto-
nomic, cardiovascular, respiratory, and thermoregulatory 
systems.1,2 Continuously monitoring the status of the 
patient during general anesthesia is crucial for safe and 
proper delivery of anesthesia care. The physiologic state of 
the patient under general anesthesia is commonly moni-
tored using the electrocardiogram and an arterial blood 
pressure cuff, or an arterial catheter, to monitor the cardio-
vascular system. In more complex cases, a central venous 
catheter can be used to monitor central venous pressures, 
and a pulmonary artery catheter can be placed to moni-
tor cardiac output and pressures in the heart and pulmo-
nary circulation. Transesophageal echocardiography can 
be used intermittently to gain direct visual information 
about the anatomy and function of the heart. The capno-
gram provides a continuous readout of the level of expired 
carbon dioxide and respiration. In intubated patients, 
more detailed information about the state of the lungs 
can be acquired from the pressure tracing on the ventila-
tor. The pulse oximeter estimates the level of hemoglo-
bin saturation in the arterial blood, and the thermometer 
tracks body temperature (see Chapter 54). Muscle relax-
ation, or immobility, is monitored primarily using a train-
of-four stimulation device, and more grossly by observing 
changes in muscle tone or movement (see Chapter 53).

Monitoring the behavioral states is more challeng-
ing. During general anesthesia, amnesia is not monitored 
directly but implicitly by the extent to which uncon-
sciousness is achieved. If the patient is unconscious and 
not simply conscious but unresponsive, the patient will 
also have amnesia. In this chapter, we discuss approaches 
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for monitoring unconsciousness and analgesia, or more 
accurately stated antinociception, during sedation and 
each of the three phases of general anesthesia: induction, 
maintenance, and emergence. This chapter’s focus is on 
physiologic signs and neurologic examination findings 
and the electroencephalogram (EEG)-based indices used 
to track these states of general anesthesia.

INDUCTION OF GENERAL ANESTHESIA

Monitoring of a patient’s level of consciousness begins 
at induction of general anesthesia. Induction is usually 
achieved by an intravenous bolus dose of a hypnotic drug 
such as propofol, a barbiturate, ketamine, or etomidate. 
Unconsciousness usually occurs in 10 to 30 seconds. The 
brain state of the patient, which in this case is the transi-
tion into unconsciousness, is tracked by monitoring the 
patient’s physiologic signs and the EEG-based index.

PHYSIOLOGIC SIGNS OF LOSS  
OF CONSCIOUSNESS

When a hypnotic drug is administered to induce general 
anesthesia—usually as an intravenous bolus over a 5- to 
10-second period—several physiologic signs are observed. 
If asked to count backwards from 100, the patient typi-
cally does not get beyond 85 to 90. This transition into 
unconsciousness can be followed easily by asking the 
patient to perform smooth pursuit of the anesthesiolo-
gist’s finger.2 In smooth pursuit, the patient is instructed 
to move his or her eyes to track the position of the anes-
thesiologist’s finger. As loss of consciousness ensues, 
the lateral excursions of the eyes during smooth pursuit 
decrease, nystagmus may appear, blinking increases, and 
the eyes fix abruptly in the midline. The oculocephalic 
reflex and the corneal reflex are lost, but the pupillary 
response to light remains intact. The patient typically 
becomes apneic, atonic, and unresponsive at the point 
when the oculocephalic and corneal reflexes are lost.

The oculocephalic reflex is assessed by turning the 
patient’s head from left to right. Before administration 
of the induction anesthetic, when the reflex is intact in 
a patient with no neurologic deficits, the eyes move in 
the direction opposite the motion of the head. When the 
reflex is lost, the eyes stay fixed in the midline.3 The oculo-
cephalic reflex requires the circuits of cranial nerves III, IV, 
and VI to be intact. The motor nuclei associated with cra-
nial nerves III and IV are located in the midbrain, whereas 
the nucleus of cranial nerve VI is located in the pons. The 
corneal reflex has traditionally been assessed using a wisp 
of cotton at the corner of the eye to stroke the cornea. An 
easier way to assess the reflex is to allow a drop of sterile 
water to fall on the cornea. Using a drop of sterile water 
may be safer than using the wisp of cotton, because the 
former is less likely to cause a corneal abrasion. With either 
approach, the reflex is intact if the eyes blink consensually, 
is impaired if there is a blink in one eye and not the other, 
and is absent if there is no blink. The afferent component 
of the corneal reflex travels to the sensory nucleus of the 
cranial nerve V through the ophthalmic branch, whereas 
the efferent component arises from the motor nucleus of 
the cranial nerve VII. The nuclei for these nerves associ-
ated with the oculocephalic reflex and the corneal reflex 
lie in close proximity to the arousal centers in the mid-
brain, pons, hypothalamus, and basal forebrain.3

Loss of the oculocephalic reflex suggests that the 
motor nuclei required for eye movements have been 
affected by the anesthetic. Similarly, loss of the corneal 
reflex suggests that the nuclei that control sensation and 
motor responses to sensation on the eyes and the face 
have also been affected. Because the loss of the oculoce-
phalic and corneal reflexes occur concomitantly with the 
loss of responsiveness, the anesthesiologists can also infer 
that the loss of consciousness is due at least in part to the 
effects of the anesthetics on the nearby arousal centers.2-4 
Apnea, which commonly occurs on induction of general 
anesthesia with bolus administration of a hypnotic agent, 
is most likely due to the inhibitory effects of the anes-
thetic on the dorsal and ventral respiratory groups in the 
medulla and pons, respectively.5 Atonia can be due to 
anesthetic action at any one of multiple sites in the motor 
pathways between the primary motor areas and the spinal 
cord. The most likely brainstem sites are the pontine and 
medullary reticular nuclei.2

Loss of the oculocephalic reflex, the corneal reflex, 
apnea, and atonia occur concomitantly with loss of con-
sciousness on induction of general anesthesia because the 
brainstem is one of the first brain sites that the hypnotic 
drug reaches after an intravenous bolus. Blood containing 
the anesthetic reaches the brainstem through the basilar 
artery, which arises from the fusion of the two vertebral 
arteries and supplies the posterior cerebral arteries that 
provide the posterior input to the Circle of Willis.4 Before 
terminating in the posterior cerebral arteries, the basilar 
artery runs on the dorsal surface of the brainstem and gives 
off multiple penetrating arteries that perfuse the brainstem 
nuclei leading to the observed physiological effects.

ELECTROENCEPHALOGRAM-MARKERS OF 
LOSS OF CONSCIOUSNESS

Electroencephalogram-based indices are among the most 
commonly used methods for tracking the loss of con-
sciousness induced by general anesthesia.6 With induc-
tion of general anesthesia, these indices usually change 
from high values that indicate the awake state to lower val-
ues that indicate states of sedation and unconsciousness.

MAINTENANCE OF GENERAL ANESTHESIA: 
PHYSIOLOGIC SIGNS AND THE 
NOCICEPTIVE-MEDULLARY-AUTONOMIC 
PATHWAY

Despite the many advances in anesthesia care, the 
physiologic signs of changes in heart rate, arterial blood 
pressure, and movement are the measurements most 
commonly used to track the anesthetic during mainte-
nance of general anesthesia.7 When the state of general 
anesthesia is not adequate for the level of surgical (noci-
ceptive) stimulation, heart rate and arterial blood pressure 
can increase dramatically. The changes in heart rate and 
arterial blood pressure that anesthetized patients show 
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in response to a nociceptive stimulus can be explained 
in terms of the nociceptive-medullary-autonomic (NMA) 
circuit comprised of the spinoreticular tract, the brain-
stem arousal circuits, and the sympathetic and parasym-
pathetic efferent pathways (Fig. 50-1).2,8 It is important to 
understand how the NMA circuit works, because it is the 
most used pathway for monitoring the patient’s level of 
unconsciousness and antinociception. One example is a 
description of the NMA pathway in a clinical context that 
is commonly observed in the operating room.

Suppose that a patient is in a stable state of general 
anesthesia when, to gain better exposure, the surgeon 
moves the retractor. Suppose also that this maneuver 
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Figure 50-1. Nociceptive medullary autonomic circuit. The ascending 
nociceptive (pain) pathway starts with C fibers and A-delta peripheral 
afferent fibers that synapse on projection neurons (PN) in the dorsal 
horn. The PNs cross the midline, course to the brain where they synapse 
at several targets, including the nucleus of the tractus solitarius (NTS) in 
the medulla. The NTS mediates the autonomic response to a nociceptive 
stimulus by increasing sympathetic output through the rostral ventral 
lateral medulla (RVLM) and the caudal ventral lateral medulla (CVLM), 
which projects to the thoracolumbar sympathetic ganglia. The ganglia 
project to peripheral blood vessels and the heart. The nucleus ambiguous 
(NA) mediates the parasympathetic output to the sinoatrial node of the 
heart through the vagus nerve. The NTS projects also to the supraoptic 
nucleus (SON) and periventricular nucleus (PVN) in the hypothalamus. 
The NMA circuit is the reason why anesthesiologists use increases in blood 
pressure and heart rate as markers of increases in nociceptive stimulation 
and, possibly, a level of general anesthesia that is inadequate. DRG, Dor-
sal root ganglion. (Redrawn from Brown EN, Lydic R, Schiff ND: General 
anesthesia, sleep, and coma. N Engl J Med 363: 2638-2650, 2010.)
induces an immediate increase in heart rate and arte-
rial blood pressure. Assuming, that there are no occult 
hemodynamic or respiratory problems or other common 
issues that increase heart rate and arterial blood pressure, 
then these increases likely occurred because the level of 
general anesthesia did not maintain an adequate level 
of antinociception. By simultaneously monitoring the 
level of muscle relaxation and oxygen saturation, oxygen 
delivery, and EEG-based indices, the anesthesia provider 
can determine that these increases are due to inadequate 
antinociception and decide to administer more analgesic.

The ascending nociceptive (pain) pathway begins with 
A-delta and C-fibers whose free nerve endings bring noci-
ceptive information from the periphery to the spinal cord 
(see Fig. 50-1).9 In the spinal cord, these fibers synapse in 
the dorsal horn on projection neurons that travel through 
the anterolateral fasciculus and synapse at multiple sites 
in the brainstem, including the nucleus of the tractus soli-
tarius in the medulla.2,8 The autonomic response to a noci-
ceptive stimulus is initiated from the nucleus of the tractus 
solitarius, which mediates sympathetic output through the 
rostral ventral lateral medulla and the caudal ventral lateral 
medulla to the heart and peripheral blood vessels through 
projections to the thoracolumbar sympathetic ganglia.2 
The parasympathetic output from the nucleus of the trac-
tus solitarius is mediated through the nucleus ambiguus, 
which projects through the vagus nerve to the sinoatrial 
node of the heart.2 The nucleus of the tractus solitarius 
also projects to the periventricular nucleus and supraop-
tic nucleus in the hypothalamus. Thus, the nociceptive 
stimulus of moving the retractor initiates an increase in 
sympathetic output and a decrease in parasympathetic 
output through the NMA circuit that rapidly results in the 
observed increases in heart rate and arterial blood pressure.

The NMA circuit explains why increases in heart rate 
and arterial blood pressure are used as a rapid indicator 
of an inadequate level of analgesia. If unconsciousness 
is sufficiently well maintained, then no EEG changes 
will likely be observed. If no acute changes in physiol-
ogy occur for other reasons, such as bleeding, hypoxemia, 
disconnection of the breathing circuit, or inadequate dos-
ing of the muscle relaxant, the appropriate treatment is 
administration of more analgesic medication.

Activity in the NMA circuit can be observed rapidly 
when a patient is under general anesthesia,10 because 
this pathway is a fundamental component of the fight-
or-flight response.11 This circuit is used as a sentinel for 
detecting nociceptive stimuli that can lead to autonomic, 
stress, and arousal responses. Heart rate and arterial blood 
pressure changes are the principal markers of activity 
under general anesthesia because motor responses are 
often blocked by muscle relaxation. Neurologists fre-
quently test the NMA circuit with nociceptive stimuli, 
such as total body pinches, nail bed pinches, and sternal 
rubs, to evaluate the level of arousal of patients with brain 
injuries that affect the level of consciouness.3,12,13

Other signs of inadequate antinociception are perspi-
ration, tearing, pupil dilation, and return of muscle tone 
and movement.7 Changes in muscle tone and movement 
are not observed if the patient is receiving a muscle relax-
ant. The galvanic skin response has also been studied as 
a potentially more objective measure of antinociception; 
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however, it is not widely used in clinical practice.14 If 
the nociceptive stimulus is sufficiently strong and dosing 
anesthetic is inadequate to ensure maintenance of uncon-
sciousness, then changes in the EEG or in the EEG-based 
index may warn of return of consciousness.

MAINTENANCE OF GENERAL ANESTHESIA: 
ELECTROENCEPHALOGRAM-BASED 
INDICES OF LEVEL OF CONSCIOUSNESS

It is recognized that the EEG changes systematically in 
relation to the dose of anesthetic drug administered (Fig. 
50-2).2,6,15-17 As a consequence, the unprocessed EEG and 
various forms of processed EEG have been used to track 
the level of consciousness of patients receiving general 
anesthesia and sedation. Several EEG-based index systems 
have been studied and used in clinical practice. These 
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Figure 50-2. Anesthetic states and electroencephalogram signatures 
of propofol. A, Awake electroencephalogram pattern with eyes open. 
B, State of paradoxical excitation. C, Alpha (8 to 12 Hz) and beta (13 
to 25 Hz) oscillations frequently associated with an arousable state of 
sedation. D, Slow (0.1 to 1Hz), delta (1 to 4 Hz), and alpha oscilla-
tions commonly seen during unconsciousness at surgical planes. E, 
Slow oscillations typically recorded during propofol induction and 
during deep dexmedetomidine sedation (see Fig. 50-8, D). F, Burst 
suppression, a state of profound anesthetic-induced brain inactivation, 
seen commonly in the elderly during normal maintenance, anesthetic 
induced coma, and hypothermia. G, Isoelectric electroencephalogram 
pattern commonly observed in brief periods during normal mainte-
nance, in anesthetic-induced coma and profound hypothermia.
systems process the EEG and provide an index value or 
set of values in real time or near real time that can be 
used to track the level consciousness. In general, the indi-
ces are designed to decrease with decreasing level of con-
sciousness and increase as consciousness returns. In this 
way, the anesthesia provider can use these indices along 
with the physiological signs to track the patient’s state of 
unconsciousness, and to some degree, antinociception. A 
summary of the EEG-based indices that have received the 
most use in clinical practice and clinical studies follows.

BISPECTRAL INDEX

The bispectral index (BIS) is an empirically derived scale 
that was proposed by Aspect Medical Systems (later pur-
chased by Covidien [Boulder, Colo.]) in 1994, as a novel 
way to monitor level of consciousness among patients 
receiving general anesthesia and sedation.18,19 The algo-
rithm processes the EEG in near real time and computes 
an index value between 0 and 100 that indicates the 
patient’s level of consciousness (Fig. 50-3).20,21 A value 
of 100 corresponds to being completely awake, whereas 
0 corresponds to a profound state of coma or uncon-
sciousness that is reflected by an isoelectric or flat EEG. 
The BIS algorithm is proprietary, and the actual compu-
tation through which the index is derived is not pub-
lic knowledge. However, it is known that BIS combines 
information from three EEG analyses: the spectrogram, 
the bispectrum, and a time domain assessment of burst 
suppression.20-22 The spectrogram is a decomposition of 
the EEG into its power content by frequency as a func-
tion of time.20 The bispectrum measures as a function 
of time the degree of nonlinear coupling between pairs 
of frequencies in the spectrogram.20 The BIS algorithm 
works by measuring specific features of the spectro-
gram, the bispectrum, and the level of burst suppression 
and uses a predetermined weighting scheme to convert 
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Figure 50-3. Anesthetic states and the bispectral index (BIS). The 
chart provides a behavioral interpretation of the values of the BIS. 
EEG, Electroencephalogram. (Redrawn from Kelley SD: Monitoring 
consciousness: using the bispectral index, ed 2. Boulder, Colo., 2010, 
Covidien.)
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these features into the index value. The EEG also under-
goes various artifact corrections. Along with the index 
value, the unprocessed EEG, the spectrogram and the 
level of electromyographic activity are displayed on the 
monitor. The production of the index is computation-
ally intensive, so that there is a 20- to 30-second lag 
between the time the EEG is observed and the com-
putation of the corresponding BIS value.23 A patient 
is considered to be appropriately anesthetized (i.e., 
unconscious) when the value of the BIS is between 40 
and 60 (Fig. 50-3).21,24 The EEG is recorded from a four-
lead frontal montage.

Since its approval by the U.S. Food and Drug Adminis-
tration (FDA) in 1996, the BIS monitor has been studied 
extensively in clinical trials and used widely in anesthe-
siology practice. The changes in the index are correlated 
with the level of consciousness (Fig. 50-2). Primarily 
because, for many anesthetics, the EEG shows lower-fre-
quency, higher-amplitude oscillations as patients achieve 
deeper states of unconsciousness. Three exceptions are 
the anesthetics ketamine (Fig. 50-6), nitrous oxide, and 
dexmedetomidine (Fig. 50-7). The dissociative anesthetic 
state produced by ketamine is associated with promi-
nent high-frequency oscillations rather than slow wave 
oscillations. As a consequence, patients can be uncon-
scious with ketamine but have unexpectedly high index 
values.25 Nitrous oxide increases the amplitude of high-
frequency EEG activity26 and decreases the amplitude of 
low-frequency EEG activity,27 yet it has little to no effect 
on the BIS index.21,28 In the case of dexmedetomidine, 
slow oscillations are prominent during sedation,29-31 
(see Fig. 50-7) with BIS values that are typically in the 
unconscious range. However, the patient can be readily 
aroused by verbal commands or light shaking because 
dexmedetomidine does not produce profound uncon-
sciousness. BIS values are also considered less reliable in 
pediatric patients.

The BIS monitor can be used as a way to prevent intra-
operative awareness, which is defined as the patient hav-
ing explicit recall of events that transpired during the time 
that he or she was under general anesthesia. Use of the 
BIS monitor as a way to prevent intraoperative awareness 
was studied in the B-Aware Trial.32 This study compared 
patients at high risk for awareness who were randomly 
assigned to monitoring with BIS using a target range of 40 
to 60 and patients monitored with the standard of care at 
that particular institution. The patients in the BIS group 
had a significantly lower incidence of awareness.

The findings from this study were called into question 
because of several design concerns, and for this reason 
the B-Unaware Trial was conducted.33 The B-Unaware 
Trial was a multicenter investigation that randomly 
assigned patients to either BIS monitoring or monitor-
ing of end-tidal anesthetic concentration to compare the 
two approaches for preventing awareness. The end-tidal 
anesthetic concentration criterion was maintenance of 
the volatile anesthetic between 0.7 and 1.3 of the age-
adjusted minimum alveolar concentration (MAC) of the 
anesthetic administered to the patient (discussed under 
End-Tidal Anesthetic Criterion). As in the B-Aware Trial, 
the objective in the BIS-monitored group was mainte-
nance of the BIS value between 40 and 60. This study 
found no significant difference in the incidence of aware-
ness among the patients monitored with BIS compared 
with those monitored with the end-tidal anesthetic crite-
rion. The authors interpreted these findings to mean that 
BIS monitoring was not more effective than the end-tidal 
anesthetic criterion in preventing awareness in patients 
receiving general anesthesia using volatile anesthetics. 
Several concerns were expressed about the findings of 
this study as well. The most notable were subject selec-
tion and whether the study had sufficient power to detect 
actual differences had they been present.34,35

As a follow-up to this study, the investigators in the 
B-Unaware Trial conducted a second trial comparing 
intraoperative awareness in a larger group of patients at 
high-risk for awareness using BIS and the end-tidal anes-
thetic criterion used in the first B-Unaware Trial.36 In this 
trial, the investigators found that there was a statisti-
cally significant greater incidence of definite or possible 
awareness in the BIS group compared with the end-tidal 
anesthetic group. These findings suggested that monitor-
ing of patients with BIS was less effective in reducing the 
likelihood of intraoperative awareness compared with 
patients who were monitored by the end-tidal anesthetic 
criterion. Because the two investigations conducted by 
the B-Unaware group used inhaled anesthetics as the pri-
mary anesthetic, their conclusions do not apply to cases 
in which the BIS is used to monitor level of consciousness 
in patients receiving total intravenous anesthesia.

Preventing awareness under general anesthesia is a 
solvable problem if strategies used to monitor the brain 
states of patients use markers that relate directly rather 
than indirectly to the mechanisms through which the 
anesthetics act at specific receptors and neural circuits to 
alter level of arousal. 2,37,38 Unlike the current EEG-based 
indices, these markers will most likely need to be differ-
ent for the different anesthetics. (See Unprocessed EEG 
and the Spectrogram.)

PATIENT SAFETY INDEX

The Patient Safety Index (PSI) is like the BIS index, a pro-
prietary algorithm that assesses level of consciousness 
based on the EEG for patients receiving general anesthesia 
or sedation. The PSI was approved by the FDA in 2000 and 
was originally produced by Physiometrix (North Billerica, 
MA), but it is now manufactured and sold by Masimo 
(Irvine, CA). The development of the PSI was the out-
growth of several years of research conducted by E. Roy 
John at the Brain Research Laboratory at the New York 
University School of Medicine.39 Like the BIS index, the 
PSI is also scaled between 0 and 100 (see Fig. 50-4). How-
ever, the PSI range to ensure that the patient is uncon-
scious is between 25 and 50.40

The original formulation of the PSI used an electrode 
montage that included occipital and frontal EEG leads to 
monitor the phenomenon of anteriorization as a marker 
of change in level of consciousness. Anteriorization is the 
forward shift of spectral power from the occipital area 
to the frontal area during loss of consciousness and the 
posterior shift of this power from the frontal areas to the 
occipital areas during the return of consciousness.38,41-43 
The current formulation of the PSI uses only a four-lead 
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Figure 50-4. Anesthetic states and the patient safety index (PSI). The histogram provides the anesthetic state interpretation of the values of 
the PSI. IA, Inhaled anesthetics; N/N, nitrous narcotic; TIVA, total intravenous anesthesia. (Redrawn from Drover D, Ortega HR: Patient state index, 
Best Pract Res Clin Anaesthesiol 20:121-128, 2006.)
frontal EEG montage. In addition to displaying the PSI, 
this monitor also shows in real time the unprocessed EEG 
and its spectrogram from both the left and right sides of 
the head, the level of electromyographic activity, an arti-
fact index, and the suppression ratio. The suppression ratio 
is a number between 0 and 100 that measures the fraction 
of time the EEG is in burst suppression. The monitor also 
allows the user to change the viewing screen among vari-
ous combinations of the unprocessed EEG traces, the spec-
trogram, and the time series of the index values.

In head-to-head comparisons, the PSI correlates 
strongly with the BIS readings in terms of tracking a 
patient’s level of consciousness.44-46 This monitor has 
been less frequently studied in clinical investigations and 
has not received the same level of clinical use as the BIS 
monitor. In our experience, the PSI can also give ambigu-
ous information for ketamine, nitrous oxide, dexmedeto-
midine, and pediatric patients.

NARCOTREND

The Narcotrend produced by MonitorTechnik (Bad Bramst-
edt, Germany) is an EEG-based device designed to monitor 
the level of consciousness in patients receiving general anes-
thesia or sedation.47 This monitor was developed at the Uni-
versity Medical School of Hanover, Germany, and has been 
approved for use in the United States for patient care by the 
FDA. Like the BIS and PSI, the Narcotrend uses a proprietary 
algorithm that converts the EEG into different states denoted 
as A to F (Table 50-1).48 Stage A corresponds to the patient 
being wide-awake, whereas stage F corresponds to increasing 
burst suppression down to an isoelectric state. The newer 
version of the Narcotrend monitor includes a Narcotrend 
Index, which is scaled between 0 and 100.48 In addition, the 
Narcotrend monitor displays the unprocessed EEG signal 
and its spectrogram. This monitor has also been validated 
with respect to the BIS index and separately. Its performance 
has been variable.23,49,50 Narcotrend has received less clinical 
use than BIS and PSI.
ENTROPY

The use of entropy to track the level of consciousness in 
patients receiving general anesthesia or sedation is a rela-
tively new monitoring approach. The Entropy monitor 
was developed by Datex-Ohmeda, which is now part of 
GE Healthcare (Little Chalfont, UK). Entropy is a well-
known concept in the physical sciences, mathematics, 
and information theory. Entropy measures the degree 
of disorder or the lack of synchrony or consistency in a 
system.51 The algorithm in the GE device uses frequency 
domain analysis, combined with burst suppression to 
measure the entropy of the EEG in patients receiving 
anesthetic drugs. Unlike several of the other algorithms 

TABLE 50-1 ANESTHETIC STATES, THE 
NARCOTREND STAGES, AND NARCOTREND INDEX 
RANGES 

Narcotrend Stage Narcotrend Index

Awake A
B0

95-100
90-94

Sedated B1

B2

85-89
80-84

Light anesthesia C0

C1

C2

75-79
70-74
65-69

General anesthesia D0

D1

D2

57-64
47-56
37-46

General anesthesia 
with deep 
hypnosis

E0

E1

E2

27-36
20-26
13-19

General anesthesia 
with increasing 
burst supression

F0

F1

5-12
1-4

From Kreuer S, Wilhelm W: The Narcotrend monitor, Best Pract Res Clin 
Anaesthesiol 20:111-119, 2006.

The table provides the anesthetic state interpretation of the Narcotrend 
Stages and the Narcotrend Index values.
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we have discussed, the entropy algorithm used in the GE 
entropy device is publicly available.52,53

A readily apparent feature of the EEG, as patients pro-
ceed through deeper levels of unconsciousness induced 
by general anesthesia, is that the patterns become more 
regular and ordered (Fig. 50-2). That is, we observe an 
apparent decrease in the entropy of the EEG signal. The 
Entropy monitor reports two entropy numbers to aid in 
interpreting this monitor’s EEG analysis (Fig. 50-5).54 
The first is the response entropy (RE) and the second 
is the state entropy (SE). The RE tracks the changes in 
the EEG power in the higher frequency range 0.8 to 47 
Hz, whereas the SE tracks the changes in the EEG power 
in the lower frequency range of 0.8 to 32 Hz.52 The 
relative changes in the RE and the SE make it possible 
to distinguish between real brain state changes versus 
those that are due to muscle activity on the electromyo-
gram.52 In general, electromyographic activity shows 
in the higher frequency range tracked by the RE. As a 
patient becomes more profoundly unconscious, the RE 
declines faster than the SE, thereby making it possible 
to distinguish unconsciousness from movement arti-
facts. Monitoring entropy is consistent with changes 
with the BIS.55

Like the BIS, PSI, and Narcotrend, the Entropy scores 
correlate with level of consciousness. The Entropy moni-
tor, like BIS and the PSI, can show paradoxically high 
readings for ketamine and nitrous oxide. The Entropy 
scores can be misleading when the patient is receiv-
ing dexmedetomidine, because the highly ordered slow 
waves that are present commonly during deep sedation 
with dexmedetomidine do not necessarily indicate a pro-
found state of unconsciousness (see Fig. 50-8, B).
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Figure 50-5. Schematic representation of the spectral entropy. The 
response entropy (RE) is computed from the power in the frequencies 
between 0 and 47 Hz. The state entropy (SE) is computed from the 
power in the frequencies between 0 and 32 Hz. The power between 
32 and 47 Hz is assumed to represent artifacts coming from the elec-
tromyogram (EMG). The difference between the RE and SE allows the 
anesthesiologist to distinguish between electroencephalogram (EEG) 
changes related to changes in the anesthetic state and changes that 
are due to artifact or movement. (Redrawn from Bein B: Entropy, Best 
Pract Res Clin Anaesthesiol 20:101-109, 2006).
END-TIDAL ANESTHETIC CRITERION

In 1965, Eger and colleagues56 first introduced the concept 
of the MAC of inhaled anesthetic required for immobil-
ity (defined as lack of movement in response to noxious 
stimulation). Five years later, Eger’s group also intro-
duced the concept of MAC-awake, or the MAC of inhaled 
anesthetic necessary to ablate response to a verbal com-
mand.57 The median MAC value (i.e., the MAC of inhaled 
anesthetic required for immobility in 50% of patients) 
remains the gold standard for dosing inhaled anesthet-
ics, and some modern anesthesia machines calculate 
age-adjusted MAC values based on the patient’s end-tidal 
anesthetic gas concentration. However, the ratio of MAC 
to MAC-awake varies widely among general anesthetics,58 
suggesting that MAC cannot be used to define or predict 
brain states in anesthetized patients. This has been con-
firmed by animal experiments demonstrating that there 
is no clear association between anesthetic-induced EEG 
patterns and immobility,59 and that inhaled anesthetics 
produce immobility primarily through their actions in 
the spinal cord, rather than the brain.60,61 Nevertheless, 
the widely accepted concept of MAC has led to the use 
of end-tidal anesthetic criterion as a way to monitor the 
level of unconsciousness induced by inhaled anesthetics.

As mentioned previously, this use of MAC has been sup-
ported by the B-Unaware Trial that reported no difference in 
the incidence of intraoperative awareness with an anesthetic 
protocol that maintained the BIS value between 40 and 60, 
and a protocol that maintained an end-tidal anesthetic 
concentration between 0.7 and 1.3 MAC33 (see Bispectral 
Index). Similarly, the BAG-RECALL Trial limited enrollment 
to patients at high risk for intraoperative awareness. Patients 
with BIS-guided general anesthesia experienced a small but 
high and statistically significant incidence of intraoperative 
awareness than patients receiving general anesthesia guided 
by an end-tidal anesthetic criterion36 (see Bispectral Index).

Unlike the BIS, PSI, Entropy, and Narcotrend, which 
provide EEG-based measures of brain activity, the end-
tidal anesthetic criterion is related to brain activity 
through the concentration of anesthetic expired in the 
lungs. This assumes that the lung anesthetic concentra-
tion is in equilibrium with the brain concentration. The 
end-tidal anesthetic criterion is thus an indirect and less 
nuanced measure of level of consciousness given that the 
relevant effects of the anesthetics for inducing uncon-
sciousness are in the brain and not in the lungs. That 
an EEG-based criterion and a lung-gas criterion are com-
parable for monitoring the level of consciousness under 
general anesthesia suggests more of a flaw in the design 
of the EEG-base marker rather than the superiority of the 
end-tidal anesthetic criterion. Because it is a more indirect 
measure of level of consciousness, the success of the end-
tidal anesthetic criterion in preventing awareness likely 
comes at the expense of overdosing some patients. A key 
drawback of the end-tidal anesthetic criterion is that it 
cannot be used with total intravenous anesthesia.

OTHER STRATEGIES FOR MONITORING 
LEVEL OF CONSCIOUSNESS

Other strategies for monitoring level of conscious-
ness during general anesthesia and sedation have been 
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Figure 50-6. Behavioral and elec-
troencephalogram (EEG) dynamics 
of loss and recovery of conscious-
ness from propofol. A, Group-level 
(10 subjects) click or nonsalient 
stimulus (blue, Pclicks) and verbal 
or salient stimulus (red, Pverbal) 
response-probability curves. B, 
Group-level spectrograms com-
puted by baseline-normalization 
from a frontal channel (approxi-
mately Fz, using nearest-neighbor 
Laplacian reference) aligned across 
subject with respect to loss of con-
sciousness (LOC). Area enclosed 
within the white borders show 
where power is significantly differ-
ent from baseline (P < 0.05, sign 
test) and shows significant power 
increases spanning slow (0.1-1 Hz) 
through gamma (25-35 Hz) bands. 
C, Time course of group-level 
power in slow, alpha (8-12 Hz), and 
gamma bands aligned with respect 
to LOC and recovery of conscious-
ness (ROC). D, Group-level spatial 
distribution of slow, alpha, and 
gamma power during unconscious-
ness (LOC + 15 min). The frontal 
increase in alpha power is termed 
anteriorization. These analyses illus-
trate that changes in broad-band 
gamma/beta power occur with 
the behavioral changes before LOC 
and after ROC, whereas changes in 
slow and alpha power occur with 
LOC and ROC. (From Purdon PL, 
Pierce ET, Mukamel EA, et al: Elec-
troencephalogram signatures of loss 
and recovery of consciousness from 
propofol, Proc Natl Acad Sci U S A 
110:E1142-E1151, 2013.)
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studied. For example, the Cerebral State Monitor,62 the 
SNAP Index,63 and the AEP Index64 are other EEG-based 
approaches that have been studied and applied in clinical 
practice.

EMERGENCE FROM GENERAL ANESTHESIA

ELECTROENCEPHALOGRAM-BASED 
INDICES AND RETURN OF CONSCIOUSNESS

As stated earlier, the EEG-based indices typically specify 
a range for maintenance of unconsciousness under gen-
eral anesthesia (see Figs. 50-3 to Fig. 50-5 and Table 50-1). 
When delivery of the anesthetic drugs is decreased or 
terminated, the indices increase toward values that are 
consistent with the awake state. As the values of the indi-
ces increase, the patient is more likely to become con-
scious. In this way, the EEG-based indices can be used to 
monitor the transition from unconsciousness to return 
of consciousness during emergence from general anesthe-
sia. Although the values of the indices increase during 
emergence, none of the indices has a value at which the 
patient is certain to regain consciousness. The reason for 
this lack of perfect correlation between the values of the 
EEG-based index and the return of consciousness may be 
due to imprecision in the definition of the indices in that 
many different anesthetic states are presumed to map to 
the same index value. Kelz and colleagues found that neu-
ral inertia can play a role with inhaled anesthetics.65,66 
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General anesthesia Brain-stem Death

Stable administration of anesthetic drugs
Arousal not possible, unresponsive; eyes closed, with reactive pupils
Analgesia, akinesia
Drug-controlled blood pressure and heart rate
Mechanically controlled ventilation
EEG patterns ranging from delta and alpha activity to burst 

suppression

No respiratory response to apneic oxygenation test
Total loss of brain-stem reflexes
Isoelectric EEG pattern
Coma

Structural brain damage to both cerebral hemispheres, with or 
without injuries to tegmental midbrain, rostral pons, or both

Isolated bilateral injuries to midline tegmental midbrain, rostral 
pons, or both

Arousal not possible, unresponsive
Functionally intact brain stem, normal arterial blood gases
EEG pattern of low-amplitude delta activity and intermittent bursts 

of theta and alpha activity or possibly burst suppression
emerGenCe, Phase 1 VeGetatiVe state

Cessation of anesthetic drugs
Reversal of peripheral-muscle relaxation (akinesis)
Transition from apnea to irregular breathing to regular breathing
Increased alpha and beta activity on EEG

Spontaneous cycling of eye opening and closing
Grimacing and nonpurposeful movements
EEG pattern of high-amplitude delta and theta activity
Absence of EEG features of sleep
Usually able to ventilate without mechanical support

emerGenCe, Phase 2
Increased heart rate and blood pressure
Return of autonomic responsiveness
Responsiveness to painful stimulation
Salivation (CN VII and IX nuclei)
Tearing (CN VII nuclei)
Grimacing (CN V and VII nuclei)
Swallowing, gagging, coughing (CN IX and X nuclei)
Return of muscle tone (spinal cord, reticulospinal tract, basal gan-

glia, and primary motor tracts)
Defensive posturing
Further increase in alpha and beta activity on EEG
Extubation possible
emerGenCe, Phase 3 minimally ConsCious state

Eye opening
Responses to some oral commands
Awake patterns on EEG
Extubation possible

Purposeful guarding movements, eye tracking
Inconsistent communication, verbalizations
Following oral commands
Return of sleep–wake cycles
Recovery of some EEG features of normal sleep–wake architecture

BOX 50-1 Phases of Emergence From General Anesthesia and States of Coma Recovery

From Brown EN, Lydic R, Schiff ND: General anesthesia, sleep, and coma, N Engl J Med 363:2638-2650, 2010.
EEG, Electroencephalogram.
General anesthesia is a drug-induced, reversible coma. The physiological signs observed in the phases of emergence from general anesthesia can be 

related to changes in activity in specific brainstem nuclei. Emergence from general anesthesia has similarities and differences with recovery from coma 
due to a brain injury.
Neural inertia is the extent to which equal brain concen-
trations of anesthetic on induction and emergence often 
yield different behavioral states. In other words, the his-
tory of the brain states helps determine arousability.

PHYSIOLOGIC SIGNS AND RETURN  
OF CONSCIOUSNESS

The state of the patient during emergence from general 
anesthesia can be tracked reliably by monitoring the 
patient’s physiologic signs and performing neurologic 
examinations.2 Many of these physiologic changes relate 
to the return of brainstem function (Box 50-1). There-
fore, by relating the physiologic signs and the findings 
from the neurologic examinations to the brainstem cen-
ters responsible for them, anesthesia providers can map 
the return of function to specific brainstem sites during 
emergence from general anesthesia. Once neuromuscular 
blockade has been reversed (see Chapter 35), the patient 
may breathe unassisted. As the level of carbon dioxide in 
the cerebral circulation becomes sufficiently high, most 
patients begin to breathe spontaneously. As the patient 
emerges from general anesthesia, the respiratory pat-
tern can transition from one that is irregular with small 
tidal volumes to one that is regular with full normal tidal 
volumes.2 Return of spontaneous breathing is a distinct 
indicator of return of function in the medulla and lower 
pons, as these are the locations of the dorsal and ventral 
respiratory groups, respectively.5

Over the ensuing several minutes and often concomi-
tant with the return of spontaneous respiration, a series of 
other clinical signs begin to appear (see Box 50-1). These 
signs include swallowing, gagging, salivation, tearing, and 
grimacing.2 The signs represent return of a specific center 
in the brainstem and their associated sensory and motor 
pathways. Swallowing, gagging, and coughing represent 
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return of the motor nuclei of the cranial nerves IX and X 
located in the medulla and the sensory afferent of these 
nerves arising from the trachea, larynx, and pharynx.9 
These physiologic signs appear because with the progres-
sive decrease in the hypnotic and antinociceptive effects 
of the anesthetics, the endotracheal tube becomes a pro-
gressively more noxious stimulus. Salivation reflects the 
return of the inferior salivatory nucleus in the medulla 
and superior salivatory nucleus in the pons. Both are part 
of the parasympathetic nervous system. The efferent path-
ways from these nuclei travel in cranial nerves VII and IX, 
respectively.9 Tearing also reflects the return of function 
in the superior salivatory nucleus. Grimacing, the use of 
muscles of facial expression, represents the return of func-
tion to the motor nucleus of cranial nerve VII, located in 
the pons.9 Return of muscle tone to the upper and lower 
extremities is another important clinical sign that clearly 
reflects return of function in a number of circuits including 
the spinal cord, the reticulospinal tract, the basal ganglia, 
and the primary motor tracts.2 In addition, as the endotra-
cheal tube is perceived as more noxious and motor tone 
has returned, the patient may commonly exhibit defensive 
posturing indicated by reaching for the endotracheal tube.

These physiologic signs are often present in advance 
of the patient responding to any verbal commands. The 
patient need not respond to commands to be extubated. 
Tracheal extubation only requires that the patient have 
sufficient return of airway reflexes and motor function 
to ventilate and oxygenate adequately with spontaneous 
breathing. To meet the criteria for extubation of the tra-
chea, a patient can be in a vegetative state as defined by the 
criteria used by neurologists and rehabilitation specialists 
to assess the brain states of patients recovering from coma 
(see Box 50-1).12,13,67

The corneal and oculocephalic reflexes typically return 
at the same time or after the patient begins to grimace 
(see Box 50-1).2 Return of the corneal reflex reflects return 
of function in the sensory nucleus of cranial nerve V and 
the motor nucleus of cranial nerve VII.3 The afferent path-
way in the corneal reflex is the ophthalmic branch of cra-
nial nerve V that projects to the trigeminal (cranial nerve 
V) nucleus, whereas the efferent pathway arises from the 
facial nerve (cranial nerve VII) nucleus. The consensual 
response in the corneal reflex indicates bilateral return 
of the sensory and motor components of this pathway. 
The trigeminal nucleus and the motor nucleus of cranial 
nerve VII lie in the pons. Return of the oculocephalic 
reflex indicates return of activity in the oculomotor (III), 
trochlear (IV), and abducens (VI) cranial nerves, which 
control movement of the eyes.3 The cranial nerves III and 
IV nerve nuclei are located in the midbrain, whereas the 
cranial nerve VI nerve nucleus is in the pons. Return of 
the oculocephalic and corneal reflexes provides indirect 
evidence that the arousal centers in the nearby pons, 
midbrain, hypothalamus, and basal forebrain, may have 
also recovered function.2 The pupils can remain pinpoint 
if the patient has received a substantial dose of narcotic. 
The pupillary light reflex can remain intact even when 
the patient is profoundly unconscious under general 
anesthesia3; therefore, the presence of the pupillary light 
reflex might not indicate a change in the level of con-
sciousness while under general anesthesia.
Responding correctly to verbal commands, a criterion 
that is commonly used to assess the extent to which a 
patient has recovered from general anesthesia, and 
hence the patient’s readiness for extubation, suggests 
a return of integrated function between the brainstem, 
the thalamus and cortex, and among cortical regions is 
a necessary condition.2,68,69 Responding correctly to ver-
bal commands means that the patient is correctly inter-
preting auditory information and that the cranial nerve 
VIII nuclei located in the pons and the auditory path-
ways from the pons to the cortex and the relevant effec-
tor pathways have regained substantial function. If the 
patient inconsistently follows motor commands, then he 
or she is classified as being in a minimally conscious state 
by the criteria neurologists use in examining patients 
recovering from coma (see Box 50-1).12,13,67 With emer-
gence, the physiologic signs and neurologic findings can 
be related to changes in activity in specific brainstem cen-
ters. Although the EEG shows the resumption of high-
frequency activity consistent with the return of cognitive 
processing, normal brainstem-cortical, brainstem-tha-
lamic, thalamocortical and intracortical communication 
must clearly return for full return of consciousness.38,69-72 
Current clinical monitoring approaches do not allow us 
to monitor these changes adequately.

Opening of the eyes is typically one of the last physi-
ologic signs observed in patients emerging from general 
anesthesia. In particular, patients may respond reliably 
to verbal commands, have substantial return of motor 
functions, yet not necessarily open their eyes.2 Generally, 
patients tend to keep their eyes closed even when con-
sciousness has returned. In contrast, during coma recov-
ery, patients can have their eyes open in a vegetative state 
(see Box 50-1).

EMERGING STRATEGIES FOR 
MONITORING THE BRAIN STATES OF 
GENERAL ANESTHESIA AND SEDATION

In the last several years, there has been strong growth in 
neuroscience of general anesthesia research. As a result, 
there are several reports of new approaches to monitoring 
the brain states under general anesthesia.

UNPROCESSED EEG AND THE 
SPECTROGRAM

Different anesthetics have different receptor targets73 and 
neural circuit mechanisms of action.2,37 These differences 
in targets and neural circuits translate into different pat-
terns of activity in the brain that are readily visible in the 
unprocessed EEG or its spectrogram. The spectrum for a 
segment of EEG is the decomposition of the EEG signal 
into its power content by frequency. Power is typically 
expressed in decibels as the logarithm of the square of 
the amplitude of a given frequency component. When 
the spectrum is computed on successive nonoverlapping 
or overlapping segments of EEG data, it is termed the 
spectrogram; the compressed spectral array when the spec-
trogram is plotted in three dimensions74; and the density 
spectral array when it is plotted in two-dimensions.75
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Figure 50-7. Time-domain and spectral electroencephalogram (EEG) signatures of common anesthetics. The left column shows a 10-second 
time-domain (unprocessed) segment of the EEG for each anesthetic. The right column shows several minutes of the spectrogram (density spec-
tral array) computed from the EEG for each anesthetic. A, The spectrogram of propofol shows its characteristic alpha (8-12 Hz) and slow-delta 
(0.1-4 Hz) oscillation pattern. B, The ketamine spectrogram shows high frequency oscillations in the high beta (20-24 Hz) and low gamma 
(25-35 Hz) range.
The EEG patterns of propofol have been related to its 
neural circuit mechanisms. The brain states under pro-
pofol are readily visible in the unprocessed EEG and the 
spectrogram (Figs. 50-2, 50-6 and Fig. 50-7, A). Propofol 
acts primarily at GABAA receptors throughout the brain 
and spinal cord to enhance inhibition in neural cir-
cuits.73,76 When patients are unconscious from propofol, 
the EEG shows a characteristic alpha (8 to 12 Hz) oscil-
lation along with slow (0.1 to 1 Hz) oscillations (see Fig. 
50-7, A).38,43,77,78 Another phenomenon that is observed 
in patients who are unconscious from propofol and sev-
eral other anesthetics is anteriorization, the increase in 
power in the alpha and beta frequency ranges during 
unconsciousness across the front of the scalp relative to 
other areas of the scalp (see Fig. 50-6, C, D).38,41,43 Dur-
ing unconsciousness, the alpha oscillations are highly 
coherent across the front of the scalp, whereas the slow 
and gamma oscillations are not coherent.38,43,78 Highly 
coherent alpha oscillations have also been identified in 
animal studies of inhaled anesthetics during unconscious-
ness.79 The coherent structure in the alpha oscillations 
is most likely due to strong alpha oscillations between 
the thalamus and frontal cortex.80 The slow oscillations 
are a marker of fragmented intracortical communica-
tion because in the presence of the slow oscillations, 
cortical neurons spike only in a limited phase dictated 
by their local slow oscillation.78 As the slow oscillations 
are spatially incoherent and spiking is phase limited, 
communication among brain regions that are separated 
by more than 1 cm is greatly impeded. With return of 
consciousness, the alpha and slow oscillations dissipate 
(see Fig. 50-6, B). Understanding how the alpha and slow 
oscillations arise offers a neural circuit explanation of 
part of the mechanism through which propofol induces 
unconsciousness.

Similarly, the EEG patterns of ketamine (see Fig. 50-7, 
B)25 and dexmedetomidine (see Fig. 50-8, A, B)29,30 are dis-
tinctive and can be related to the mechanisms of actions 
of these drugs in the brain and central nervous system.2,37 
Ketamine acts principally by binding to N-methyl-d-as-
partate (NMDA) receptors.37,81 Thus, with small to mod-
erate doses, ketamine has its primary effect by blocking 
excitatory glutamatergic inputs to inhibitory interneu-
rons.82,83 Impaired control over pyramidal neurons is why 
increases in cerebral metabolism, and the appearance of 
altered behavioral states including hallucinations, disso-
ciative states, euphoria, and dysphoria are common with 
low-dose ketamine. Brain regions, such as the limbic sys-
tem, cortex, and thalamus, continue to communicate but 
with much less regulatory control from the inhibitory 
interneurons; that is, information processing proceeds in 
the absence of proper coordination in time and space.2,37 
Increasing the dose of ketamine blocks the NMDA recep-
tors on the excitatory glutamatergic neurons, and even-
tual loss of consciousness, as when ketamine is used to 
induce anesthesia.84 The increased activity of pyramidal 
neurons throughout the brain is consistent with the high 
frequency (20 to 30 Hz) oscillations that are commonly 
observed in the EEG of patients receiving ketamine (see 
Fig. 50-7, B).25,85 This high-frequency EEG activity helps 
explain why EEG-based indices often give high values in 
patients receiving ketamine.

Dexmedetomidine induces its sedative effects primar-
ily by actions on presynaptic α2-adrenergic receptors on 
neurons that project from the locus ceruleus.86-88 Binding 
of dexmedetomidine results in a decrease in the release 
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Figure 50-8. Time-domain and spectral electroencephalogram (EEG) signatures of common anesthetics. The left column shows a 10-second time-
domain (unprocessed) segment of the EEG for each anesthetic. The right column shows several minutes of the spectrogram (density spectral array) 
computed from the EEG for each anesthetic. A, The dexmedetomidine spectrogram for light sedation shows spindle (9 to 15 Hz) oscillations and 
the slow oscillations similar to the EEG patterns observed in nonrapid eye movement (NREM) sleep stage 2. The spindle is apparent in the unpro-
cessed EEG trace (red underscore). The spindles are intermittent and have less intensity than the alpha oscillations observed with propofol. B, The 
spectrogram for deep dexmedetomidine sedation is associated with an absence of spindles and a predominance of slow waves similar to the slow 
waves seen in NREM sleep stage 3, termed slow-wave sleep. C, The sevoflurane spectrogram is similar to propofol with the addition of oscillatory 
activity in the theta band from 4 to 8 Hz. LOC, Loss of consciousness; ROC, recovery of consciousness.
of norepinephrine from these neurons.89-91 Loss of the 
norepinephrine-mediated inhibition to the preoptic area 
of the hypothalamus leads to activation of the preop-
tic area’s GABAergic and galanergic inhibitory inputs to 
most of the principal arousal centers in the midbrain, 
pons, basal forebrain, and hypothalamus.92 Activation of 
inhibitory inputs from the preoptic area is postulated to 
be an essential component of how nonrapid eye move-
ment (NREM) sleep is initiated.93,94 This explains why 
light sedation with dexmedetomidine shows spindle-
intermittent bursts of 9 to 15 Hz oscillations and slow-
wave patterns in the EEG that closely resemble NREM 
sleep stage 2 (see Fig. 50-8, A). In contrast, deep sedation 
with dexmedetomidine shows a slow-wave EEG pattern 
that closely resembles the patterns observed in NREM 
sleep stage 3 or slow-wave sleep (see Fig. 50-8, B).
Sevoflurane, like the other inhaled anesthetics, pro-
duces its physiologic and behavioral effects by binding at 
multiple targets in the brain and spinal cord. These include 
binding to GABAA receptors and enhancing GABAergic 
inhibition, and blocking glutamate release by binding to 
NMDA receptors, moreover, blocking two-pore potassium 
channels and hyperpolarization-activated cyclic nucleo-
tide-gated channels.73 Although debates still exist over the 
relative importance of these targets, sevoflurane and the 
other ether anesthetics have distinct EEG signatures. At 
doses of sevoflurane appropriate for general anesthesia, the 
EEG shows strong alpha and slow oscillations like propo-
fol, in addition to a strong theta (4 to 8 Hz) oscillation (see 
Fig. 50-8, C). The presence of the theta oscillations creates 
a distinctive pattern of evenly distributed EEG power from 
the slow oscillation through the alpha oscillation range.
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Although the unprocessed EEG recordings of the anes-
thetics can look similar, the spectrograms make clear that 
each anesthetic has a distinct EEG signature. These signa-
tures can be related to the mechanisms through which 
the drugs act at specific receptors in specific neural circuits 
to alter arousal. Using the spectrogram to monitor brain 
function under general anesthesia and sedation is funda-
mentally different from using EEG-based indices that are 
predicated on the assumption that different anesthetics can 
create the same anesthetic state irrespective of mechanism. 
The differences in the spectral signatures between propofol 
(see Fig. 50-7, A) and ketamine (see Fig. 50-7, B) illustrate 
why the latter often gives a high index reading when clini-
cally the patient is clearly sedated. Similarly, the predomi-
nance of the slow-wave oscillations observed during deep 
dexmedetomidine (see Fig. 50-8, B) sedation helps explain 
why this drug gives low index values consistent with pro-
found unconsciousness yet the patient remains arousable.

These observations suggest that the unprocessed EEG 
and the spectrogram could be used to monitor the brain 
states of patients receiving anesthesia care (see Figs. 50-6 to 
50-8). Although the spectrogram has been used on many 
occasions for studies of anesthetic state,74,75,95 a strategy 
to use it in conjunction with the unprocessed EEG and 
the EEG-based indices for management of patients receiv-
ing anesthesia care has not been attempted. Furthermore, 
the spectrogram is easy to compute in real time. Many of 
the current EEG brain function monitors display both the 
unprocessed EEG and the spectrogram.21,48,96 Training 
anesthesia providers to track brain states under general 
anesthesia and sedation by reading the unprocessed EEG 
and the spectrogram is a program being pursued currently 
in the Department of Critical Care and Pain Medicine 
of Massachusetts General Hospital (www.anesthesiaeeg.
com). Use of the spectrogram to track brain states under 
general anesthesia and sedation can facilitate direct inte-
gration of clinical and research observations from EEG 
recordings into biophysically based modeling studies that 
can help to delineate specific, testable hypotheses about 
neural circuit mechanisms of anesthetic actions.80,97-99

NORMALIZED SYMBOLIC TRANSFER 
ENTROPY

A growing body of information suggests that a key marker 
or mechanism of unconsciousness under general anesthe-
sia is loss of intracortical connectivity.* The loss of func-
tional connectivity between the frontal and parietal areas 
is associated with unconsciousness.84,100 By using the EEG 
recorded from a montage that includes both frontal and 
parietal electrodes, a mutual information technique termed 
normalized symbolic transfer entropy (NSTE) can be used 
to measure this loss of functional connectivity. When NSTE 
is used to assess functional connectivity from the parietal 
area to the frontal cortical area, it is termed feedforward 
functional connectivity, whereas when it is used to assess 
functional connectivity from the frontal area to the pari-
etal area, it is termed feedback functional connectivity.

Unconsciousness induced by propofol, sevoflurane, 
or ketamine has been associated with loss of feedback 

* References 68, 69, 78, 84, 100, 101.
functional connectivity (Fig. 50-9).84,100 As a consequence, 
measuring NSTE to assess functional connectivity could 
provide a means of monitoring the level of consciousness 
in patients receiving general anesthesia. The loss of feed-
back functional connectivity is present for unconscious-
ness induced by all three anesthetics, suggesting that NSTE 
does not distinguish among the mechanisms of actions of 
these anesthetics.100 Nevertheless, NSTE could still offer a 
way to track level of consciousness.

A partial answer regarding the mechanism of loss of 
the feedback functional connectivity for unconscious-
ness induced by propofol and the inhaled ether anes-
thetics may be related to anteriorization (see Fig. 50-7, 
C). The recent model by Vijayan and colleagues99 shows 
that anteriorization can be explained by the differences 
in the electrophysiologic properties, such as the resting 
membrane potentials and ionic currents, in the frontal 
thalamocortical connections compared with the poste-
rior thalamocortical connections. If the parietal circuits 
resemble their nearby occipital counterparts neurophysi-
ologically, then the neurophysiologic dynamics that lead 
to anteriorization could also contribute to loss of feedback 
functional connectivity. Studies of functional connectiv-
ity changes during loss of consciousness due to general 
anesthesia using the Vijayan model may shed mechanis-
tic light on the differences between changes in feedback 
connectivity and feedforward connectivity.

At present, the use of NSTE in the operating room is 
not tractable because it is not possible to compute these 
mutual information measures in real time.84 Moreover, 
the use of NSTE in its current form requires an EEG mon-
tage with both frontal and parietal electrodes, unlike the 
montages used with most current brain function moni-
tors, which use only frontal electrodes.

CLOSED-LOOP ANESTHETIC DELIVERY 
SYSTEMS

Several clinical studies have recently demonstrated the 
benefit of closed-loop anesthetic delivery (CLAD) systems 
as a means of simultaneously monitoring brain func-
tion and delivering anesthetic drugs. These studies have 
been summarized recently.102,103 The CLAD systems work 
by using an EEG marker of anesthetic state to define a 
desired state for maintenance during surgery. The EEG is 
monitored, the marker is computed from the EEG, and 
a computer-controlled infusion delivering the anesthetic 
drug is automatically changed based on the difference 
between the targeted level of the EEG marker and the 
actual level of the marker computed from the EEG analy-
sis. Although numerous EEG markers have been used to 
guide delivery of anesthetics in CLAD systems, the most 
widely used marker is the BIS index.24,104 Use of the BIS 
requires a 20- to 30-second delay in computing updates.23 
Use of a CLAD system leads to maintenance of the desired 
anesthetic state while delivering significantly less anes-
thetic drug.24,105-107 Although most CLAD systems have 
focused on maintenance of unconsciousness, a recently 
developed system can control maintenance of uncon-
sciousness and antinociception.108,109

Recent simulation studies using rodent and human 
models, as well as recent experimental studies in rodents, 
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Figure 50-9. Normalized symbolic transfer entropy. An analysis of loss of consciousness induced by ketamine, propofol, and sevoflurane using 
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have shown that highly reliable and accurate CLAD systems 
can be devised to maintain medical coma by using burst 
suppression (Fig. 50-2, F) as the control variable.102,103 A 
CLAD system recently developed by Shanechi and col-
leagues110 uses a stochastic control framework and, as the 
control variable, the burst suppression probability, which 
is the instantaneous probability that the brain is sup-
pressed (Fig. 50-10).110 The burst suppression probability 
is a more reliable way to track burst suppression than the 
suppression ratio.111 The CLAD system precisely tracked 
the target level of burst suppression. If these results are 
successfully reproduced in human studies, the CLAD sys-
tem could offer an automatic and highly efficient way to 
maintain medical coma in the many patients who require 
this therapy for multiple days to treat intractable status 
epilepticus or intracranial hypertension.

No CLAD system has been approved for administering 
general anesthesia. Many new findings and approaches 
will probably be reported in the near future because the 
study of CLAD systems is an active area of research by 
many investigators.
PARTS OF PAGES 1537 - 1539 INTENTIONALLY  
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MONITORING NOCICEPTION

The discussion of monitoring brain states under general 
anesthesia and sedation has focused largely on monitoring 
the level of consciousness. Monitoring nociception (i.e., 
the flow of pain information in the body during surgery) 
and antinociception, the ability of anesthetics or analgesics 
to impede nociceptive transmission, are growing areas of 
investigation. At present, heart rate, arterial blood pressure, 
and perhaps respiratory rate analyzed in the context of the 
patient’s clinical condition are the most commonly used 
markers of nociception. These markers are indirect and do 
not tap directly into nociceptive information processing 
in the central nervous system. Extensions are being con-
sidered. One investigation is using multiple physiologic 
parameters including heart rate, heart rate variability (0.15 
to 0.4 Hz band power), plethysmograph wave amplitude, 
skin conductance, skin conductance fluctuations, and the 
derivatives of these signals.114 A second study recently 
investigated a measure of surgical stress in comparison to 
skin conductance fluctuations.115 A recent review of noci-
ception monitoring noted that most systems currently 
being studied can rapidly detect nociceptive inputs, but 
they are not successful in predicting the somatic or auto-
nomic output.116 At present, there is no approach that pro-
vides reliable and reproducible information on nociception 
during anesthesia care.
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C h a p t e r  5 1

Respiratory Monitoring
HOVIG V. CHITILIAN • DAVID W. KACZKA • MARCOS F. VIDAL MELO

K e y  P o i n t s

 •  Intraoperative respiratory monitoring is a fundamental component of standards for 
basic anesthetic monitoring (see also Chapter 44). Monitoring of oxygenation and 
ventilation is an absolute requirement for the safe conduct of an anesthetic regimen.

 •  A thorough understanding of the principles underlying respiratory monitoring is 
essential for appropriate clinical application.

 •  Most respiratory monitors in clinical use provide information at the systemic and 
whole-lung level from which clinical conclusions are attempted regarding the 
regional lung and tissue-level conditions.

 •  The degree of invasiveness of the monitors used should be determined by clinical 
requirements.

 •  Pulse oximetry is a noninvasive, reliable, and simple method for continuously 
monitoring the fractional arterial oxygen saturation and is an essential component 
of respiratory monitoring.

 •  Ventilation-perfusion mismatch, shunt, and hypoventilation are the most common 
causes of hypoxemia in the perioperative period. Monitoring of gas exchange can 
facilitate differentiation of these causes.

 •  Mixed venous oxygen saturation can be used to monitor the global balance 
between oxygen delivery and consumption, allowing for make inferences 
regarding gas exchange, cardiac output, and global oxygen consumption.

 •  Systems using infrared spectroscopy are used clinically to monitor regional tissue 
oxygenation. The utility of regional saturation-guided management is being 
established.

 •  Capnography is the primary quantitative method to assess ventilation in the 
perioperative period. Besides providing physiologic information on ventilation, 
pulmonary blood flow, and aerobic metabolism, capnography is important for 
verifying endotracheal tube positioning and determining the integrity of the 
breathing circuit (see also Chapter 55).

 •  End-tidal carbon dioxide (CO2) is not always a reliable approximation of arterial 
CO2 tension, especially in the presence of significant heterogeneity in the 
distribution of pulmonary ventilation and perfusion.

 •  Measurement of the pressures, flows, and volumes associated with ventilation is 
necessary to optimize mechanical ventilation, as well as to detect pathophysiologic 
mechanical derangements of the respiratory system (i.e., increased airway 
resistance or reduced lung compliance).

 •  Imaging techniques are emerging as important tools for respiratory monitoring. 
Lung ultrasonography allows for bedside assessment of pulmonary abnormalities, 
such as pneumothorax, edema, consolidation, and pleural effusions. Electrical 
impedance tomography provides information on lung aeration and recruitment.

 •  Current approaches to respiratory monitoring primarily assess pulmonary 
mechanical and global gas exchange processes. Monitoring of tissue and 
subcellular respiration remains a desirable goal for future innovation.

Acknowledgment: The editors and the publisher would like to thank Drs. Stephen M. Eskaros, Peter J. Papadakos, and  
Burkhard Lachmann, who were contributing authors to this topic in the prior edition of this work. It has served as the  
foundation for the current chapter.
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OVERVIEW OF RESPIRATORY 
MONITORING

Respiratory monitoring is a fundamental component of 
every anesthetic regimen. Its major relevance for mainte-
nance of homeostasis and patients’ safety is recognized in 
its position as a mandatory element in national and inter-
national standards for anesthetic monitoring.1,2 Through 
the decades, advances in respiratory monitoring have 
reduced the incidence of anesthetic morbidity and mortal-
ity and have opened a new era of safe anesthetic practice.

Respiration is the transport of oxygen (O2) from the 
environment to the body cells and the transport of 
carbon dioxide (CO2) from those cells to the environ-
ment. The concept includes a component of cellular 
respiration, the process by which cells obtain energy 
in the form of adenosine triphosphate from the con-
trolled reaction of hydrogen with O2 to form water.3 
In its broadest sense, respiratory monitoring refers to 
the assessment of processes involved in the exchange 
of respiratory gases between the environment and the 
subcellular pathways where those gases are used and pro-
duced (Fig. 51-1).3 Respiratory monitoring conceptually 
includes assessment of (1) convective and diffusive gas 
transport through the branching airway tree and alve-
oli, (2) equilibration of gases between alveoli and pul-
monary capillary blood, (3) mass balance of the distinct 
regional ventilation and perfusion contributions to pro-
duce expired gases and arterial and mixed venous blood, 
(4) gas transport between the blood and body tissues 
through the microcirculation, (5) gas diffusion between 
tissues and mitochondria, and (6) cellular respiration 
with O2 use and CO2 production.

Significant developments in physiologic measurement 
have enhanced our understanding of these stages of 
respiratory function during anesthesia. This chapter pro-
vides an overview of current and emerging techniques of 
respiratory monitoring. Despite these technical advances, 
current instrumentation has limited ability to provide 
accurate and comprehensive information on respiratory 
function in patients. Clearly, advances in monitoring all 
components of respiration are needed.4,5
Flows, volumes,
pressures,

RR, PetCO2,
FO2, FN2

SaO2
PaO2

PaCO2
POCT

SpO2
PtcO2

PtcCO2

Right atrium
ScvO2
PcvO2

PcvCO2

Pulmonary artery
SvO2
PvO2

PvCO2

NIRS

Spectroscopy

?

?

Esophageal
pressure

Diaphragm
EMG

US

Volume,
RR

PAO2

Sc’O2
Pc’O2

Pc’CO2

Shunt

Figure 51-1. Respiratory processes and measurement sites for current respiratory monitoring techniques. Most monitored variables are derived 
from sites at the entrance of the airway and systemic blood (bold) and assess the elements of respiration related to pulmonary mechanics and 
gas exchange. Pulse oximetry represents a transition between systemic and local tissue oxygenation assessment. Methods for routine and reliable 
clinical monitoring of respiratory processes at the tissue, cellular, and subcellular levels are limited. EMG, Electromyography; Fn2, nitrogen fraction; 
Fo2, oxygen fraction; NIRS, near-infrared spectroscopy; Paco2, arterial partial pressure of carbon dioxide; PaO2, arterial partial pressure of oxygen; 
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carbon dioxide; Pvco2, partial pressure of mixed venous carbon dioxide; Pvo2, partial pressure of mixed venous oxygen; POCT, point of care test-
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oxygen saturation; Sc′o2, end-capillary oxygen saturation; Scvo2, central venous oxygen saturation; Svo2, mixed venous oxygen saturation; Spo2, 
peripheral oxygen saturation; US, ultrasound; tc, transcutaneous.



AMERICAN SOCIETY OF 
ANESTHESIOLOGISTS STANDARDS

The word monitoring is often associated with electronic 
instrumentation, and it is noteworthy that the current 
American Society of Anesthesiologists (ASA) Standards 
for Basic Anesthetic Monitoring states in Standard I that 
“Qualified anesthesia personnel shall be present in the 
room throughout the conduct of all general anesthet-
ics, regional anesthetics, and monitored anesthesia care” 
(Box 51-1). This precedes reliance on any instrumenta-
tion (as implied in Standard II) and clearly indicates that 
the anesthesia provider brings essential expertise and 
interpretation to monitoring beyond information pro-
vided by equipment. Increased safety in our specialty lies 
primarily in high-quality training and environments that 
encourage continuing education, and not exclusively on 
new technology.6 The ASA Standards for Basic Anesthetic 
Monitoring reflect monitoring principles during anesthe-
sia established in the 1980s and should be systematically 
followed (see Box 51-1).7 These standards represent a 
foundation to additional monitoring according to clini-
cal requirements.
Chapter 51: Respiratory Monitoring 1543

PHYSICAL EXAMINATION

The physical examination is still an essential component 
of perioperative respiratory monitoring. It provides criti-
cal information for diagnosis and treatment and may be 
the first indication of alterations in a patient’s status that 
require intervention. Physical examination has limita-
tions, but it routinely allows for detection of information 
relevant for a patient’s management.

Respiratory monitoring starts with inspection of the 
patient, either when the patient is awake or during anes-
thesia. In elective cases, appropriate investigation of causes 
of abnormal presentations should be completed before 
surgery. In emergency situations, careful inspection may 
be the only source of information for timely and accurate 
anesthetic management. The perception of respiratory 
distress should be followed by a search for specific causes. 
Assessment of the respiratory rate provides a measure of 
the breathing pattern. For instance, during sepsis the respi-
ratory rate is significantly correlated with disease severity.8 
Anatomic signs relevant to respiration include (but are not 
limited to) deformities of the chest wall and spine, goi-
ter, tracheostomy scar, and tracheal deviation. Functional 
1. Standard I

Qualified anesthesia personnel shall be present in the room 
throughout the conduct of all general anesthetics, regional anes-
thetics, and monitored anesthesia care.

2. Standard II

During all anesthetics, the patient’s oxygenation, ventilation, circu-
lation, and temperature shall be continually evaluated.

2.1. Oxygenation
2.1.1 Objective: To ensure adequate oxygen concentration in the 
inspired gas and the blood during all anesthetics.

2.2. Methods
2.2.1 Inspired gas: During every administration of general anes-
thesia using an anesthesia machine, the concentration of oxygen 
in the patient breathing system shall be measured by an oxygen 
analyzer with a low oxygen concentration limit alarm in use.*

2.2.2 Blood oxygenation: During all anesthetics, a quantitative 
method of assessing oxygenation such as pulse oximetry shall be 
employed.* When the pulse oximeter is utilized, the variable pitch 
pulse tone and the low threshold alarm shall be audible to the anes-
thesiologist or the anesthesia care team personnel.* Adequate illumi-
nation and exposure of the patient are necessary to assess color.*

3. VentIlatIon

3.1. Objective
To ensure adequate ventilation of the patient during all 
 anesthetics.

3.2. Methods
3.2.1 Every patient receiving general anesthesia shall have the 
adequacy of ventilation continually evaluated. Qualitative clinical 

signs such as chest excursion, observation of the reservoir breath-
ing bag, and auscultation of breath sounds are useful. Continual 
monitoring for the presence of expired carbon dioxide shall be per-
formed unless invalidated by the nature of the patient, procedure, 
or equipment. Quantitative monitoring of the volume of expired 
gas is strongly encouraged.*

3.2.2 When an endotracheal tube or laryngeal mask is inserted, 
its correct positioning must be verified by clinical assessment and 
by identification of carbon dioxide in the expired gas. Con-
tinual end-tidal carbon dioxide analysis, in use from the time of 
endotracheal tube/laryngeal mask placement, until extubation/
removal or initiating transfer to a postoperative care location, 
shall be performed using a quantitative method such as capnog-
raphy, capnometry or mass spectroscopy.* When capnography or 
capnometry is utilized, the end-tidal carbon dioxide alarm shall 
be audible to the anesthesiologist or the anesthesia care team 
personnel.*

3.2.3 When ventilation is controlled by a mechanical ventila-
tor, there shall be in continuous† use a device that is capable of 
detecting disconnection of components of the breathing system. 
The device must give an audible signal when its alarm threshold is 
exceeded.

3.2.4 During regional anesthesia (with no sedation) or local 
anesthesia (with no sedation), the adequacy of ventilation shall be 
evaluated by continual observation of qualitative clinical signs. Dur-
ing moderate or deep sedation the adequacy of ventilation shall 
be evaluated by continual observation of qualitative clinical signs 
and monitoring for the presence of exhaled carbon dioxide unless 
precluded or invalidated by the nature of the patient, procedure, 
or equipment.

BOX 51-1 American Society of Anesthesiologists Standards for Basic Anesthetic Monitoring Related to 
Respiratory Monitoring

From American Society of Anesthesiologists: Standards for basic anesthetic monitoring, 2011. <https://www.asahq.org/~/media/For%20Members/documents/
Standards%20Guidelines%20Stmts/Basic%20Anesthetic%20Monitoring%202011.pdf>. (Accessed 08.08.14.)

*Under extenuating circumstances, the responsible anesthesiologist may waive the requirements marked with an asterisk (*); it is recommended that 
when this is done, it should be so stated (including the reasons) in a note in the patient’s medical record.

†Note that “continual” is defined as “repeated regularly and frequently in steady rapid succession,” whereas “continuous” means “prolonged without 
any interruption at any time.”

https://www.asahq.org/~/media/For%20Members/documents/Standards%20Guidelines%20Stmts/Basic%20Anesthetic%20Monitoring%202011.pdf
https://www.asahq.org/~/media/For%20Members/documents/Standards%20Guidelines%20Stmts/Basic%20Anesthetic%20Monitoring%202011.pdf
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elements to be noticed include the components of inspi-
ration and expiration (diaphragmatic versus thoracic), 
duration and difficulty of inspiration and expiration, para-
doxical chest wall motion, use of accessory muscles, central 
and peripheral cyanosis, pallor, wheezing, stridor, cough 
and sputum, aphonia, splinting, and clubbed fingers. Neck 
vein distention should be examined as an indicator of car-
diac contribution to respiratory distress; this sign is a less 
reliable indicator of central venous pressure during signifi-
cant dyspnea. Attention should be paid to painful respira-
tion in trauma patients, as well as the possibility of flail 
chest, pericardial tamponade, hemothorax, pneumotho-
rax, pulmonary contusion, and tension pneumothorax.

Characterization of breath sounds during anesthesia 
is another essential skill in physical diagnosis. Ambient 
noise, individual hearing limitations, and the acoustic 
properties of the stethoscope all influence the anesthe-
siologist’s clinical judgment. A stethoscope of sufficient 
quality allows for identification of distinctive normal 
and abnormal breath sounds: vesicular sounds, rhonchi, 
wheezes, fine and coarse crackles, inspiratory stridor, and 
pleural friction. A clear understanding of the acoustic 
mechanisms of each of these sounds is essential for ade-
quate clinical assessment.9,10

PULSE OXIMETRY

See also Chapter 44.

PHYSIOLOGIC FUNDAMENTALS

The primary roles of the cardiorespiratory system are the 
uptake and delivery of O2 to the body. O2 delivery (Do2) 
is quantified as the product of arterial O2 content (CAO2) 
and cardiac output (see Chapter 19). CAO2 (in milliliters of 
O2 per 100 mL of blood [hemoglobin—Hb], mL/100 mL) 
is calculated as:

 CAO2 = (1.34 × SaO2 × Hb) + 0.0031 × PaO2 [1]

where 1.34 mL/g is the O2 binding capacity of Hb (Hüf-
ner constant, theoretically 1.39), which experimentally 
ranges between 1.31 and 1.37 mL/g, mostly because of the 
presence of small amounts of other Hb forms11; Sao2 is 
the Hb O2 saturation of the arterial blood (percent satura-
tion/100); Hb is the concentration of Hb in the arterial 
blood (g/100 mL); 0.0031 is the solubility of O2 in blood 
(mL O2/100 mL blood/mm Hg); and PaO2 is the arterial 
partial pressure of O2 (mm Hg). As can be understood from 
the equation, Sao2 is a major determinant of O2 content 
and consequently Do2.

Four species of Hb are found in adult blood: oxygen-
ated Hb (O2Hb), deoxygenated Hb (deO2Hb), carboxyhe-
moglobin (COHb), and methemoglobin (MetHb). Under 
normal circumstances, the concentrations of COHb and 
MetHb are small (1% to 3% and less than 1%, respec-
tively). Functional O2 saturation (Sao2) refers to the 
amount of O2Hb as a fraction of the total amount of 
O2Hb and deO2Hb and is expressed as:

 Functional SaO2 = O2Hb
O2Hb + deO2Hb

× 100% [2]
The O2Hb fraction or fractional saturation is defined as the 
amount of O2Hb as a fraction of the total amount of Hb12:

Fractional SaO2 =
O2Hb

O2Hb + deO2Hb + COHb + MetHb
× 100% [3]

Sao2 is a function of PaO2. The relationship between 
the two is described by the O2Hb dissociation curve (Fig. 
51-2). As can be appreciated by inspection of the curve, 
the relationship is not linear. This has important con-
sequences. One is that a high Sao2 cannot discriminate 
between normoxic and hyperoxic conditions; this can be 
relevant when attempting to limit O2 exposure in neo-
nates or in patients at risk for O2 toxicity (see also Chapter 
95). Another consequence is that a large numeric change 
in PaO2 at the flat portion of the curve (PaO2 approxi-
mately >70 mm Hg) has relatively small consequences 
in terms of blood O2 content. Furthermore, changes in 
temperature, pH, partial pressure of CO2 in arterial blood 
(Paco2), and erythrocyte 2,3-diphosphoglycerate con-
centration can shift the curve such that the same SaO2 
can be present under a range of different O2 partial pres-
sures (PO2). This is relevant given that diffusion from the 
microcirculation to tissue depends on Po2 gradients.

MEASUREMENT PRINCIPLES

Oximetry
Oximetry is the measurement of the O2 saturation of Hb. 
It is an application of the Beer-Lambert law (Equation 4), 
which relates the transmission of light through a solution 
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to the concentration of the solute in the solution.13 For 
each solute in a solution,

 Itrans = Iine-DCε [4]

where Itrans is the intensity of transmitted light, Iin is the 
intensity of the incident light, e is base of the natural log-
arithm, D is the distance the light is transmitted through 
the solution, C is the concentration of the solute, and ε is 
the extinction coefficient of the solute.

The concentration of a single solute in solution can be 
calculated by measuring the amount of light transmitted 
through the solution as long as the other variables are 
known. For a solution containing multiple solutes, the 
calculation of the concentrations of the different solutes 
requires that light absorption be measured at a number 
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70:98-108, 1989.)
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of different wavelengths at least equal to the number of 
solutes. In a sample of blood in a cuvette, the absorp-
tion of a given wavelength of light passing through the 
blood depends on the concentrations of the four species 
of Hb. Figure 51-3 illustrates the extinction coefficients 
of the four species of Hb for wavelengths of light along 
the visible spectrum. To measure the concentrations of 
all four types of Hb in a sample of blood, light absorp-
tion of at least four different wavelengths must be mea-
sured. This measurement is typically conducted using a 
co-oximeter. A co-oximeter uses the principle of oxim-
etry to measure the Sao2 as well as the concentrations of 
other Hb species in a blood sample. Co-oximetry is con-
sidered the gold standard for Sao2 measurements and is 
relied on when pulse oximetry readings are inaccurate 
or unobtainable.

Pulse Oximetry
Standard pulse oximetry aims to provide a noninvasive, 
in vivo, continuous assessment of functional Sao2. Pulse 
oximeter readings are denoted as Spo2. The history of the 
development of pulse oximetry is reviewed in detail in 
the literature.14

Pulse oximetry takes advantage of the pulsatility of 
arterial blood flow to provide an estimate of Sao2 by dif-
ferentiating light absorption by arterial blood from light 
absorption by other components. When compared with 
in vitro oximetry of an arterial blood sample, the chal-
lenges of obtaining Sao2 in vivo are to ensure that the 
light is sampling arterial blood and to account for its 
absorption by other tissues. As illustrated in Figure 51-4, 
light absorption by tissue can be divided into a pulsatile 
component, historically referred to as AC, and a nonpul-
satile component, referred to as DC. In a standard pulse 
oximeter, the ratio (R) of AC and DC light absorption at 
two different wavelengths is calculated. The wavelengths 
of light are selected to maximize the difference between 
the ratios of the absorbances of O2Hb and deO2Hb (see 
Fig. 51-3). Typically used wavelengths of light are 660 and 
940 nm. At 660 nm, light absorption is greater by deO2Hb 
than by O2Hb. At 940 nm, light absorption is greater by 
O2Hb than by deO2Hb.
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Figure 51-4. Schematic of the pulse principle. Absorption of light passing through tissue is characterized by a pulsatile component (AC) and a 
nonpulsatile component (DC). The pulsatile component of absorption is the result of arterial blood. The nonpulsatile component derives from 
arterial, venous, and capillary blood and the remainder of the tissues. (Redrawn from Severinghaus JW: Nomenclature of oxygen saturation, Adv Exp 
Med Biol 345:921-923, 1994.)



PART IV: Anesthesia Management1546

 R =
AC660/DC660

AC940/DC940

 [5]

where AC660, AC940, DC660, and DC940 are the AC and DC 
components for the 640- and 940-nm wavelengths.

This ratio (R) is then empirically related to O2 saturation 
based on a calibration curve internal to each pulse oxim-
eter13 (Fig. 51-5). Each manufacturer develops its own cal-
ibration curve by having volunteers breathe hypoxic gas 
mixtures to create a range of Sao2 values between 70% 
and 100%. The international standard for pulse oximeter 
manufacture, ISO 80601-2-61-2011, requires an accuracy 
of up to a 4% error over a range of Sao2 from 70% to 
100%. Most manufacturing literature reports an accuracy 
of ± 2% to 3% SpO2 over this range.15

A pulse oximeter probe is composed of a light emit-
ter and a photodetector. Transmission pulse oximetry 
involves placement of the emitter and detector on oppo-
site sides of the tissue being measured, usually a finger. 
Reflectance pulse oximetry probes have the emitters and 
detector arranged on the same side. They are typically 
placed on the forehead. In a typical pulse oximeter, two 
light-emitting diodes (LEDs) are used to emit light at the 
two wavelengths. During operation, each LED is turned 
on and off in sequence. The photodetector measures 
transmission of light from each LED. When both LEDs 
are turned off, the photodetector measures ambient light 
and subtracts it from the signals obtained throughout the 
remainder of the cycle.16

Multiwavelength pulse oximeters have been devel-
oped that use additional wavelengths of light to allow 
for the continuous noninvasive measurement of total 
Hb concentration (SpHb),17 as well as concentrations of 
MetHb and COHb.18 The accuracy of SpHb in operative 
and intensive care unit (ICU) settings is not clear as com-
pared with laboratory measurements (see also Chapter 
61).19-21 However, few of the measurements reported were 
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obtained in patients with Hb concentrations in the 6 to 
10 mg/dL range used for transfusion decisions.22 Another 
limitation is that SpHb readings may be absent or unre-
liable under conditions of low peripheral perfusion.23 
To date, noninvasive COHb measurements have not 
shown enough precision to replace laboratory measure-
ments.23,24 Pulse oximetry–based MetHb measurements 
with a newer device are accurate, even under conditions 
of hypoxia.25

Pulse oximetry has been an integral component of 
intraoperative anesthetic management since the first set 
of anesthetic monitoring standards was introduced in 
1986.7 It was adopted as a minimum monitoring stan-
dard by the ASA the same year and has subsequently been 
defined as a minimum standard for intraoperative moni-
toring by the World Federation of Societies of Anaesthe-
siologists (WFSA) and the World Health Organization 
(WHO).26 The use of pulse oximetry is a part of the WHO 
safe surgery checklist.27

Universal pulse oximetry has been recommended by 
the U.S. Secretary of Health and Human Services to screen 
newborns for critical congenital heart disease.28,29 Use of a 
clinical algorithm based on detection of SpO2 lower than 
95% in right upper or lower limbs or more than a 2% 
difference led to a sensitivity of 75% in suspected cases 
and 58% in cases that were not suspected. When this 
modality is combined with a routine anomaly scan and 
newborn physical examination screening, 92% of critical 
congenital heart disease lesions can be identified.30,31

Although a useful monitor for the early detection of 
hypoxemia, pulse oximetry has not reduced the incidence 
of postoperative complications.32-34 In the largest ran-
domized controlled trial investigating perioperative pulse 
oximetry (in 20,802 patients), a nineteenfold increase was 
noted in the incidence of diagnosed hypoxemia in the 
pulse oximetry group in both the operating room (OR) 
and the postanesthetic care unit.33 Furthermore, the use 
of the oximeter was associated with a significant decrease 
in the rate of myocardial ischemia.33 However, no sig-
nificant difference was reported in the rate of complica-
tions, outcome, mean hospital stay, or in-hospital deaths 
between the two groups. Because this result was obtained 
in a population of primarily healthy patients, the sample 
size may have been insufficient to detect an effect.35 In 
fact, one study indicated that early detection of deterio-
ration of SpO2 and heart rate with pulse oximetry led to 
fewer rescue events and a decreased need to escalate care 
(patient rescue and ICU transfers).36

PhotoPlethysmograPhy. Along with measuring O2 sat-
uration, the pulse oximeter can also be used as a pho-
toplethysmograph. Because the absorption of light is 
proportional to the amount of blood between the trans-
mitter and photodetector, changes in the blood volume 
are reflected in the pulse oximeter trace (Fig. 51-6).37 Dur-
ing anesthesia, the plethysmographic trace is affected by 
changes in blood volume pulsations, which depend on 
the distensibility of the vessel wall, as well as on the intra-
vascular pulse pressure.37 Variations in the amplitude of 
the pulse oximetry plethysmographic waveform (ΔPOP) 
have been shown to predict fluid responsiveness in 
mechanically ventilated patients.38 An index derived from 



the percentage of difference between the maximum and 
minimum amplitudes of the plethysmographic waveform 
during a respiratory cycle (PVI, Pleth Variability Index) 
has been incorporated into a commercially available pulse 
oximeter and used to quantify ΔPOP and predict fluid 
responsiveness.39,40 Several small studies have shown it to 
be a reasonably reliable indicator of fluid responsiveness 
intraoperatively and in critically ill patients.41 This index 
is more reliable in mechanically ventilated patients than 
in spontaneously breathing patients and is compromised 
by the presence of arrhythmias.41 PVI-based goal-directed 
fluid management improves outcomes in major abdomi-
nal surgical procedures.42

LIMITATIONS AND SOURCES OF ERROR

SpO2 is an estimate of SaO2. As a consequence, it does 
not provide information about tissue oxygenation. SpO2 
is a measurement of functional and not fractional SaO2, 
and the presence of other Hb species can significantly 
affect the accuracy of the measurements. Because of the 
nonlinearity of the Hb dissociation curve, at high satura-
tions hyperoxia cannot be easily detected by SpO2 mea-
surements, whereas at low saturations such as at altitude, 
small changes in PaO2 can produce large changes in SpO2. 
Variability in the actual in vivo Hb dissociation curve is 
significant. A study in 10,079 samples showed that at a 
PaO2 of 60 ± 4 mm Hg (8.0 ± 0.5 kPa), SaO2 ranged between 
69.7% and 99.4%, and at an SaO2 of 90 ± 2%, the PaO2 
range was 29 to 137 mm Hg (3.8 to 18.3 kPa).43 These 
measurements illustrate that knowledge of the individual 
Hb dissociation curve is important for correct interpreta-
tion of SaO2 and PaO2. Because of the manner in which 
calibration curves are obtained, SpO2 accuracy is reduced 
at values lower than 70% to 75%. Changes in SpO2 do not 
always reflect equal changes in SaO2.44,45 Pulse oximetry 
does not provide information about acid-base status.

Certain conditions can lead to inaccuracies in pulse 
oximeter readings (Table 51-1). These conditions include 
decreased perfusion, motion artifact, low SaO2, variant Hb 
types, the presence of intravascular dyes, and the presence 
of nail polish.

The calibration of pulse oximeters is based on curves 
obtained in normal individuals under experimental con-
ditions. As such, findings are limited in their accuracy 
at SaO2 values greater than 70%. At SaO2 levels lower 
than 70%, a positive or negative bias of the SpO2 value 
can be observed, depending on the manufacturer of the 
pulse oximeter.46 Manufacturers have developed pulse 
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Figure 51-6. Photoplethysmograph recorded at two speeds dem-
onstrating respiratory variation. At time point B, ventilation has been 
stopped, and no variation is observed. The plot illustrates the effect of 
intrathoracic blood volume in the pulse oximeter trace. The variation 
in the trace with respiration is associated with the fluid responsiveness 
of the patient. (Redrawn from Dorlas JC: Photo-electric plethysmography 
as a monitoring device in anaesthesia, Br J Anaesth 57:524, 1985.)
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oximeters with increased accuracy at saturations as low 
as 60%. Preliminary data suggest that these probes may 
be useful in neonates with cyanotic congenital heart 
disease.47

Hypoperfusion leads to a reduction in the amplitude 
of the pulsatile component of the waveform, thus giving 
rise to lower readings. Significantly erroneous reductions 
in SpO2 readings may be observed for systolic blood pres-
sures lower than 80 mm Hg.48 Motion artifact can pro-
duce considerable error in the pulse oximeter reading. 
Manufacturers have developed advanced proprietary sig-
nal processing algorithms that effectively filter out noise 
caused by motion.49,50

With continued clinical use, the performance of the 
LEDs in the probe may be degraded, leading to inaccuracy 
of the SpO2 value outside of the range specified by the 
manufacturer. These inaccuracies are expected to be more 
pronounced at lower saturations (i.e., <90%).15

The presence of additional species of Hb can also 
generate erroneous pulse oximeter readings. As outlined 
earlier, the function of the pulse oximeter is predicated 
on the assumption that the only components pres-
ent in the blood capable of absorbing light at the two 
wavelengths used are O2Hb and deO2Hb. Under normal 
circumstances, this assumption is valid, and the SpO2 
readings accurately reflect the SaO2. However, the pres-
ence of significant concentrations of other Hb species or 

TABLE 51-1 POTENTIAL SOURCES OF ARTIFACTS 
IN PULSE OXIMETRY AND THEIR EFFECTS ON 
MEASUREMENTS

Source of Error Effect on SpO2 relative to SaO2

Hypotension ↓
Anemia ↓
Polycythemia No significant effect
Motion ↓
Low SaO2 Variable
Methemoglobinemia ↓/↑ (SpO2 approaches 85%)
Carboxyhemoglobinemia ↑
Cyanmethemoglobin No significant effect
Sulfhemoglobin No significant effect
Hemoglobin F No significant effect
Hemoglobin H No significant effect
Hemoglobin K ↓
Hemoglobin S No significant effect
Methylene blue ↓
Indigo carmine ↓
Indocyanine green ↓
Isosulfan blue No significant effect/↓
Fluorescein No significant effect
Nail polish Black, dark blue, purple ↓
Acrylic fingernails No significant effect
Henna Red: no significant effect

↓
Skin pigmentation At SaO2 >80%, no significant effect

At SaO2 <80%,↑
Jaundice No significant effect
Ambient light No significant effect
Sensor contact ↓
IABP ↑

IABP, Intraaortic balloon pump, SaO2, arterial oxygen saturation; SpO2, 
peripheral oxygen saturation.
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