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substances absorbing light at the used wavelengths will 
lead to erroneous SpO2 readings. As illustrated in Figure 
51-3, both COHb and MetHb absorb light at one or both 
of the wavelengths used by the pulse oximeter. Accord-
ingly, the presence of these Hb species produces errors 
in SpO2. The absorption of light at 660 nm by COHb is 
similar to that of O2Hb. At 940 nm, COHb absorbs virtu-
ally no light. Thus, in a patient with carbon monoxide 
poisoning, the SpO2 is falsely elevated.51 MetHb absorbs 
a significant amount of light at both 660 and 940 nm. 
As a result, in its presence, the ratio of light absorption 
R (Equation 5) approaches unity. An R value of 1 repre-
sents the presence of equal concentrations of O2Hb and 
deO2Hb and corresponds to an SpO2 of 85%. In a patient 
with methemoglobinemia, the SpO2 is 80% to 85% irre-
spective of the SaO2.52

With normal SaO2, anemia has little effect on SpO2.53 
However, in the presence of hypoxia, SpO2 readings 
underestimate SaO2 in anemic patients.54 Pulse oximeters 
are sufficiently accurate in adult patients with sickle cell 
disease,55 as well as in the presence of fetal Hb.56 A rela-
tively uncommon cause of reduced SpO2 readings is the 
presence of congenital variants of Hb. Some variants, such 
as Hb Bassett, Hb Rothschild, and Hb Canabiere, have a 
reduced affinity for O2, and changes in SpO2 appropri-
ately reflect changes in SaO2.57 Other variants, such as Hb 
Lansing, Hb Bonn, and Hb Hammersmith, have altered 
absorption spectra that result in low SpO2 readings in the 
setting of normal SaO2.57

The administration of intravenous dyes can result 
in inaccurate SpO2 readings. Methylene blue leads to a 
transient, marked decrease in SpO2 down to 65%. Indigo 
carmine and indocyanine green also artificially decrease 
SpO2 measurements, although to a lesser extent than 
methylene blue.58 Isosulfan blue can produce a prolonged 
reduction with larger doses.58

Although all colors of nail polish can reduce the SpO2 
reading, black, purple, and dark blue have the great-
est effect. However, the error is generally within 2%.59 
Depending on the brand of pulse oximeter used, artificial 
acrylic nails may impair SpO2 readings, although gener-
ally not to a clinically significant extent.60 Under condi-
tions of normal SaO2, skin pigmentation has no effect on 
SpO2 estimates.61 However, increased skin pigmentation 
is associated with SpO2 values that overestimate SaO2 by 
as much as 8% for SaO2 less than 80%.46,62

Although earlier case reports and small studies had sug-
gested that ambient light may interfere with the accuracy 
of SpO2 readings,63,64 a larger prospective study found 
no significant effect on SpO2 accuracy with exposure 
to five types of light sources: quartz-halogen, incandes-
cent, fluorescent, infant bilirubin lamp, and infrared.65 
Infrared light pulses from image guidance systems used 
for navigational neurosurgery can interfere with pulse 
oximetry readings by causing decreased readings or dis-
ruptions in SpO2 waveform detection.66 Different pulse 
oximeters show variable susceptibility to such interfer-
ence.67 Shielding the probe with a single layer of alumi-
num foil can protect from this effect.66,67 Misplacement 
of the probe can allow for direct detection of LED light 
by the photodetector. This optical shunt gives rise to an 
SpO2 reading of 85%.68
In patients with intraaortic balloon pump support, 
SpO2 accuracy depends on the brand of pulse oximeter 
used, as well as the support ratio. Accuracy is gener-
ally reduced in the setting of higher support ratios.69 In 
patients with continuous-flow ventricular assist devices, 
pulse oximetry may not be possible because of the absence 
of pulsatile flow. In these cases, the use of cerebral oxim-
etry as an adjunct is advocated.70

MIXED VENOUS OXYGEN SATURATION

PHYSIOLOGIC FUNDAMENTALS

Mixed venous O2 saturation (SvO2) is the oxygen satura-
tion of blood at the proximal pulmonary artery. It reflects 
the average O2 saturation of the blood returning from 
the body to the right heart, weighted by the respective 
regional blood flows. As such, it is a measure of the bal-
ance between global Do2 and global O2 uptake (V̇O2). The 
factors that influence SvO2 can be illustrated through 
a derivation of the mixed venous O2 content (CvO2) 
equation.

V̇O2 (mL/min) is defined as:

 V̇O2 = 10 × Q̇T × (CAO2 − CvO2) [6]

where Q̇T  is cardiac output (L/min) and CvO2 is the O2 
content of the mixed venous blood (mL/100 mL).

Rearranging the equation to solve for CvO2 yields:

 CvO2 = CAO2 − (V̇O2/Q̇T) [7]

The contribution of dissolved O2 to the blood O2 con-
tent is small. By expanding the definition of O2 content 
(Equation 1) and ignoring the term for dissolved O2, 
Equation 7 can be rewritten as:

 SvO2 = SaO2 − V̇O2/(1.34 × Hb × Q̇T) [8]

Normal values of SvO2 range between 65% and 80%.71,72 
Values close to 40% are associated with tissue hypoxia, 
anaerobic metabolism, and lactate production. Although 
venous saturation reflects venous O2 partial pressure (PvO2)  
based on the O2Hb dissociation curve, PvO2 cannot be 
directly inferred from SvO2 values alone because the associa-
tion is influenced by factors such as pH, Pco2, and tempera-
ture (see Fig. 51-2). The normal value of PvO2 is 40 mm Hg.

Do2 is defined as:

 DO2 = Q̇T × CAO2 [9]

As is evident from Equation 8, a low SvO2 indicates a 
reduction in Do2 secondary to low Sao2, low Hb, or low 
Q̇T , or an increase in V̇O2. The association among SvO2,  
Do2, and V̇O2 can be illustrated by expressing SvO2 as a 
function of the O2 extraction ratio, ERO2.

 ERO2 = V̇O2/DO2 [10]

Expanding the terms yields:

 ERO2 = 1 − CvO2/CAO2 [11]

which can be rewritten as follows by ignoring the dis-
solved O2 term:

 ERO2 = 1 − SvO2/SaO2 [12]



For conditions in which the arterial blood is fully satu-
rated, the equation simplifies to:

 ERO2 = 1 − SvO2 [13]

Solving for SvO2 yields:

 SvO2 = 1 − ERO2 [14]

Thus, a reduction in SvO2 results from an increase in 
ERO2, from either an increase in V̇O2 or a decrease in Do2 
(Fig. 51-7). A decrease in Do2 occurs in conditions such 
as hemorrhagic or hypovolemic shock. An increase in 
V̇O2 may occur in conditions such as stress, pain, shiver-
ing, sepsis, and thyrotoxicosis. Conversely, an increase in 
SvO2 indicates either an elevation in O2 supply (increased 
Sao2, Hb, or Q̇T) or a reduction in V̇O2, as occurs during 
hypothermia.

Some subtle considerations are relevant in the inter-
pretation of changes in SvO2 . At Po2 values typical of 
venous blood, small increases in the inspired fraction of 
O2 (FiO2) can cause significant increases in SvO2 because 
of the shape of the O2Hb dissociation curve (see Fig. 51-2).  
Therefore, when SvO2 is being tracked as a measure of car-
diac function, changes in FiO2 must be taken into account 
when interpreting SvO2 measurements.73 In the setting of 
septic shock, the impairment in O2 extraction can produce 
normal SvO2 in the presence of tissue hypoxia.

The measurement of SvO2 requires the insertion of a 
pulmonary artery catheter, which actually increases mor-
bidity risk. In the clinical setting, central venous catheter-
ization is more commonly performed and has fewer risks. 
Thus, the use of central venous saturation can be a sur-
rogate for mixed venous saturation. Scvo2, which is the 
saturation of blood at the level of a central venous cath-
eter placed in the superior vena cava, reflects the balance 
between O2 supply and demand in the brain and upper 
extremities. Under normal physiologic conditions, Scvo2 
is typically 2% to 5% less than SvO2 primarily because of 
the higher O2 content of splanchnic and renal venous 
blood.74 However, during hemodynamic instability, as 
circulation is redistributed to the upper body, the rela-
tionship between SvO2 and Scvo2 may reverse, and the dif-
ference between the two may increase significantly.75-77 
Although trends in Scvo2 may reflect those in SvO2, the 
two measures cannot be used interchangeably.77-85
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Mixed venous CO2 has been used to compute the arte-
riovenous CO2 difference (ΔPco2 = Pvco2 − Paco2). In con-
ditions of steady-state CO2 production, ΔPco2 changes 
inversely and nonlinearly with cardiac output as a result 
of the Fick equation.86 Accordingly, ΔPco2 is an indicator 
of the adequacy of cardiac output to provide adequate 
clearance of tissue CO2. However, this measurement has 
not found widespread clinical use.86

MEASUREMENT PRINCIPLES

The measurement of venous O2 saturation can be per-
formed intermittently by co-oximetry of blood sampled 
from the distal tip of a pulmonary artery catheter (SvO2) or 
a central venous catheter (Scvo2). Falsely increased values 
can occur in the presence of a wedged pulmonary artery 
catheter tip, mitral regurgitation, or left-to-right shunts.87 
Venous saturations can also be measured continuously by 
spectrophotometry using specialized fiberoptic catheters, 
which transmit infrared light and detect the amount 
of light reflected from red blood cells.88,89 Specialized 
venous oximetry catheters are available for both pulmo-
nary artery and central venous monitoring and have the 
advantage of providing continuous measurements of O2 
saturation. Their disadvantage is cost.

Although continuous venous oximetry catheters trend 
changes, their reported absolute values are not equivalent 
to concurrently obtained co-oximetry measurements.90-92

APPLICATIONS AND INTERPRETATION

In patients undergoing major abdominal as well as car-
diac surgical procedures, intraoperative reductions in 
SvO2 and Scvo2 have been associated with postopera-
tive complications (see also Chapter 102).93-97 Protocol-
based interventions to target specific SvO2 or Scvo2 values 
reduce the length of stay, organ dysfunction, and mor-
tality in patients undergoing major surgical procedures 
and in patients presenting with sepsis.98-100 Scvo2-guided, 
protocol-based, goal-directed therapy is advocated for 
the management of sepsis, and the implementation of 
such protocols is associated with improvements in mor-
tality.101,102 The use of Scvo2 as a therapeutic endpoint 
remains controversial for a number of reasons: Scvo2 
may be increased in sepsis because of impaired tissue O2 
extraction103; increased cost is associated with the use of 
Scvo2-measuring catheters104; and other measures, such 
as lactate clearance, are less costly while leading to similar 
outcomes.105 Furthermore, management of sepsis without 
an Scvo2 endpoint can yield equally favorable results.104

TISSUE OXYGENATION

Arterial and venous O2 saturations are measures of Do2 
and use by the whole body. Although useful, these global 
measures do not provide information regarding organ or 
tissue oxygenation, which reflects the important local 
balance between O2 supply and demand. Regional O2 
balance can differ both among organs as well as within 
regions of the same organ. Current noninvasive methods 
for the assessment of microcirculatory oxygenation make 
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use of reflectance spectroscopy with light in the visible 
spectrum (VLS) or in the near-infrared spectrum (NIRS).

Reflectance spectroscopy probes have light emitters 
and receivers positioned in line (Fig. 51-8). When they 
are placed on a tissue surface, light transmission through 
the tissue is affected by reflection, absorption, and scatter. 
Reflection depends on the angle of incidence of the light 
beam and the wavelength of light, whereas scatter depends 
on the number and type of tissue interfaces. As previously 
outlined, the Beer-Lambert law relates the absorption of 
light by the tissue to the concentration of tissue chromo-
phores, the extinction coefficient of each, and the path 
length of the light through the tissue.106 The predominant 
tissue chromophore is Hb. The path length of the light is 
affected by both reflection and scatter, so it cannot be mea-
sured directly and must be estimated. Most of the detected 
photons travel in an arc between the two detectors (see Fig. 
51-8). The depth of penetration of the arc into the tissue 
is proportional to the wavelength of light and the distance 
between the transmitter and the detector.106,107

VLS makes use of white light with wavelengths of 500 
to 800 nm, whereas NIRS employs light in the range of 
700 to 1100 nm.108 In general, the depth of penetration 
of VLS is less than that of NIRS, thus allowing superficial 
measurements on the order of millimeters and making 
it suitable for small subsurface volumes. NIRS can pen-
etrate tissue to a depth of several centimeters and allows 
sampling of a larger volume of tissue.109 The O2 satura-
tion displayed is that of a volume of tissue. This volume 
includes arteries, capillaries, and veins and has a predom-
inantly venous weighting.110

CLINICAL APPLICATIONS

Several applications have been described for VLS. Buc-
cal microvascular Hb saturation has been associated with 
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Figure 51-8. Near-infrared spectroscopy (NIRS) applied to cerebral 
oximetry. In this case, a reflectance oximeter is placed on the fore-
head. Near-infrared wavelength light is emitted from the light source 
and enters the underlying tissue. Light is scattered, reflected, and 
absorbed. Light that reaches the photodetector travels an arc-shaped 
path. The depth of the path is a function of the distance between the 
emitter and the detector. The measured value is the oxygen saturation 
of the tissue through which the light travels on its way to the detector. 
It is a primarily venous-weighted value. (Redrawn from Casati A: New 
technology for noninvasive brain monitoring: continuous cerebral oxim-
etry. Minerva Anestesiol 72:605, 2006.)
survival in patients with sepsis.111 VLS has also been used 
for monitoring flap viability following reconstructive sur-
gical procedures.112 During gastrointestinal and esopha-
geal surgical procedures, reductions in gastrointestinal 
tissue saturation, measured by VLS, have been associated 
with postoperative anastomotic complications.113,114 
Endoscopic VLS differentiates between normal and isch-
emic areas of the colon,115 and it may be useful for the 
diagnosis of mesenteric ischemia.116 In addition, mucosal 
O2 saturation of the gastric conduit following esopha-
gectomy is useful and explores the benefits of ischemic 
preconditioning.117

The most widespread application of NIRS is in cere-
bral oximetry, with probes placed on the forehead to 
measure frontal cortical oxygenation (rSo2). Several NIRS 
systems are commercially available, and each manufac-
turer offers different specific technology. Because no 
gold standard exists for cerebral oximetry, it is difficult 
to compare the accuracy of the devices, and each device 
has its own set of “normal” values. For this reason, 
acquisition of baseline values for each patient at the 
start of the procedure is recommended.118 Typical val-
ues of rSo2 range from 55% to 80%. A reduction of rSo2 
to less than 20% to 25% of the baseline, or lower than 
an absolute value of 50%, is a recommended threshold 
for intervention.119,120

The utility of cerebral oximetry has been explored 
in cardiovascular, abdominal, thoracic, and orthope-
dic surgery. In the cardiac surgical setting, intraopera-
tive reductions in rSo2 have been associated with early 
postoperative cognitive dysfunction and prolonged ICU 
and hospital lengths of stay.120-123 As a guide to therapy, 
interventions for rSo2 reductions to less than 75% of base-
line in patients undergoing coronary artery bypass graft 
surgery significantly reduce the incidence of major organ 
morbidity and mortality, as well as ICU length of stay.119

The use of rSo2 for cerebral monitoring during carotid 
endarterectomy has also been investigated. Intraoperative 
reductions in rSo2 correlate well with changes in trans-
cranial Doppler variables,124-128 electroencephalographic 
waveforms,129-131 and stump pressure,128,132 which are 
consistent with ischemia. Although some studies indicate 
that reductions in rSo2 that are less than 20% of baseline 
are well tolerated, data are lacking for a clear rSo2 threshold 
for carotid shunt placement (see also Chapter 69).133,134

In older patients undergoing major abdominal surgi-
cal procedures, protocol-based intraoperative treatment 
of reductions in rSo2 results in decreases in postopera-
tive cognitive decline and hospital length of stay.135 In 
patients undergoing thoracic surgical procedures with 
single-lung ventilation, early postoperative cognitive 
dysfunction is directly related to intraoperative exposure 
time to rSo2 less than 65%.136 Patients undergoing shoul-
der operations in the beach chair position have a lower 
baseline rSo2 and a larger number of episodes of cerebral 
desaturation, although the clinical implications of these 
findings are unclear.137-139

Shock is a condition in which patients may have inad-
equate regional perfusion in the setting of normal global 
perfusion parameters. In such circumstances, the use of 
NIRS to monitor tissue perfusion holds some promise. 
Values obtained by the application of an NIRS probe to 



Chapter 51: Respiratory Monitoring 1551

0

50

37

Inspiration
Expiration

Time
C

O
2 

(m
m

 H
g)

0 III PetCO2 IVI II

α β

Figure 51-9. Representative time capnogram for three breaths. The expiratory segment is divided into phases I, II, III, and IV. The inspiratory 
segment is referred to as phase 0 in this figure. α Denotes the angle between phases II and III, whereas β denotes the angle between phase III 
and the descending limb of phase 0. Phase IV (dashed line in third breath) denotes the upstroke observed at the end of phase III in some patients. 
Petco2, Partial pressure of end-tidal carbon dioxide. (Courtesy Respironics, Inc.)
the thenar eminence (Sto2) discriminate between healthy 
volunteers and patients with shock.140 Furthermore, in 
patients with major trauma who present with shock, Sto2 
values can identify patients who proceed to develop mul-
tiorgan dysfunction or actually die.141,142

Although information to warrant clinical decision 
making exclusively based on NIRS measurements is lim-
ited, further investigations are improving the understand-
ing of the measurement and its relevance for clinical 
management.

CAPNOMETRY AND CAPNOGRAPHY

GENERAL CONCEPTS

The presence of CO2 in exhaled breath reflects the funda-
mental physiologic processes of ventilation, pulmonary 
blood flow, and aerobic metabolism. Its continued moni-
toring assures the anesthesiologist of correct placement 
of an endotracheal tube (ETT) or laryngeal mask airway 
(LMA), as well as the integrity of a breathing circuit. 
Exhaled CO2 provides information primarily on ventila-
tion. It is also used to estimate the adequacy of cardiac 
output. In combination with Paco2, exhaled CO2 can be 
used to estimate the ratio of physiologic dead space (VD) 
to tidal volume (VT) by using the Bohr equation143:

 VD

VT

=
(

PaCO2 − PECO2

PaCO2

)
 [15]

where PECO 2 is the mixed expired CO2 partial pressure, 
such as measured in exhaled air collected in a mixing bag 
or chamber, or computed from a volumetric capnogram. 
The ability to detect and quantify CO2 is a crucial compo-
nent of respiratory monitoring in anesthesia and critical 
care medicine.

Considerable confusion arises from inconsistent and 
interchangeable terminology as applied to medical CO2 
gas analysis.143-145 In a very general sense, capnometry 
refers to the measurement and quantification of inhaled 
or exhaled CO2 concentrations at the airway opening. 
Capnography, however, refers not only to the method of 
CO2 measurement, but also to its graphic display as a func-
tion of time or volume. A capnometer is simply a device 
that measures CO2 concentrations. A capnometer may 
display a numeric value for inspired or exhaled CO2. A 
capnograph, however, is a device that records and displays 
CO2 concentrations, usually as a function of time. A cap-
nogram refers to the graphic display that the capnograph 
generates. Figure 51-9 illustrates a typical CO2 concentra-
tion profile for three breaths as a function of time.

MEASUREMENT PRINCIPLES

Various methods exist for detecting and quantifying 
CO2 concentrations in respiratory gases, such as mass 
spectrometry, Raman spectrometry, or gas chromatogra-
phy.146,147 The most commonly used method in clinical 
environments relies on nondispersive infrared absorp-
tion.148 With this technique, a beam of infrared light is 
passed through a gas sample, and the resulting inten-
sity of the transmitted light is measured by a photode-
tector.144 Gaseous CO2 absorbs light over a very narrow 
bandwidth centered around 4.26 μm. Its presence in the 
sample cell decreases the amount of infrared light at this 
wavelength that reaches the detector in proportion to 
its concentration. Because the absorption spectrum for 
CO2 partially overlaps with the spectra of other gaseous 
species commonly encountered in anesthesia (i.e., water 
and nitrous oxide149), infrared filters and compensation 
algorithms are used to minimize this interference and 
improve accuracy.150

Most capnometers rely on an infrared-light source that 
is focused on a chopper disk that rotates at approximately 
60 revolutions/second. The chopper allows the beam to 
be alternately directed through (1) the sample cell with 
the gas to be analyzed and (2) a reference cell with no 
detectable CO2. In addition, the light source is com-
pletely blocked at various points during the revolution of 
the chopper disk. The photodetector and associated cir-
cuitry process these three signals to estimate the changes 
in CO2 concentration continuously in the sample cell. 
Alternatively, CO2 concentration may be estimated with 
solid-state technology, using a beam splitter instead of a 
chopper wheel. The splitter allows for the measurement 
of infrared energy at wavelengths within and outside the 
absorption spectrum of CO2.

The two general categories of capnometers are side-
stream (diverting) and mainstream (nondiverting). Side-
stream analyzers are more frequently used in clinical 
environments. Their CO2 sensors are physically located 
away from the airway gases to be measured. Sidestream 
analyzers incorporate a pump or compressor that aspi-
rates gases into a sample cell located at the unit’s console 
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Figure 51-10. Schematics of sidestream (A) and mainstream (C) capnometry sampling methods, along with corresponding representative time 
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(Fig. 51-10, A). Typical tubing length for this aspiration 
may be 6 feet, and gas withdrawal rates may vary from 
30 to 500 mL/minute. This lost gas volume may need to 
be considered during closed-circuit anesthesia or during 
ventilation of neonates and infants. The volume can be 
returned to the circuit, or it can be routed to a scaven-
ger to prevent contamination of the environment with 
anesthetic or waste gases. Gases must also pass through 
various filters and water traps before they are presented to 
the sample cell.144 Sidestream capnometers have a trans-
port delay time corresponding to the rate at which gas 
is sampled and the washout of the analyzing chamber 
(Fig. 51-10, B). The capnograms generated by sidestream 
analyzers also have an associated rise time, defined as the 
time required for the analyzer to respond to a sudden 
change in CO2 concentration.151 By convention, this is 
usually the time interval required for the analyzer output 
to change from 10% to 70% of its final value.151 Typical 
increase times for commercially available capnometers 
range from 10 to 400 msec, and they can depend on the 
rotation of the chopper wheel, the rate of gas aspiration, 
the volume of aspiration tubing and water traps, and 
the dynamic response of the infrared filters and other 
electronics.

With mainstream analyzers, the sample cell is placed 
directly into the patient’s breathing circuit. Thus, the inspi-
ratory or expiratory gases pass directly through the infra-
red light path (Fig. 51-10, C). An advantage of mainstream 
analyzers is that they have no delay time (Fig. 51-10, D). 
Moreover, their rise time is generally faster than that of 
sidestream analyzers.151 A disadvantage is the potential 
increase in dead space, although more recent developments 
in solid-state electronics have made this much less of an 
issue.152 In addition, the sample cell is usually heated to 
40° C to minimize the condensation of water vapor, which 
can bias the measurement. This increase in temperature, 
combined with the proximity of the sensor to the patient’s 
airway, can potentially increase the risk of facial burns.

TIME CAPNOGRAM

The simplest and most widely used form of display for 
exhaled CO2 is the time capnogram. The time capno-
gram displays both inspiratory and expiratory phases.  



Figure 51-9 shows a typical time capnogram for three 
breaths. The expiratory phase is divided into three dis-
tinct components. Phase I corresponds to the exhalation 
of dead space gas from the central conducting airways or 
any equipment distal to the sampling site, which ideally 
should have no detectable CO2 (i.e., partial pressure of 
CO2, Pco2 ∼0). During phase II, a sharp rise in Pco2 to a 
plateau indicates the sampling of transitional gas between 
the airways and alveoli. The plateau region of the capno-
gram, phase III, corresponds to the Pco2 in the alveolar 
compartment. For a lung with relatively homogeneous 
ventilation, phase III is approximately flat throughout 
expiration. In fact, various mechanisms contribute to 
the slight upsloping of CO2 concentration versus time 
during phase III. Most of these mechanisms reflect a het-
erogeneous distribution of ventilation-perfusion (V̇/Q̇ ) 
or alveolar CO2 partial pressure (Paco2) throughout the 
lung. Well-ventilated and well-matched V̇/Q̇  regions 
tend to have lower Pco2 and shorter time constants, and 
they empty earlier during the expiratory phase. Less well-
ventilated and poorly matched V̇/Q̇  regions have higher 
CO2 levels, and they empty later in the expiratory cycle. 
Respiratory disorders associated with an increase in ven-
tilation heterogeneity, such as asthma, chronic obstruc-
tive pulmonary disease (COPD), or acute lung injury,153 
yield a steeper upslope of phase III. Interventions that 
improve ventilation homogeneity, such as positive end- 
expiratory pressure (PEEP) or bronchodilators, flatten 
phase III. Mechanical disturbances may also be present 
during phase III, thus reflecting processes such as spon-
taneous breathing efforts, cardiogenic oscillations, or 
surgical manipulation (Fig. 51-11). Following phase III, 
a sharp downstroke of Pco2 occurs as fresh inspired gas 
moves past the sampling site and washes out the remain-
ing CO2. This is referred to as the beginning of phase 0 by 
some authors,145,154 or phase IV by others.146 Occasion-
ally, a sharp upstroke in Pco2 is observed at the very end 
of phase III, which is termed phase IV or IV′, depending 
on the author.155 This upstroke probably results from the 
closure of lung units with relatively low Pco2 and allows 
for regions of higher CO2 to contribute a greater pro-
portion of the exhaled gas to be sampled.145 Additional 
insight into various abnormalities in ventilation or perfu-
sion are also obtained by trending time capnograms over 
many breaths for long periods (Fig. 51-12).

The term “end-tidal” CO2 (PetCO2) generally refers 
to the final value of the exhaled Pco2 curve, at the very 
end of the expiratory phase. The method used to deter-
mine this number is not universal and varies according 
to the manufacturer of the particular capnograph in use. 
For example, Petco2 may simply be (1) the Pco2 value 
just before inspiration, (2) the largest Pco2 value dur-
ing a single exhalation cycle, or (3) the Pco2 value at a 
specified time in the capnogram averaged across several 
breaths. If Petco2 is measured during a reasonably flat 
and undistorted phase III, it may be well correlated with 
Paco2.

150 This may not be the case if the duration of phase 
III is truncated or if CO2 is measured from gas that is 
contaminated with room or O2-enriched air (i.e., during 
spontaneous breathing with a nasal cannula or facemask). 
Potential causes of increased or decreased Petco2 are listed 
in Table 51-2. In healthy individuals with homogeneous 
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ventilation, the difference between Paco2 and Petco2 is 
usually less than 5 mm Hg, thereby expressing the equili-
bration between alveolar and pulmonary capillary blood. 
Several disease states  compromise this equilibration and 
produce increased Paco2 − Petco2 difference (Box 51-2). In 
some situations, Petco2 can be greater than Paco2, espe-
cially in the presence of severe ventilation heterogeneity 
and lung units with very low V̇/Q̇ . For steady-state con-
ditions, the Petco2 usually reflects the relative balance 
between CO2 production and alveolar ventilation.

VOLUME CAPNOGRAM

Although time capnography is relatively straightforward 
to monitor in clinical environments, a major limitation 
of the technique is its lack of information regarding flow 
or volume.154 The volume capnogram is a graphic display 
of CO2 concentration or partial pressure versus exhaled 
volume.146 The inspiratory phase is not defined in a vol-
ume capnogram. Similar to its temporal counterpart, it is 
also partitioned into three distinct phases (I, II, and III) 
corresponding to anatomic dead space, transitional, and 
alveolar gas samples (Fig. 51-13). However, it possesses 
several advantages over the time capnogram. First, it 
allows for estimation of the relative contributions of ana-
tomic and alveolar components of VD.156 Second, it may 
be more sensitive than the time capnogram in detecting 
subtle changes in dead space that are caused by altera-
tions in PEEP, pulmonary blood flow, or ventilation het-
erogeneity (Fig. 51-14). Finally, the numeric integral of 
Pco2 as a function of volume allows for determination of 
the total mass of CO2 exhaled during a breath and pro-
vides for estimation of V̇CO2.

BLOOD GAS ANALYSIS

PHYSIOLOGIC FUNDAMENTALS

Arterial blood gas analysis is used to assess oxygenation, 
ventilation, and acid-base status. This section focuses on 
the use of arterial blood gases to assess oxygenation and 
ventilation. For a discussion of acid-base status, see Chap-
ter 60. Oxygenation is reflected in the PaO2, which is a 
function of the alveolar partial pressure of O2 (PAO2) and 
the efficiency of O2 transfer from alveoli to the pulmo-
nary capillary blood. In healthy adults breathing room 
air at sea level, PaO2 ranges between 80 and 100 mm Hg. 
The normal value of PaO2 decreases with increasing age 
and increasing altitude. Hypoxemia is defined as a PaO2 
less than 80 mm Hg. Hypoxemia has five physiologic 
causes:
   

 1.  Hypoventilation
 2.  V̇/Q̇  mismatching
 3.  Right-to-left shunt
 4.  Diffusion limitation
 5.  Diffusion-perfusion mismatch
  

The first three causes explain most cases of hypoxemia 
in the perioperative setting. Reduced inspired Po2 (e.g., in 
faulty closed or partially closed anesthesia breathing circuits 
or at high altitude) is an additional cause of hypoxemia.
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Figure 51-11. Representative time capnograms under normal and abnormal conditions. A, Normal capnogram during controlled mechanical 
ventilation. B, Normal capnogram during spontaneous breathing. C, Increased upslope of phase III, as may occur during bronchospasm (asthma, 
chronic obstructive pulmonary disease), or partially obstructed endotracheal tube or breathing circuit. D, Cardiogenic oscillations at the end of 
exhalation as flow decreases to zero and the beating heart causes emptying of different lung regions and back-and-forth motion between exhaled 
and fresh gas. E, Clefts during phase III that indicate spontaneous breathing efforts during controlled mechanical ventilation. F, Esophageal intu-
bation. G, Rebreathing of carbon dioxide (CO2), as may occur with a faulty expiratory valve or exhausted absorber system. Inspiratory CO2 is 
consistently greater than zero. H, Faulty inspiratory valve, resulting in a slower downslope, which extends into the inhalation phase (phase 0) as 
CO2 in the inspiratory limb is rebreathed. I, Two peaks in phase III that suggest sequential emptying of two heterogeneous compartments, as may 
be seen in a patient with a single-lung transplant. J, Faulty inspiratory valve. K, Sudden shortening of the duration of phase III during controlled 
mechanical ventilation that suggests the abrupt onset of a ruptured or leaking endotracheal tube cuff. L, Dual plateau in phase III that suggests the 
presence of a leak in a sidestream sample line. The early portion of phase III is abnormally low because of dilution of exhaled gas with ambient air. 
The sharp increase in CO2 at the end of phase III reflects a diminished leak resulting from the increased circuit pressure at the onset of inspiration. 
Pco2, Partial pressure of CO2. (Modified from Hess D: Capnometry and capnography: technical aspects, physiologic aspects, and clinical applications, 
Respir Care 35:557-576, 1990; Roberts WA, Maniscalco WM, Cohen AR, et al: The use of capnography for recognition of esophageal intubation in the 
neonatal intensive care unit, Pediatr Pulmonol 19:262-268, 1995; and Eskaros SM, Papadakos PJ, Lachmann B: Respiratory monitoring. In Miller RD, 
Eriksson LI, Fleisher LA, editors: Miller’s anesthesia, ed 7, New York, 2010, Churchill Livingstone, p 1427.)
These factors produce hypoxemia by affecting different 
steps of O2 transport from the environment to the arte-
rial blood. A low inspired PO2, as well as hypoventilation, 
reduces the PAO2. V̇/Q̇  mismatch, right-to-left shunt, 
and alveolar diffusion limitation affect the efficiency of 
O2 exchange. Diffusion limitation plays a role in condi-
tions that thicken the alveolar-capillary barrier, such as 
interstitial lung diseases, and in hypoxemia induced by 
exercise or altitude.157,158 In the clinical setting, impair-
ment of diffusion of O2 or CO2 rarely occurs to a sig-
nificant extent. The remainder of this section focuses on 
V̇/Q̇  mismatch and right-to-left shunt.

V̇/Q̇  mismatch is the most common cause of hypox-
emia in the clinical setting. Ventilation and perfusion 
are nonuniformly distributed throughout the normal 
lung, with worsening mismatch in the setting of general 
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Figure 51-12. Representative time capnograms trended 
over many breaths that illustrate various abnormalities 
in ventilation or perfusion, or both. A, Sudden drop in 
carbon dioxide (CO2) secondary to catastrophic loss of 
ventilation. B, Leak or partial obstruction in the breathing 
circuit. C, sudden interruption in pulmonary perfusion, as 
may occur during cardiac arrest. D, Gradual decrease in 
CO2 resulting from hyperventilation, decreased metab-
olism, or decreased pulmonary perfusion. E, Gradual 
increase in CO2 as may occur during hypoventilation, 
laparoscopic insufflation, increased metabolism, or 
increased pulmonary perfusion. F, Transient rise in CO2 
that indicates an acute increase in CO2 delivery to the 
lungs, as may occur during release of a tourniquet or 
administration of a bicarbonate bolus. G, Rise in both 
the baseline and end-tidal CO2 that is consistent with 
a contaminated sample cell. H, Gradual rise in baseline 
and end-tidal CO2 that is consistent with rebreathing. 
Pco2, Partial pressure of CO2. (Modified from Swedlow DB: 
Capnometry and capnography: the anesthesia disaster early 
warning system, Semin Anesth 5:194-205, 1986.)
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TABLE 51-2 CAUSES OF CHANGES IN PARTIAL PRESSURE OF END-TIDAL CARBON DIOXIDE 

↑ PetCO2 ↓ PetCO2

↑ CO2 Production and Delivery to the Lungs ↓ CO2 Production and Delivery to the Lungs

Increased metabolic rate
Fever
Sepsis
Seizures
Malignant hyperthermia
Thyrotoxicosis
Increased cardiac output (e.g., during CPR)
Bicarbonate administration

Hypothermia
Pulmonary hypoperfusion
Cardiac arrest
Pulmonary embolism
Hemorrhage
Hypotension

↓ Alveolar Ventilation ↑ Alveolar Ventilation

Hypoventilation
Respiratory center depression
Partial muscular paralysis
Neuromuscular disease
High spinal anesthesia
COPD

Hyperventilation

Equipment Malfunction Equipment Malfunction

Rebreathing
Exhausted CO2 absorber
Leak in ventilator circuit
Faulty inspiratory/expiratory valve

Ventilator disconnect
Esophageal intubation
Complete airway obstruction
Poor sampling
Leak around endotracheal tube cuff

Modified from Hess D: Capnometry and capnography: technical aspects, physiologic aspects, and clinical applications, Respir Care 35:557-576, 1990.
CO2, Carbon dioxide; COPD, chronic obstructive pulmonary disease; CPR, cardiopulmonary resuscitation; Petco2, partial pressure of end-tidal carbon dioxide.
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anesthesia, lung disease, and mechanical ventilation. 
Areas with low or zero V̇/Q̇  yield low end-capillary PO2, 
whereas areas with normal or high V̇/Q̇  produce higher 
end-capillary PO2. However, because of the plateau of the 
O2Hb dissociation curve (see Fig. 51-2), the normal and 
high V̇/Q̇  regions are limited in the extent to which they 
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Figure 51-13. The volume capnogram is a plot of the fraction of car-
bon dioxide (Fco2) in exhaled gas versus exhaled volume. It is divided 
into three phases, which reflect the same sources of expired gas as 
present in the time capnograph: anatomic dead space (phase I, red), 
transitional (phase II, blue), and alveolar gas (phase III, green). The 
volume capnogram allows for the partition of total tidal volume (VT) 
into airway dead space volume (VDaw) and an effective alveolar tidal 
volume (VTalv) by a vertical line through phase II, positioned such that 
the approximately triangular areas p and q are equal. It also provides 
the slope of phase III as a quantitative measure of the heterogeneity of 
alveolar ventilation. The total area below the horizontal line (denoting 
the Fco2 of a gas in equilibrium with arterial blood) can be divided 
into three distinct areas: X, Y, and Z. Area X corresponds to the total 
volume of CO2 exhaled over a tidal breath. This value can be used 
to compute the CO2 production (v̇co2), and the mixed expired CO2 
fraction or partial pressure (Pco2) to be used in the Bohr equation 
(Equation 15) based on the division of the exhaled CO2 volume by the 
exhaled tidal volume. Area Y represents wasted ventilation secondary 
to alveolar dead space, whereas area Z corresponds to wasted ventila-
tion secondary to anatomic dead space (VDaw). Thus, areas Y + Z rep-
resent the total physiologic dead space. The volume capnogram can 
also be plotted as a Pco2 versus exhaled volume curve. Fetco2, Fraction 
of end-tidal CO2. (Modified from Fletcher R, Jonson B, Cumming G, Brew 
J: The concept of deadspace with special reference to the single breath test 
for carbon dioxide, Br J Anaesth 53:77-88, 1981.)

Increased ventilation-perfusion heterogeneity particularly with 
high ventilation-perfusion regions

Pulmonary hypoperfusion
Pulmonary embolism
Cardiac arrest
Positive-pressure ventilation (especially with PEEP)
High-rate low-tidal-volume ventilation

BOX 51-2 Causes of Increased Arterial-to-
End-Tidal Carbon Dioxide Pressure Difference

Modified from Hess D: Capnometry and capnography: technical aspects, 
physiologic aspects, and clinical applications, Respir Care 35:557-576, 
1990.

PEEP, Positive end-expiratory pressure.
increase the O2 content and compensate for the low V̇/Q̇  
regions (Fig. 51-15). As a consequence, V̇/Q̇  mismatch 
results in hypoxemia.

Right-to left shunt is the amount of blood that flows 
from the pulmonary artery to the systemic arterial cir-
culation without undergoing pulmonary gas exchange.  
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Figure 51-14. Representative single-breath volume capnograms 
illustrating various abnormalities in ventilation or perfusion, or both. 
A, Alterations in phases II and III with corresponding changes in PEEP 
(0, 3, 6, 9, and 12 cm H2O) during positive-pressure ventilation.  
B, Alterations in phases II and III with corresponding changes in pul-
monary perfusion (increasing numbers correspond to decreasing pul-
monary blood flow). C, Pronounced positive slope of phase III during 
acute bronchospasm (day 1). Following resolution (day 5), a notice-
able reduction in the slope of phase III occurs. CO2, Carbon dioxide. 
(Modified from Thompson JE, Jaffe MB: Capnographic waveforms in the 
mechanically ventilated patient, Respir Care 50:100-108, 2005.)
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Figure 51-15. Effect of different ventilation-perfusion 
V̇/Q̇ regions on partial pressure of arterial oxygen (PaO2). 
Because of the shape of the oxyhemoglobin dissociation 
curve, regions of lung with low V̇/Q̇ have a disproportion-
ately greater effect on lowering the arterial saturation than 
do regions of lung with normal or higher V̇/Q̇ to increase 
Pao2. Assuming equal blood flow, the average partial pres-
sure of alveolar oxygen (PAO2) of the V̇/Q̇ regions repre-
sented in the illustration is 10.7 kPa (80 mm Hg). Based 
on the oxyhemoglobin dissociation curve, however, the 
average saturation of the arterial blood is 89%, produc-
ing an average PaO2 equal to 7.6 kPa (57 mm Hg). Po2, 
Partial pressure of oxygen. (Modified from Lumb AB: Nunn’s 
applied respiratory physiology, ed 6, Philadelphia, 2005, 
Butterworth Heinemann.)
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It represents an extreme case of V̇/Q̇  mismatch in which 
the ratio equals zero and the end-capillary gas partial pres-
sures are equal to the values found in mixed venous blood. 
In healthy awake spontaneously breathing subjects, intra-
pulmonary shunt is negligible,159 and a small (<1% of car-
diac output) extrapulmonary shunt results from drainage 
of the bronchial and thebesian veins into the arterial side 
of the circulation.160 During general anesthesia, a right-
to-left shunt can develop as a result of atelectasis.161,162 
Right-to-left shunt can also be seen in pathologic condi-
tions such as pneumonia and acute lung injury. The effect 
of the shunt on PaO2 is a function of the magnitude of the 
shunt, and the cardiac output (Fig. 51-16). Increases in 
FiO2 have a small effect on PaO2 in the presence of a large 
true right-to-left shunt (see Fig. 51-16).

The traditional method to estimate flow through 
shunting regions (Q̇S) as a fraction of the total cardiac out-
put (Q̇T) is based on modeling of the lung as a three-com-
partment system (Fig. 51-17).163 The three compartments 
represent (1) lung regions receiving both ventilation and 
perfusion, (2) a shunt compartment (V̇/Q̇ = 0), and (3) 
a dead space compartment with ventilation but no per-
fusion (V̇/Q̇ = infinity). The application of the concept 
of mass balance to this model yields the shunt fraction 
(Q̇S/Q̇T) expression:

 Q̇s/Q̇T =

(
Cc

′
O2 − CAO2

)
(

Cc
′

O2 − CvO2

)  [16]

where Q̇S is shunted blood flow, Cc′o2 is end- capillary 
O2 content, and Cvo2 mixed venous. Cc′o2 is calculated 
using Equation 1 and assuming equilibration between the 
end-capillary blood and alveolar gas. The PAO2 is calcu-
lated using the ideal alveolar gas equation:

 PAO2 = FiO2 × (Patm − PH2O) − PaCO2/R [17]
where FiO2 is inspired O2 fraction, Patm is barometric pres-
sure, PH2O is partial pressure of water vapor (47 mm Hg at 
37° C). R, the respiratory quotient, is the ratio of pulmo-
nary CO2 elimination to V̇O2 (R=V̇CO2/V̇O2), which equals 
0.8 under normal diet and rest conditions.

The three-compartment model is a simplification of 
the real lung. As a result, under conditions of FiO2 less 
than 100%, Q̇S/Q̇T represents a combination of all fac-
tors producing hypoxemia, predominantly true right-to-
left shunt and V̇/Q̇  mismatch. Under such conditions, 
Q̇S/Q̇T is referred to as venous admixture. When FiO2 is 
100%, the effects of V̇/Q̇  heterogeneity on O2 exchange 
are eliminated, and the equation exclusively yields the 
right-to-left shunt fraction.164 The administration of FiO2 
of 100% can lead to the development of absorption atel-
ectasis in compartments with very low V̇/Q̇  , thus leading 
to an increase in the true right-to-left shunt.164

If the assumptions are made that end-capillary blood 
has an O2 saturation of 100% and the O2 content of blood 
is predominantly determined by Hb saturation, the shunt 
fraction equation can be simplified to:

 Q̇s/Q̇T = (1 − SaO2)

(1 − SvO2)
 [18]

where Sao2 is arterial saturation, and SvO2 is mixed 
venous saturation.

Other Indices of Oxygenation
The calculation of the shunt fraction is a fundamental 
measure of O2 exchange impairment. However, a pulmo-
nary artery catheter is required for the measurement of 
SvO2. For this reason, indices of oxygenation have been 
developed that rely on less invasive measures. The PaO2 
certainly reflects oxygenation. However, it is limited in 
providing a measure of the magnitude of the O2 exchange 
deficiency because of its dependence on the FiO2 and the 
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nonlinear relationship between PaO2 and blood O2 con-
tent.165 As a consequence, several indices based on the 
PaO2 that account for the FiO2 or the PAO2 have been 
developed: the alveolar-arterial partial pressure gradient of 
O2 ([A-a]PO2), the respiratory index ([A-a]PO2)/PaO2), the 
arterial-alveolar ratio of O2 partial pressures (PaO2/PAO2), 
and the ratio between PaO2 and FiO2 (PaO2/FiO2).165

The ideal index should reflect the efficiency of oxygen-
ation, change with changes in lung function, remain con-
stant with changes in extrapulmonary conditions (e.g., 
FiO2), and provide clinically useful diagnostic and prog-
nostic information.165 The advantages of indices based 
on the Po2 are that their calculations are fairly simple 
and require only arterial blood sampling. However, an 
important limitation is that these indices vary with the 
FiO2, Paco2, Hb, and O2 consumption (V̇O2).166,167 Conse-
quently, changes in those variables can lead to changes in 
the values of the indices in the absence of any change in 
lung gas exchange function. Another limitation is the fail-
ure of these indices to account for changes in V̇/Q̇  match-
ing resulting from changes in the FiO2. Additionally, 
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Figure 51-16. Relationship between partial pressure of arterial oxy-
gen (PaO2) and fraction of inspired oxygen (FiO2) for different values 
of shunt fraction computed for normal values of barometric pressure, 
pH, partial pressure of carbon dioxide (Pco2), base excess, hemoglobin 
(Hb) concentration, and arterial–mixed venous oxygen content dif-
ference (CAO2 − Cv̇o2). Note the small increase in PaO2 with Fio2 in 
the presence of large shunt. This graph corresponds to the so-called 
isoshunt diagram presented in Lawler PG, Nunn JF: A reassessment of 
the validity of the iso-shunt graph, Br J Anaesth 56:1325-1335, 1984.
indices that use PAO2 rely on the assumptions of the alveo-
lar gas equation, including Paco2 = Paco2, which may not 
hold true in pathologic conditions.

An early index developed to assess oxygenation that 
used only peripheral blood sampling was the (a-a)PO2.168 
The (A-a)Po2 helps to differentiate V̇/Q̇  mismatch, shunt, 
and diffusion limitation from hypoventilation and low 
FiO2 as causes of hypoxemia. This is because the (A-a)
Po2 is unchanged under conditions of decreased FiO2 
and hypoventilation but increased with V̇/Q̇  mismatch, 
shunt, and diffusion limitation.

The A-a gradient is calculated as follows:

 (A-a)PO2 = PAO2 − PaO2 [19]

The normal value of the (A-a)Po2 is less than 10 mm 
Hg in young adults breathing room air, and it increases 
with age and the administration of supplemental O2. The 
change in (A-a)Po2 with age can be estimated by169:

 (A-a)PO2 = 0.21 × (age + 2.5) [20]

The (A-a)Po2 varies significantly with the FiO2 such 
that the application of supplemental O2 can lead to an 
increase in the (A-a)PO2 independent of pulmonary dis-
ease.166 Like the (A-a)PO2, the respiratory index (A-a)PO2/
PaO2 and the PaO2/PAO2 are sensitive to FiO2, particularly 
in the presence of a high degree of V̇/Q̇  mismatch, such 
as during the acute respiratory distress syndrome (ARDS), 
and less so in the absence of true shunt or when low V̇/Q̇  
regions are minimal (e.g., in healthy lung or pulmonary 
embolus).170

Unlike the other indices based on partial pressures, the 
PaO2/FiO2 ratio does not use the PAO2 and its associated 
assumptions. This index is more stable, particularly under 
conditions relevant to ARDS such as PaO2 lower than 100 
mm Hg in the setting of an FiO2 greater than 0.5.166,167 
PaO2/FiO2 values are part of the diagnostic criteria for 
ARDS and have been correlated with outcomes in these 
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Figure 51-17. Three-compartment model of gas exchange. The lung 
is represented as three functional units: alveolar dead space, “ideal” 
alveoli, and venous admixture (shunt). The model does not differentiate 
between true shunt or true dead space and components of shunt and 
dead space that are caused by ventilation-perfusion (V̇/Q̇) mismatch. 
CAo2, Arterial oxygen content; Cc’o2, oxygen content of end pulmonary 
capillary blood; CvO2, mixed venous oxygen content; Q̇S, shunted blood 
flow; Q̇T , total blood flow. (Redrawn from Lumb AB: Nunn’s applied respi-
ratory physiology, ed 6, Philadelphia, 2005, Butterworth Heinemann.)



patients.171 When repeated arterial blood sampling is not 
possible, the Spo2/FiO2 (also referred to as SF) ratio may 
be useful. SF ratio values have shown good correlation 
with PaO2/FiO2 values in both adults and children with 
respiratory failure who have SpO2 in the range of 80% to 
97%.172,173

Unlike PaO2, Paco2 can be maintained in the normal 
range in the presence of significant V̇/Q̇  mismatching. 
The reason is that the CO2 content curve has no plateau. 
In this way, compensatory hyperventilation can be used 
to reduce elevations in Paco2.174 The dependence of Paco2 
on CO2 elimination (V̇CO 2) and alveolar ventilation (V̇A)  
with k in the equation as a conversion factor equal to 
0.863 is expressed by:

 PaCO2 = k × (V̇CO2/V̇A) [21]

In steady-state conditions (constant V̇CO 2), Paco2 
changes inversely with the alveolar ventilation. The tra-
ditional measure of ventilation inefficiency has been the 
fraction of dead space to tidal volume (VD/VT), calcu-
lated using the Bohr equation (see Equation 15) and the 
assumption that the arterial and alveolar partial pressures 
of CO2 are equivalent (Paco2 = Paco2). The dead space 
fraction determined in this manner includes alveolar (i.e., 
nonperfused alveoli) and anatomic dead space, as well 
as regions of high V̇/Q̇  ratio. As with the discussion on 
shunt, the dead space fraction characterizes not only real 
anatomic dead space, but also areas of inefficient ventila-
tion (see Fig. 51-17).

MEASUREMENT PRINCIPLES

PaO2 is measured using a Clark electrode. The electrode 
consists of a cathode (electron source, platinum or gold) 
and an anode in an electrolyte bath, surrounded by a 
thin O2-permeable membrane. The electrode is inserted 
into the sample, and O2 diffuses through the membrane 
and is reduced by the cathode, thus generating a current. 
The current is proportional to the Po2 in the sample.175 
The Pco2 electrode measures the change in pH brought 
about by the equilibration of blood with a bicarbonate 
solution.176

A continuous blood gas monitor has been described 
using an optical Po2 sensor; however, clinical investiga-
tions have shown inaccuracies of PaO2 measurements 
under conditions of rapidly changing values. Clear clini-
cal indications for this monitor have not been estab-
lished.177 Fluorescence quenching of O2 technology has 
been shown to detect PaO2 oscillations during mechani-
cal ventilation in experimental studies and to bring infor-
mation on cyclic derecruitment.178,179

Effect of Temperature
The solubility of CO2 and O2 in blood is affected by tem-
perature. At lower temperatures, solubility is increased, 
leading to a reduction in partial pressure. Blood gas ana-
lyzers measure gas partial pressures at 37° C. As blood 
from a hypothermic patient is warmed to 37° C by the 
analyzer, CO2 and O2 come out of solution, leading to 
Paco2 and PaO2 higher than those present in the patient. 
Blood gas analyzers make use of algorithms to correct the 
reported values to the patient’s actual temperature.180 
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The temperature effects on blood gas analysis are most 
relevant during management of hypothermic patients 
such as during hypothermic cardiopulmonary bypass 
(HCPB) or deep hypothermic circulatory arrest (DHCA).

Two strategies have been developed for the management 
of arterial gas partial pressures under these conditions: 
alpha-stat and pH-stat. During alpha-stat management, 
blood gas measurements obtained after the analyzer 
warms the sample to 37° C are used for acid-base and gas 
exchange management. Potential benefits of alpha-stat 
management include the preservation of cerebral auto-
regulation and the maintenance of protein function.181 
During pH-stat management, measurements are corrected 
to the patient’s temperature before they are used for acid-
base and gas exchange management. Because patients are 
hypothermic, the PaO2 and Paco2 at the patient’s tempera-
ture are lower and the pH higher than those measured in 
the analyzer at 37° C. CO2 is usually added to the oxygen-
ator to maintain the temperature-corrected Paco2 and pH 
at normothermic values. The theoretic benefits of pH-stat 
management are increased cerebral vasodilation leading 
to more homogenous cerebral cooling.182

Studies have compared the two strategies with respect 
to outcomes, with varying results.183-190 In general, clini-
cal studies support the use of pH-stat management in 
pediatric cardiac surgical procedures during HCPB or 
DHCA.185,189,191 In adult patients, the use of alpha-stat 
management is supported for HCPB.192 For procedures 
involving DHCA in adults, use of pH-stat management 
has been suggested to increase the rate and uniformity of 
cooling and alpha-stat management during rewarming.193

LIMITATIONS AND SOURCES OF ERRORS

Proper handling of arterial blood gas samples is important 
to prevent errors. Two common sources of error are delays 
in sample analysis and the presence of air in the sam-
pling syringe.194 A delay in sample analysis by 20 minutes 
at room temperature or at 4° C can lead to a decline in 
PaO2.194 The decline is attributed to the metabolic activ-
ity of leukocytes and is not observed in samples placed on 
ice. The presence of an air bubble in the syringe can lead 
to a change in the measured PaO2 toward the Po2 of the 
bubble and a decline in Paco2.194

MONITORING LUNG FLOWS, VOLUMES, 
AND PRESSURES

As an organ of gas exchange, the human respiratory sys-
tem relies on both convective and diffusive gas transport 
processes for V̇O2  and elimination of CO2. The transport 
of air to the alveoli and alveolar gas to the environment 
requires the creation of a pressure gradient, which will 
result in volume changes in the elastic components of the 
respiratory system, flow in the airways, velocity in mov-
ing tissues, and acceleration of air and tissues. The lung 
consists of a complex branching network of airway seg-
ments and viscoelastic tissues that, during the processes 
of breathing or ventilation, gives rise to tremendous vari-
ations in gas velocities and flow regimens. The movement 
of gas flow (V̇) into and out of the lungs requires driving 
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pressures (P) to overcome the resistive (PR), elastic (PE), 
and at times inertial (PI) forces offered by the airway tree, 
parenchymal tissues, and chest wall:

 P = PR + PE + Pi [22]

Equation 22 can be used to describe the mechanical 
behavior of the total respiratory system, the lungs alone, 
or the chest wall, depending on whether P refers to air-
way pressure relative to atmosphere, airway pressure rela-
tive to pleural pressure, or pleural pressure alone.195-197

DYNAMIC RESPIRATORY MECHANICS

As a first approximation to Equation 22, the mechanical 
behavior of the respiratory system during breathing or 
ventilation can often be described according to the sim-
ple equation of motion that encompasses its resistive (R), 
elastic (E), and inertial (I) properties195,198:

  [23]

where V is volume,  denotes volume acceleration, and Po 
is the distending pressure at end expiration. The resistive 
properties of the respiratory system probably arise from 
viscous and turbulent losses associated with gas flowing 
through the airway tree and the deformation of paren-
chymal and chest wall tissues. Hence, airway resistance 
may reflect airway caliber.199 Provided that variations in 
flow are small, resistive pressure losses are assumed to 
be linearly related to flow according to the first term of 
Equation 23. With more rapid flow rates, as with exercise 
or forced vital capacity maneuvers, resistive losses vary 
nonlinearly with flow, which may more accurately be 
described according to200:

 PR = K1V̇ + K2V̇
2
 [24]

where K1 and K2 are empirically determined constants. 
Additional energy losses arise from the tension within the 
alveolar surface film,201 friction within the pleural space, 
and various tissue components of the parenchyma and 
chest wall,196 as well as cross-bridge cycling of contractile 
elements within the airway walls and lung tissues.202,203 
Such losses are collectively termed tissue resistance.204,205 
If these tissue resistive losses are assumed to be propor-
tional to flow according to Equation 23, one will observe 
that they vary inversely with breathing frequency,202,206 
a phenomenon commonly associated with viscoelastic 
materials.196 In adult patients, lung tissue resistance com-
prises approximately 60% of subglottal total lung resis-
tance at typical breathing rates.207 During volume-cycled 
ventilation with an end-inspiratory pause, resistance can 
quickly be estimated from the difference between the 
peak (Ppeak) and plateau (Pplat) pressures (i.e., the resis-
tive pressure loss Pr) divided by the inspiratory flow (V̇1) 
immediately before the end-inspiratory pause:

 R =
Ppeak − Pplat

V̇l
= PR

V̇l
 [25]

Thus, for a specified flow rate, alterations in PR may 
reflect changes in airway caliber, as may occur during 
intraoperative asthma exacerbation (Fig. 51-18, cen-
ter panel), or obstruction within the ETT or breathing 
circuit.
Elastic pressures arise from the recoil of the lungs and 
chest wall when their normal anatomic configurations are 
deformed, either by contraction of the diaphragm and inter-
costal muscles or by some external force (e.g., a ventilator).208 
Elastance is simply defined as the change in distending pres-
sure (transrespiratory, transpulmonary, or intrapleural) for 
a given change in volume. Dynamic elastance refers to the 
change in elastic (i.e., nonresistive) distending pressure per 
unit volume during the process of breathing or ventilation. 
Elastance of the total respiratory system (Ers) comprises both 
lung (EL) and chest wall (Ecw) elastances:

 ERS = EL + ECW [26]

In clinical settings, elastance is usually expressed as its 
reciprocal, compliance (i.e., change in volume per unit 
change in pressure). This leads to an alternate form of 
Equation 26, expressing the relationships of the com-
pliant components of the total respiratory system (Crs), 
lungs (Cl), and chest wall (Ccw):

 1
CRS

= 1
CL

+ 1
Ccw

 [27]

Factors that reduce total respiratory or lung compliance 
include consolidation, pulmonary edema, pneumothorax, 
atelectasis, interstitial disease, pneumonectomy or surgi-
cal resection, lung overdistention, and mainstem intuba-
tion. Lung compliance generally increases in emphysema. 
Factors that reduce chest wall compliance are abdominal 
distention, abdominal compartment syndrome, chest 
wall edema, thoracic deformity, muscle tone, and exten-
sive thoracic or abdominal scar (e.g., from burns); Ccw is 
reduced with muscle relaxation and flail chest.

Respiratory system elastance (Ers) is most easily deter-
mined during periods of zero flow (when resistive pres-
sures are zero) as the difference between Pplat and PEEP 
(i.e., the elastic pressure Pe) divided by the Vt:

 ERS =
Pplat − PEEP

VT

= PE

VT

 [28]

The corresponding Crs is usually between 50 and 100 
mL/cm H2O in normal mechanically ventilated lungs. 
Alterations in PE for a specified VT may be observed dur-
ing processes that alter lung or chest wall elastance, such as 
a pneumothorax during thoracotomy or abdominal insuf-
flation during laparoscopic surgical procedures (see Fig. 
51-18, right panel). In general, dynamic elastance is higher 
than static elastance as a result of viscoelasticity198 and gas 
redistribution.209

Finally, inertial pressures are associated with accelera-
tion of the gas column in the central airways, as well as the 
motion of the respiratory tissues.210 Inertia is usually not a 
significant contributor to the work of breathing, except dur-
ing sudden changes in air flow, as may occur during inspi-
ratory step profiles or high-frequency ventilation (HFV).211

Equations 25 and 28 cannot be used to estimate resis-
tive (R) and elastic (E) properties if an end-inspiratory pause 
is not present in the ventilator waveform. This is because 
one cannot easily separate the resistive and elastic pressures 
just by visual inspection. For example, during pressure-con-
trolled ventilation (PCV), the airway opening is exposed to 
a constant inflation pressure during inspiration (Fig. 51-19). 
Airway flow and VT during PCV are determined not by the 
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Figure 51-18. Airway pressure, flow, and volume waveforms during constant-flow volume-cycled ventilation with an end-inspiratory pause. The 
components of the peak inspiratory pressure (Ppeak) and the plateau pressure (Pplat) are presented: resistive pressure (PR), elastic pressure (PE), and 
positive end-expiratory pressure (PEEP). The same peak flow (V̇I) and tidal volume (VT) are delivered by the mechanical ventilator in each case. 
The leftmost panels represent waveforms in a healthy patient. A small PR component is noted, with most of the peak pressure consisting of elastic 
pressure. Expiratory flow decreases to zero before the start of the next inspiration, this indicating an appropriate inspiratory-expiratory (I:E) ratio 
and the absence of slowly emptying lung regions. Volume, as the integral of flow, also returns to zero before the initiation of the next breath. 
The middle panels represent waveforms in a patient with an increase in airway resistance. A significant increase in the resistive component PR, and 
consequently Ppeak, is seen. The elastic component is unchanged, as reflected in identical Pplat as compared with the healthy condition. Because 
increased resistance slows the process of lung emptying, the expiratory phase of the flow and volume curves now takes longer to reach the zero. 
In several cases, zero is not reached, and a change in the I:E ratio is necessary to avoid volume trapping and auto-PEEP. The rightmost panels 
represent a subject with increased PE, as may occur during laparoscopic insufflation or pneumothorax. The increase in Pplat is consistent with the 
increased elastance of the respiratory system and fast emptying of the lungs during exhalation.
ventilator, but rather by the gradient between airway and 
alveolar pressures. A more robust method of estimating 
respiratory R and E involves multiple linear regression of the 
coefficients in Equation 23 on sampled flow and pressure 
data.212-214 Such numeric approaches are present in com-
mercially available respiratory mechanics monitors, and 
they can be used on almost all ventilator waveforms. They 
are not restricted to volume- or time-cycled waveforms with 
an end-inspiratory pause. Moreover, one can separately esti-
mate R and E during the inspiratory and expiratory phases, 
which may be different in some patients because of dynamic 
airway compression or derecruitment.215,216

Dynamic estimates of total respiratory R and E based 
on positive airway opening pressures are valid only 
during controlled modes of ventilation when the chest 
wall is relaxed. Although this is certainly the case dur-
ing general anesthesia with neuromuscular blockade, 
the situation is more complicated during spontaneous 
breathing or assisted modes of ventilation. In such situ-
ations, the mechanics of the chest wall can be accounted 
for in estimates of R and E if transpulmonary pressure 
is estimated using esophageal manometry, as described 
later.

STATIC RESPIRATORY MECHANICS

As previously illustrated, elastance (or compliance) is 
most easily measured during periods of zero flow because 
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Figure 51-19. Airway pressure, flow, and volume waveforms during pressure-controlled ventilation (PCV) for the same patients depicted in Fig-
ure 51-18. In this ventilatory mode, the ventilator delivers a fixed pressure during the inspiratory phase, irrespective of the resistance and compli-
ance. Airflow and tidal volume will consequently change with changes in those parameters. The leftmost panels represent waveforms in a patient 
with normal lungs. The middle panels represent waveforms in a patient with airway obstruction. Note the absence of a peak-plateau difference 
as compared with the volume-controlled mode, a lower tidal volume (VT), and a prolonged time for airflow to reach zero during exhalation as 
compared with the normal patient. The rightmost panels represent a subject with increased elastance, as may occur during laparoscopic insuffla-
tion or pneumothorax. Note a reduction in VT and a shorter time to reach zero flow, consistent with a more rigid respiratory system. PEEP, Positive 
end-expiratory pressure; Pinsp, inspiratory pressure.
during these conditions the measured distending pressure 
is exclusively associated with elastic processes. However, a 
more comprehensive characterization of elastance can be 
obtained by plotting cumulative inspired or expired lung 
volume against the distending pressure across the lungs or 
total respiratory system. This quasistatic pressure- volume 
(PV) curve can be constructed during very slow inflations 
or deflations217 (when resistive pressures are negligible), 
or during periodic flow occlusions.218 For example, the 
expiratory limb of the PV curve can be constructed by 
inflating the lungs to a specified volume (usually total 
lung capacity) and then allowing passive deflation with 
flow interruptions lasting 1 to 2 seconds.

The PV curve is typically nonlinear (Fig. 51-20); 
that is, compliance, defined as the local slope dP/dV of 
the PV curve, varies with lung volume. Empirically, PV 
curves are usually described using single exponential219 
or sigmoidal220 functions. When they are described using 
sigmoidal functions, two points are usually demarcated 
on such curves, incorrectly termed the upper inflection 
point (UIP) and lower inflection point (LIP).* The UIP is 
thought to represent the point at which lung overdisten-
tion occurs, as during parenchymal strain-stiffening.196 
The LIP is thought to reflect the process of maximum alve-
olar recruitment. During protective lung ventilation, one 
seeks to ventilate a patient in the most linear region of the 
PV curve, with enough PEEP to avoid the LIP where cyclic 
recruitment and derecruitment occurs, but with lower VT 
to avoid the UIP and overdistention.218 In addition, PV 
curves exhibit hysteresis, a phenomenon in which the 

* The formal mathematical definition of an inflection point is a point 
on a curve at which its concavity (i.e., its second derivative) changes 
sign from positive to negative or vice versa.



lung volume at a specified pressure depends on the direc-
tion from which the distending pressure is approached 
(i.e., either inspiration or expiration). The reasons that the 
PV curve of the lungs or total respiratory system exhib-
its hysteresis are numerous and complex, and include the 
biophysical properties of surfactant,221 time-dependent 
recruitment or derecruitment,222 as well as contact fric-
tion among various connective tissue elements.223

Several problems arise with managing ventilation 
based on PV curves. First, PV curves are constructed only 
during periods of zero flow or near zero flow, and they 
do not reflect the mechanics of the lungs or total respira-
tory system during the dynamic processes of breathing or 
mechanical ventilation. In fact, the dynamic PV relation-
ships for the same patient may be very different. Second, 
the UIP and LIP are not always visually apparent. Finally, 
a PV curve for the lungs or total respiratory system rep-
resents the averaged static behavior of a population of 
many lung units, with each operating on different por-
tions of their own individual PV curves.

WORK OF BREATHING

The work of breathing (W) represents the energy required 
to inflate or deflate the lungs, or chest wall, or both, by 
a specified volume. In its simplest form, it can be repre-
sented as the product of the applied distending pressure 
and resulting volume change:

 W = PV [29]

However when pressure and volume vary as functions of 
time (as during the course of a spontaneous or controlled 
breath), work may be expressed as the cumulative product224:

 W = ∫ PdV [30]
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Figure 51-20. Schematic of a pressure-volume curve for the lungs or 
total respiratory system that demonstrates hysteresis between inspira-
tory and expiratory limbs. The upper inflection point (UIP) and lower 
inflection point (LIP) are demarcated on the inspiratory limb. During 
mechanical ventilation, lung regions should be in the safe zone for 
optimal lung protection. (Redrawn from Froese AB: High-frequency oscil-
latory ventilation for adult respiratory distress syndrome: let’s get it right 
this time! Crit Care Med 25:906-908, 1997.)
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or equivalently as the integral of the pressure-flow prod-
uct with respect to time225:

 W = ∫ T
0P(t)V̇(t)dt [31]

where T is the duration over which W is determined. 
For example, if T corresponds to the duration of inspira-
tory period and P the transpulmonary pressure, then W 
corresponds to the work required to overcome both the 
resistive and elastic forces opposing the entry of air into 
the lungs (Fig. 51-21). If T corresponds to the duration of 
an entire breath, the energy initially stored in the elastic 
recoil of the lung tissues will be recovered during a pas-
sive exhalation. In this case, the area of resulting PV loop 
represents the work performed (i.e., energy lost) overcom-
ing purely resistive losses in the airways and tissues. In 
general, W is assessed during inspiration only because the 
respiratory musculature (or a ventilator) must overcome 
both elastic and resistive pressures to bring air into the 
lungs. For a given VT, W varies as a function of respiratory 
rate and, in most cases, achieves a minimum at a speci-
fied frequency. This frequency is termed the energetically 
optimum breathing frequency,225 because this is the rate at 
which energy expenditure is minimized.

MONITORING OF RESPIRATORY PRESSURES

Fundamental to any quantitative assessment of respira-
tory mechanics is the measurement of pressure. Such 
pressures include those measured in the inspiratory or 
expiratory limb of the anesthesia machine, at the proxi-
mal end of an ETT, or within the trachea or esophagus. 
Pressure allows for the inference of the forces associated 
with the movement of gases through the airway tree, as 
well as the distention of the parenchymal tissues and 
chest wall, according to the elements described in Equa-
tion 22. The most accessible and familiar pressure to the 
anesthesiologist or intensivist is the airway pressure dur-
ing controlled mechanical ventilation. Ideally, this should 
be the pressure measured in the trachea or at the airway 
opening, exclusive of any distortions from airway devices 
or breathing circuits. However, for practical reasons, this 
“airway” pressure is not the actual pressure at the airway 
opening or within the trachea, but it is the pressure trans-
duced at the anesthesia machine or ventilator and reflects 
the resistive and compliant properties of the breathing 
circuit and facemask or ETT, as well as the mechanical 
properties of the respiratory system. Although many ven-
tilators now use computer algorithms to provide some 
compensation for flow and pressure losses in the breath-
ing circuit,226 such approaches often rely on idealized, 
linear models that do not truly reflect the complex pro-
cesses of turbulent air flow, polytropic gas compression, 
or viscoelastic tubing walls.227,228 Therefore, one must use 
caution when making physiologic inferences based on 
airway pressures and volumes reported by a ventilator.

Often airway pressure is improperly used as a surrogate 
for lung distention. Transrespiratory pressure refers to the 
pressure decrease across the lungs and chest wall, which 
during positive-pressure ventilation is usually determined 
by the difference between airway pressure and atmos-
pheric pressure. Several processes that may contribute to 
increased transrespiratory pressure do not correspond to 
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Figure 51-21. Volume plotted against transpulmonary or (transres-
piratory) pressure during the course of a single breath. Plots are shown 
during inspiration (A-D) and expiration (E-H). The yellow area denotes 
the work of breathing related to tissue elasticity, whereas the blue area 
denotes the work of breathing related to airway and tissue resistance. 
Energy stored in elastic recoil at the end of inspiration is entirely recov-
ered during expiration. However, resistive energy is always lost during 
both inspiration and expiration.
excessive lung inflation. For example, obesity, abdominal 
insufflation, or steep Trendelenburg position all may con-
tribute to high airway opening pressures, but they do not 
necessarily indicate parenchymal overdistention (see also 
Chapters 41 and 71).

By contrast, transpulmonary pressure refers to the dis-
tending pressure across the lungs alone. Its determination 
requires not only measurement of airway opening pres-
sure, but also estimates of the pressure within the pleural 
space. This determination can be obtained relatively non-
invasively using an esophageal balloon catheter, because 
the pressure measured within the esophagus is relatively 
close to intrapleural pressure.229 Such catheters are typi-
cally 100 cm long, with side holes in the distal tip covered 
by a thin-walled balloon (Fig. 51-22). The catheter can be 
placed through the mouth or nares and positioned in the 
middle-to-distal third of the esophagus. The catheter is 
connected to a transducer by a three-way stopcock, and a 
small amount of air is injected into the balloon such that 
its walls remain flaccid and do not contribute an addi-
tional recoil pressure to the measurement. Because the 
local values of pleural pressure vary depending on grav-
ity, the balloon should be several centimeters in length 
to provide an average estimate of the pressure field sur-
rounding the lungs. Estimating pleural pressure based on 
esophageal manometry has several limitations, includ-
ing mediastinal compression of the balloon in supine 
patients, catheter migration, and cardiac artifact on the 
tracing.230,231 Nonetheless, its use in critically ill patients 
may be valuable in the adjustment of appropriate levels 
of PEEP.232 Peak and plateau pressures, usual in clinical 
practice, are obtained from the transrespiratory pressure. 
Accordingly, they do not characterize the pressures acting 
exclusively on the lungs, but rather on the whole respira-
tory system. Plateau pressures should range from 26 to 
30 cm H2O to minimize alveolar overdistention,233 and 
they should be applied carefully.

Auto-PEEP or intrinsic-PEEP is the positive pressure pres-
ent within the alveoli at end-exhalation and is typically 
observed in ventilated patients with COPD, who demon-
strate dynamic airway compression and expiratory flow 
limitation, as well as a significant portion of patients with 

Balloon

Air injectionPressure
transducer

Figure 51-22. Example of an esophageal balloon catheter. The prox-
imal end of the catheter is connected to a pressure transducer, and air 
is injected into the balloon through a three-way stopcock. (Modified 
from Bates JHT: Lung mechanics: an inverse modeling approach, Cam-
bridge, 2009, Cambridge University Press, p 220.)
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RA, editors: Miller’s anesthesia, ed 6, New York, 2005, Churchill Livingstone, pp 1255, 1295.)
ARDS, sepsis, and respiratory muscle weakness.234 Auto-
PEEP can promote significant respiratory and hemody-
namic compromise. It is usually caused by a combination 
of increased airway resistance and reduced lung elastic 
recoil (i.e., an increase in the expiratory time constant 
of the respiratory system). Other factors are a decrease in 
expiratory time, an increase in VT, an increase in external 
expiratory resistance, and persistent inspiratory muscle 
activity during exhalation. The amount of auto-PEEP 
can be estimated in mechanically ventilated patients by 
occluding the airway at end-exhalation and observing a 
rise in airway pressure during the occlusion maneuver 
until a plateau is visible (<4 seconds) (Fig. 51-23). Auto-
PEEP is then defined as the difference between end-occlu-
sion and preocclusion airway pressures. Other methods 
can be used to assess auto-PEEP under dynamic condi-
tions, as well as in spontaneously breathing patients with 
use of an esophageal balloon.234,235

Any measurement of pressure requires pressure trans-
ducers. Most pressure transducers are differential sensors 
with two input channels, and they produce an electri-
cal output that is proportional to the pressure difference 
between these channels (Fig. 51-24, A). Such transducers 
must have a high common-mode rejection ratio (CMRR), 
defined as the tendency of the transducer to produce zero 
output if both its inputs are exposed to identical pres-
sures. Many pressure waveforms are transduced relative 
to atmosphere with one of the two inputs left opened 
to ambient air (Fig. 51-24, B), otherwise referred to as 
gauge configuration. In clinical settings, pressure is most 
commonly measured using relatively inexpensive, piezo-
resistive transducers.198 These devices rely on a pressure-
sensing diaphragm whose electrical resistance changes 
when it is deformed in response to a differential pressure. 
This change in electrical resistance can be sensed with a 
standard Wheatstone bridge circuit, which produces an 
output-voltage signal appropriate for amplification and 
filtering. In general, piezoresistive transducers have ade-
quate frequency responses sufficient for most respiratory 
applications.236,237 However, this frequency response can 
be easily degraded if the transducer is connected to the 
pressure-sensing location with long, compliant tubing.238

Pressure 1 Pressure 2

Differential configuration Gauge configuration

Port to
atmosphere

Pressure

Deformable element

A B
Figure 51-24. Pressure transducers arranged in differential (A) or 
gauge (B) configurations. (Modified from Bates JHT: Lung mechanics: 
an inverse modeling approach, Cambridge, 2009, Cambridge University 
Press, p 220.)
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MONITORING OF RESPIRATORY FLOWS

Ideally, any measurement of flow should indicate 
the exact rate at which gas is entering and leaving the 
patient’s lungs. This can be most easily accomplished by 
placing the flow-measuring device as close to the patient 
as possible, such as between the circuit Y-connector and 
the proximal end of the ETT or LMA. However, for prac-
tical reasons, most ventilators and anesthesia machines 
measure flow close to the machine console. This flow can 
be considerably different from that close to the patient 
because of the effects of gas compression, wall distention 
of the breathing circuit, and changes in gas humidity.

An important clinical use of flow monitoring is the 
detection of nonzero end-expiratory flows. This indi-
cates that a gradient of pressure exists between alveo-
lar regions and the upper airway with incomplete lung 
emptying at end-expiration, characteristic of auto-PEEP. 
As a consequence, end-expiratory lung volumes would 
be larger than those in the absence of auto-PEEP, with 
risk of dynamic lung hyperinflation and reduction of 
venous return. Increase in expiratory time and reduc-
tion of VT or respiratory rate should be considered to 
eliminate the issue.

During ventilation, airway flow can often be inferred 
according to time-dependent changes in delivered or 
inspired VT or from the displacement waveform of a 
piston or cylinder arrangement or bellows.239-241 Prefer-
ably, flow is measured using transducers designed specifi-
cally for this task. The most common method involves 
the measurement of a differential pressure decrease (ΔP) 
across a fluid resistive element. Ideally, this ΔP is linearly 
related to the corresponding flow through the device. 
Such a principle forms the basis for one of the oldest 
and most widely used flowmeters, the pneumotacho-
graph. Although they provide accurate measurement of 
flow, pneumotachographs are very sensitive to changes 
in temperature, humidity, and gas composition,242 and 
they require frequent calibration using various electronic 
or software-based techniques to ensure accurate measure-
ments.243,244 This sensitivity, combined with difficulties 
in cleaning and sterilization, limits the routine use of 
these instruments in clinical environments. Orifice flow-
meters also have the advantage of having relatively large 
internal diameters that limit the formation of conden-
sation and minimize obstruction with secretions. Given 
that these devices can be manufactured using inexpensive 
plastic injection molding techniques, many orifice flow-
meters are designed to be disposable, thus making their 
use increasingly popular for respiratory applications in 
clinical environments.245

Most anesthesia machines use hot wire anemometers 
for flow measurement,246 which rely on temperature-
dependent changes in the electrical resistance of a current 
carrying wire. When gas flows pass the wire, the corre-
sponding temperature drop changes the conductivity of 
the filament, which can be sensed with appropriate elec-
tronic circuits.247 Because a single wire filament cannot 
sense the direction of flow, two different anemometers 
can be used in the ventilator circuit: one for the inspira-
tory limb, and the other for the expiratory limb. Alter-
natively, two wires in series must be used for sensing 
bidirectional flow through a single conduit,248 with the 
flow direction determined according to which wire is 
cooled first. Generally, hot wire anemometers have a 
better dynamic response compared with pneumotacho-
graphs or orifice flowmeters,249 and therefore they are 
ideal for flow measurement during HFV.250

MONITORING OF RESPIRATORY VOLUME

Similar to flow measurement, the ideal measurement 
of volume should be an accurate accounting of the gas 
quantity moving into and out of the patient. However, 
delivered or exhaled VT measurement is subjected to 
the same limitations of flow measurement because most 
anesthesia machines and ventilators determine volume 
by electrically or numerically integrating the correspond-
ing flow signal.198 Care must be taken to ensure that any 
drifts or offsets from the flow transducer are minimized, 
given that their integration will result in errors in esti-
mated volume. This may be accomplished by appropri-
ately zeroing the transducer periodically, such as at the 
end of a breath. Although electronic or digital high-pass 
filters may be used to remove drifts and offsets in real-
time, these tend to have long transient responses.

Finally, besides the pathophysiologic and monitoring 
applications described in this section, monitoring of pres-
sures, volumes, and flows has been applied to monitor-
ing, training, and education for neonatal resuscitation251 
(see also Chapter 95).

PLETHYSMOGRAPHIC MONITORING

Respiratory inductance plethysmography (RIP) is a non-
invasive respiratory monitoring technique that quanti-
fies changes in the cross-sectional area of the chest wall 
and the abdominal compartments. The method is used 
to assess VT, respiratory rate, adequacy of high-frequency 
oscillatory ventilation (HFOV), lung volume changes dur-
ing tracheobronchial suctioning, and thoracoabdominal 
synchrony.252 RIP relies on the principle that a current 
applied through a loop of wire generates a magnetic field 
normal to the orientation of the loop (Faraday’s law) and 
that a change in the area enclosed by the loop creates an 
opposing current within the loop directly proportional 
to the change in the area (Lenz’s law). Two elastic bands 
containing a conductor are used: one typically placed 
around the patient’s chest, 3 cm above the xiphoid pro-
cess; and the other around the abdomen. Each of these 
bands produces an independent signal representative of 
the thoracic and abdominal cross-sectional area, and the 
sum of these two signals calibrated against a known gas 
volume yields lung volume change.

RIP has been used in several pediatric applications to 
monitor VT and respiratory rate, building on the advan-
tage that a facemask, LMA, or ETT is not required for 
measurements.253 This technique could also guide lung-
protective ventilation strategies by facilitating the con-
struction of PV curves for individual patients. These can 
be used to optimize lung recruitment, maintain an open 
lung, and limit overdistention (see the section on static 
respiratory mechanics).



Intraoperatively, RIP may find applications in areas for 
which accurate monitoring of VT are required but not pos-
sible with the usual anesthesia machine monitors. This 
could occur with a shared airway (e.g., laryngotracheal 
surgery,254 flexible and rigid bronchoscopy) or a patient 
whose trachea is not intubated (e.g., monitored anesthe-
sia care and noninvasive pressure support ventilation).

Unfortunately, RIP cannot be used during thoracic and 
abdominal surgical procedures, given the need for the 
measurement bands. Moreover, the calibration character-
istics of the device are affected by changes in the pattern 
of breathing.

RESPIRATORY RATE MONITORING: 
APNEA MONITORING

Apnea and bradypnea are life-threatening events fre-
quently observed in the intraoperative and postopera-
tive periods of anesthesia. Prematurity, morbid obesity, 
age, obstructive sleep apnea, and central nervous system 
depressant medications have been associated with the 
risk of apnea or bradypnea (see also Chapters 71 and 
80).255,256 Accordingly, many different approaches have 
been developed for detecting those events.257,258 Two 
main types of apnea are observed: central and obstruc-
tive. Central apnea is defined as apnea resulting from 
a failure of the central nervous system to drive respi-
ration. Obstructive apnea is that resulting from upper 
airway obstruction. Current monitors assess at least 
one of three processes occurring during breathing to 
detect apnea258: chest wall expansion, gas flow, and gas 
exchange.

Chest wall expansion is usually measured as follows:
  

 1.  Changes in thoracic electrical impedance (impedance 
pneumography) of the chest wall. The method is based 
on the changes in electrical conductivity of the chest 
to an electrical current as air moves in and out of the 
lungs during breathing and blood volume changes in 
the same period. This is because air is a poor electrical 
conductor and blood is a good electrical conductor. A 
low electric current at high frequency is applied in two 
chest electrodes, corresponding changes in voltage of 
the chest are measured, and the impedance continu-
ously calculated from these. The technique is imple-
mented in several commercial systems using routine 
electrocardiographic leads and is also used in home 
monitoring of neonatal apnea.

 2.  Inductive plethysmography. This is described in 
the section “Monitoring Lung Flows, Volumes, and 
Pressures.”

 3.  Abdominal and chest fiberoptic and resistive strain 
gauges (pressure pad placed beside the infant’s rib 
cage, pneumatic abdominal sensors) are used.

 4.  Electromyographic signal of respiratory muscles is 
not frequently used because of the low signal-to-noise 
ratio.

  

An important drawback of techniques based on chest 
expansion is their inaccuracy in the presence of move-
ment. Thus, obstructive apnea may be falsely assessed as 
normal respirations.259
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Gas flow methods are based on measurements of differ-
ent variables directly related to the presence of air flow in 
the airway:
   

 1.  Pressure gradients along the breathing circuit. This 
approach uses the Poiseuille principle (ΔP = k⋅V) and 
differential pressure transducers to detect flow.

 2.  Temperature of the breathed air in the nose or mouth 
is used.

 3.  Rapid response hygrometer is based on assessment of 
humidity in the exhaled air.

  

Techniques based on gas exchange focus essentially on 
exhaled CO2 as routinely used in intubated patients in 
the OR. In nonintubated patients, use of specifically 
designed cannulas combining Do2 and breathed gas sam-
pling facilitate the monitoring of exhaled CO2. The usual 
technique uses off-line or in-line infrared sensors. Respi-
ratory rate measurements using this technique were more 
accurate than those obtained with thoracic impedance 
tomography in patients in postanesthesia care units even 
with supplemental O2 at high flows.260 Accurate end-tidal 
CO2 measurements through a nasal cannula may be dif-
ficult in mouth breathers, including obese patients and 
those with obstructive sleep apnea. In such cases, a nasal 
cannula with an oral guide may improve measurement 
accuracy.261

Pulse oximetry cannot be used as the primary moni-
tor of apnea or bradypnea because O2 desaturation occurs 
only late in a well-oxygenated apneic patient (see also 
Chapter 44). However, pulse oximetry adds an additional 
level of safety combined with primary monitors of venti-
lation. For example, in a study using pulse oximetry and 
noninvasive capnography for continuous monitoring of 
178 patients receiving patient-controlled analgesia, respi-
ratory depression measured by O2 desaturation occurred 
in 12% of the patients, in line with previous studies.255 
In contrast to previous estimates, episodes of bradypnea 
(respiratory rate <10 breaths/minute) were present in 
41% of patients, far more frequently than the previously 
reported 1% to 2%.262-264

Respiratory rate monitoring is critical for infant apnea 
monitoring (see also Chapter 95). Combinations of trans-
thoracic impedance and pulse oximetry may maximize 
the detection of true episodes of apnea in home moni-
tors for neonatal apnea.265 This is because pulse oxim-
etry provides an additional level of monitoring in cases of 
poor performance of transthoracic impedance secondary 
to motion artifacts. The value of combining monitors of 
ventilation such as capnography with pulse oximetry to 
maximize detection of alveolar hypoventilation has been 
confirmed.266 Capnography allowed for early detection of 
arterial O2 desaturation in cases of alveolar hypoventila-
tion in the presence of supplemental O2.

False-positive and false-negative alarms occur dur-
ing apnea monitoring. The most dangerous conditions 
occur when artifacts are detected as breathing, and 
alarms are not activated. Such artifacts include vibra-
tions, cardiac motion, patient movement, and elec-
tromagnetic interference from other instrumentation. 
Impedance pneumographs are subject to cardiovascular 
artifacts, whereas pressure pads are subject to patient 
motion artifacts. A more common (yet less dangerous) 
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problem is when an alarm sounds in a patient without 
apnea. Frequent causes include inadequate sensitivity 
settings, malfunctioning electrodes, and movement of 
the patient. Motion transducers based on sensing of 
acceleration were used in neonates undergoing HFOV, 
and results showed that monitoring of regional tidal 
displacement may enable early recognition of deterio-
rating ventilation during HFOV that eventually leads to 
hypoxemia.267This study found that approximately half 
of the cases of hypoxemia had causes other than slowly 
deteriorating ventilation.267

Current recommendations of the Anesthesia Patient 
Safety Foundation for Essential Monitoring Strategies to 
Detect Clinically Significant Drug-Induced Respiratory 
Depression in the Postoperative Period [http://www. 
apsf.org/initiatives.php] state that continuous electronic 
monitoring of oxygenation and ventilation should be 
available and considered for all patients, not only those 
considered at risk for postoperative respiratory insuf-
ficiency. Clearly, respiratory depression can occur in 
patients without risk factors. These recommendations 
stress that maintaining status quo while awaiting newer 
technology is not acceptable, and intermittent “spot 
checks” of oxygenation (pulse oximetry) and ventila-
tion (nursing assessment) are not adequate for reliably 
recognizing clinically significant evolving drug-induced 
respiratory depression. However, continuous electronic 
monitoring should not replace traditional intermittent 
nursing assessment and vigilance. Capnography or other 
monitoring modalities that measure ventilation and air-
flow are indicated when supplemental O2 is needed to 
maintain acceptable O2 saturations. The recommenda-
tions also call attention to threshold-based alarm limits 
on individual physiologic variables, which may result in 
failure to recognize early signs of progressive hypoven-
tilation by either being insufficiently or too sensitive 
(excess false alarms).

IMAGING FOR RESPIRATORY 
MONITORING

Imaging is a monitoring technique that provides tremen-
dous insight into pulmonary structure, function, and 
inflammation in both health and disease.268-270 However, 
exposure to radiation and bulky devices have prevented 
its use at the bedside. Technologic advances have led to 
the introduction of newer modalities with more compact 
equipment for clinical use. This may herald an impor-
tant shift in respiratory monitoring toward increased use 
of bedside imaging. Such improvements come with the 
advantages of less radiation exposure, noninvasiveness, 
and more detailed physiologic information.

CHEST RADIOGRAPHY

Chest radiography has been the traditional imaging 
method to assess intrathoracic conditions in the OR, post-
operative anesthesia care unit, and ICUs. Accordingly, 
anesthesia providers should be familiar with basic radio-
logic findings representative of important pulmonary 
conditions such as interstitial infiltrates, hyperinflation, 
pneumothorax, pleural effusion, and consolidation. The 
image during chest radiography, as well as computed 
tomography (CT), is based on the physical principle that 
x-rays reaching a detector (e.g., film) depend on tissue 
absorption, which varies linearly with tissue density. 
However, radiation exposure restricts frequency of use. 
Furthermore, technical difficulties limit image quality. 
These difficulties include reduced resolution caused by 
movement of the patient during image acquisition and 
image distortion related to proximity of the x-ray beam 
source to the film and posterior position of the film 
cassette.

ULTRASONOGRAPHY

Lung ultrasonography is an emerging technique in 
anesthesia and critical care medicine in adults and chil-
dren.271,272 Critical and systematic approaches have 
proved that important clinical information can be 
obtained with lung ultrasonography. This adds to the 
advantages of practicality, low cost, and absence of 
radiation or other significant biologic side effects. Lung 
ultrasonography has been applied successfully in the 
assessment of pneumothorax, interstitial syndrome (i.e., 
cardiogenic and permeability pulmonary edema), lung 
consolidation, and pleural effusion. Currently avail-
able multipurpose ultrasonography probes can be used 
for specific portions of the pulmonary examination. For 
instance, the high-frequency linear array probe allows 
for detailed examination of the pleura and superficial 
changes, such as pneumothorax. This probe’s limitations 
include its size, which impedes access to larger areas of 
lung tissue because of the interference of the ribs, and 
high frequency, which limits assessment of deeper struc-
tures. To optimize visualization of the lung, probes 
should have an emission frequency of 5 to 7 MHz and 
be small with a tip shaped so that an acoustic window 
on the lung parenchyma can be obtained on intercos-
tal spaces. The 5-MHz microconvex probe is frequently 
favored.271,272

When examining the patient, a methodical approach 
should be used to ensure comprehensive assessment of 
lung structure and function. In the supine patient, each 
hemithorax should be assessed in at least six zones: two 
anterior (separated by the third intercostal space), two 
lateral, and two posterior zones.273,274 Because of the 
significant acoustic impedance differences among air, 
tissue, and bone (ribs), thoracic ultrasound is based pri-
marily on characteristic artifacts and not only on the 
visualization of anatomic structures.275 The ribs are seen 
as hyperechoic lines producing significant ultrasonogra-
phy shadow (Fig. 51-25, A). Approximately, 0.5 to 1.0 cm 
deeper and between the ribs, the pleural line is found. 
This is typically a bright, slightly curved line. These are 
major structures to be identified because many disorders 
of relevance to the anesthesiologist affect their observed 
pattern. In the normal lung, lung sliding represents the 
movement of the visceral on the parietal pleura during 
respiration and is another key sonographic finding to be 
appreciated. The magnitude of the movement is larger in 
regions closer to the diaphragm than in those near the 
lung apex.

http://www.apsf.org/initiatives.php
http://www.apsf.org/initiatives.php
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Figure 51-25. A, Typical thoracic view depicting adjacent ribs (R) producing acoustic shadowing. The white echogenic pleural line (block arrow) 
is approximately 0.5 cm below the ribs. A-line artifacts (line arrows) are seen at equidistant spaces below the pleural line. B, B-line, or comet-tail, 
artifact is the hyperechoic artifact extending from the pleural line to the edge of the screen and erasing the A line. A solitary B line is a usual find-
ing in normal lungs. C, M-mode lung ultrasound image illustrative of the “lung point” for diagnosis of pneumothorax. The sudden inspiratory 
transition from a parallel line pattern indicative of absence of lung motion (pneumothorax) to a granular pattern indicative of lung tissue can be 
observed (arrow). D, Interstitial syndrome case showing B lines 7 mm or less apart (arrow). The pleural line and ribs are also appreciated. (From 
Bouhemad B, Zhang M, Lu Q, Rouby JJ: Clinical review: bedside lung ultrasound in critical care practice, Crit Care 11:205, 2007, and Turner JP, Dankoff J:  
Thoracic ultrasound, Emerg Med Clin North Am 30:451, 473, ix, 2012.)
Below the pleura, horizontal reverberation artifacts at 
regular distances are referred to as A lines (see Fig. 51-25, A).  
Another artifact is the B line, a discrete laser-like verti-
cal hyperechoic reverberation artifact that arises from 
the pleural line (previously described as ‘‘comet tails’’), 
extends to the bottom of the screen without fading, 
moves synchronously with lung sliding, and erases A 
lines (Fig. 51-25, B). The physical and anatomic basis of 
the B lines is not established.272 Solitary B lines are nor-
mal findings in the normal lung, and increased numbers 
are observed in disease.

Based on the recognition of such artifacts, pathologic 
conditions are identified.271,272,276 Most acute disorders 
involve the lung surface, and this explains the utility of 
thoracic ultrasound in visualizing them. Ultrasonogra-
phy findings for pneumothorax are the absence of lung 
sliding, B lines, and lung pulse, and the presence of lung 
points. The M-mode ultrasound scan shows parallel lines 
indicative of no moving structure underlying the probe. 
The ultrasonography finding designated as lung point is 
found in the presence of pneumothorax and represents 
imaging of the cyclic transition during breathing from 
the absence of any sliding or moving B lines at a physi-
cal location (i.e., air with no lung parenchyma) to the 
visualization of lung sliding, B lines, or altered A lines 
indicative of lung tissue (Fig. 51-25, C).272,277 Bedside 
ultrasound scans can detect pneumothorax with sensitiv-
ity similar to that of a CT scan.271,272
An interstitial syndrome is characterized by the pres-
ence of multiple B lines. A positive region is defined by 
three or more B lines in a longitudinal plane between two 
ribs (Fig. 51-25, D). Lung consolidation is characterized 
sonographically by a subpleural echo-poor region or one 
with tissue-like echo texture. Lung consolidations may 
be caused by infection, pulmonary embolism, lung can-
cer and metastasis, compression atelectasis, obstructive 
atelectasis, and lung contusion. Additional sonographic 
signs that may help to determine the cause of lung con-
solidation include the quality of the deep margins of 
the consolidation, the presence of comet-tail reverbera-
tion artifacts at the far-field margin, the presence of air 
or fluid bronchograms, and the vascular pattern within 
the consolidation. Pleural effusions are characterized by a 
usually anechoic space between the parietal and visceral 
pleurae and by respiratory movement of the lung within 
the effusion (‘‘sinusoid sign’’). The presence of echogenic 
material within the effusion suggests an exudate or hem-
orrhage, although some exudates are anechoic. Most 
transudates are anechoic.

Advances in clinical research and experience in 
lung ultrasonography allowed for the proposal of an 
algorithm to assess severe dyspnea in the acute setting 
(Fig. 51-26). The BLUE protocol is a stepwise ultrasono-
graphic approach to the patient with acute respiratory 
failure that aims at expeditious diagnosis with 90.5% 
accuracy.276,278



PART IV: Anesthesia Management1570

Lung sliding

Any

A/B or C profile

Pneumonia

Pneumonia COPD or asthma

Venous analysis

Abolished

Pneumonia

A lines

Plus lung point

Pneumothorax

Without lung point

Need for
other diagnosis

modalities

Present

A profileB profile

Pulmonary
edema

Pulmonary
embolism

Free veins

Stage 3

Thrombosed vein

No PLAPSPLAPS

The BLUE protocol

This decision tree does not aim
at providing the diagnosis; it

indicates a way for reaching a 
90.5% accuracy when using

lung ultrasound.

Figure 51-26. The BLUE protocol algorithm based on the particular ultrasound profile of the different kinds of respiratory failure. It uses three 
lung ultrasound signs with binary answers: anterior lung sliding, multiple B lines visible between two ribs in the anterior lung, and posterior and/or 
posterolateral alveolar and/or pleural syndrome (PLAPS). These signs are combined with venous analysis to yield 90.5% accuracy in the diagnosis 
of respiratory failure.15,16 COPD, Chronic obstructive pulmonary disease. (Redrawn from Lichtenstein DA, Meziere GA: Relevance of lung ultrasound in 
the diagnosis of acute respiratory failure: the BLUE protocol, Chest 134:117-125, 2008.)
ELECTRICAL IMPEDANCE TOMOGRAPHY

Electrical impedance tomography (EIT) is a noninva-
sive and radiation-free imaging modality used to assess 
regional lung function at the bedside. The method is 
clinically available and has moderate to low spatial res-
olution but high temporal resolution, thus allowing for 
assessment of regional ventilation in real-time.270,279 Its 
use in estimating regional lung volume and optimizing 
mechanical ventilation settings brought significant atten-
tion to applications in ICUs and ORs.270

EIT is based on electrical impedance, a physical vari-
able that reflects the opposition to the passage of a cur-
rent through an object when a voltage is applied across 
it.280 The impedance of biologic tissues depends on the 
tissue composition. High concentration of electrolytes, 
extracellular water content, large cells, and number of 
cell connections by gap junctions as present in blood and 
muscles reduce impedance. Air, fat, and bone have high 
electrical impedance. Pathologic changes of tissue com-
position influence impedance. These include extravas-
cular lung water, (e.g., pulmonary edema), intrathoracic 
blood volume, fluid in cavities (pleural effusion, pericar-
dial effusion, bronchial and alveolar fluid), foreign bodies 
(pleural drain), and lung fibrosis (e.g., after ARDS or as a 
primary disorder). During the breathing cycle, thoracic 
bioimpedance is influenced fundamentally by both ven-
tilation and perfusion.

EIT relies on an array of electrodes (typically 16 to 32) 
around the chest region of interest. The location is chosen 
based on the clinical information desired, usually at the 
fifth intercostal space for standard lung assessment. A 
measurement consists of the application of a low electri-
cal current to a pair of adjacent electrodes generating volt-
ages measured by the other electrodes. A measurement 
cycle corresponds to a complete sequence of these mea-
surements deriving from the electrode pairs encircling the 
chest. The surface impedance allows for the reconstruc-
tion of an image proportional to regional impedance in 
the studied thoracic cross section. Usually, images are 
presented with pixels representing relative impedance 
change, so called functional EIT. Because air corresponds 
to high impedances and fluid and tissue to low imped-
ances, the image represents regional ventilation. Absolute 
EIT (a-EIT) is the modality in which the image represents 
the actual impedance values. Direct assessment of lung 
conditions can be accomplished by comparing low imped-
ance (e.g., hemothorax, pleural effusion, atelectasis, and 
lung edema) with high impedance (e.g., pneumothorax, 
emphysema).281 EIT has compared successfully with stan-
dard methods, including CT.270,280,282

Because the technique provides direct real-time assess-
ment of changes in regional aeration, several applications 
related to regional lung function have been identified.279 
These include the effect of induction and tracheal intuba-
tion at the expiratory lung level and regional ventilation 
in children (see also Chapter 95) (Fig. 51-27),283 perioper-
ative monitoring of the distribution of ventilation during 
spontaneous and controlled breathing,284 effects of PEEP 
on regional ventilation during laparoscopic surgery,285 
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Figure 51-27. Relative impedance signal at five key stages during induction of anesthesia in children. A small impedance signal is noted during 
spontaneous breathing (SB) as muscle paralysis develops. Effective hand bagging (HB) produces a high-intensity signal, which is reduced to zero 
during tracheal intubation (INT). Distribution of regional impedances during hand bagging with the endotracheal tube (ETT) and conventional 
mechanical ventilation (CMV) are also visualized. (From Humphreys S, Pham TM, Stocker C, Schibler A: The effect of induction of anesthesia and intuba-
tion on end-expiratory lung level and regional ventilation distribution in cardiac children, Paediatr Anaesth 21:887-893, 2011.)
assessment of ventilation distribution during mechani-
cal ventilation,282 bedside recruitment, PEEP titration 
with assessment of alveolar collapse and hyperdisten-
tion in patients with ADRS (see also Chapter 101),286 and 
assessment of HFOV.252,287 Given that optimization of 
lung inflation is key not only to improving gas exchange 
but also to minimizing ventilator-induced lung injury 
intraoperatively and postoperatively, EIT may be of 
value in patients at risk for intraoperative and postopera-
tive respiratory complications.288 EIT may also allow for 
real-time detection of pneumothorax.289 EIT may even-
tually provide regional measurements of regional perfu-
sion,290 which could be valuable for bedside assessment 
of V̇/Q̇  matching during spontaneous and mechanical 
ventilation.

POINT-OF-CARE TESTS

Point-of-care testing (POCT) is the performance of labo-
ratory measurements near the site of patient care. POCT 
technology includes portable analyzers and use of small 
blood samples. This implies the availability of rapid, pre-
cise, and accurate measurements in ORs and ICUs. POCT 
yields improvements in patient outcome through expedi-
tious detection of physiologic deterioration and prompt 
treatment. Respiratory monitoring is a major element of 
POCT and includes analysis of arterial blood gases (PaO2, 
Paco2, pH), Hb, and lactate.

Blood gas measurements can be obtained with accept-
able levels of accuracy and precision. For instance, three 
platforms for arterial blood gases and Hb were found to 
show a coefficient of variation of approximately 3%.291 
Mean differences among the measurements were less 
than 3.2 mm Hg for PaO2 in the range of 53 to 272 mm 
Hg, −1.5 mm Hg for Paco2 in the range of 29 to 55 mm 
Hg, and 0.03 for pH in the range of 6.55 to 7.50.

Hb is measured using either conductivity-based meth-
ods where hematocrit is assessed and the Hb concen-
tration is calculated (Hb [g/dL] = hematocrit × 0.34) or 
with optical methods, such as using the azide-metHb 
reaction and photometry absorbance (see also Chapter 
61).292 Conductivity-based Hb measurements can be less 
than those reported by standard systems, with a clini-
cally significant bias of −1.2 g/dL in the Hb range of 8.5 
to 14.2 g/dL and a trend to underestimate the Hb value 
at low ranges.291 Optical measurements have a preci-
sion of ± 1.5% compared with laboratory analysis and a 
correlation of 0.89.293 The method provides precise and 
accurate results when used on venous blood in labora-
tory conditions with a coefficient of variation between 
1.4% and 2.2%, only slightly higher than the precision of 
current hematology analyzers.19 In patients undergoing 
hemorrhagic urologic surgical procedures,19 the bias in 
optical-based measurements as compared with a labora-
tory analyzer was −0.2 ± 1.1 g/dL, and the precision was 
0.7 ± 0.8 g/dL. High deviations (beyond ±1.0 g/dL) from 
standard laboratory analyzers occurred in 16% of those 
patients,19 as well as in 1 of 78 measurements in adult 
patients undergoing surgical procedures of the spine.294

The site of blood sampling can influence POCT results. 
For capillary blood samples obtained from finger and ear 
punctures, a significant correlation exists between opti-
cal-based and automated laboratory Hb analysis, with a 
nonsignificant bias. Fingerstick samples may approximate 
standard laboratory Hb measurements better than ear 
lobe samples.19 Capillary blood samples (lancet puncture 
to middle or ring finger and fourth drop used) in patients 
with gastrointestinal bleeding resulted in high deviations 
(>1 g/dL) in 21% of cases and very high deviations (>2 g/dL)  
in 4% of cases.295 In critically ill patients, poor agreement 
with reference measurements is reported,296 especially 
with capillary blood samples and in patients with extrem-
ity pitting edema. POCT proved relevant in the assessment 
of arterial blood gases during pseudohypoxemia (also 
called “spurious hypoxemia” and “leukocyte larceny”). 
This is a known cause of inaccurate blood gas measure-
ments and occurs when PaO2 is reduced by increased O2 
consumption as a result of markedly elevated white blood 
cell counts in the arterial blood sample. Measurement 
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error is further aggravated by delayed laboratory analysis 
or incorrect sampling. Pseudohypoxemia occurs not only 
in hyperleukocytosis but also in thrombocytosis associ-
ated with polycythemia vera.

As POCT progresses, relevant limitations will need 
to be addressed, including cost, accuracy, data man-
agement, and evidence for improved outcomes. Con-
trary to some expectations, availability of POCT in 
academic centers does not increase the number of 
tests performed.297 Characteristics of individual insti-
tutions must be considered before implementation of 
POCT. For instance, POCT blood-gas analysis may offer 
minimal time savings and cost benefits compared with 
central laboratory analysis in an institution with short 
turnaround time.

RESPIRATORY MONITORING IN SPECIAL 
CONDITIONS

As methods for life support are advanced, the physi-
ologic patterns that serve as the basis for assessment 
of gas exchange and respiratory mechanics can be dra-
matically changed. This occurs, for instance, during HFV 
when significant reductions in VT are combined with 
large increases in respiratory rate. During rigid bronchos-
copy or laryngeal interventions, the anesthesiologist is 
required to share management of the airway with the sur-
geon. This may result in intermittent loss of information 
regarding airway flow, volume, and pressure, as well as 
end-tidal gas concentration. In these situations, clinical 
assessment based on physical examination (i.e., inspec-
tion, auscultation) becomes paramount. Specific consid-
erations for respiratory monitoring in special conditions 
are detailed later.

HIGH-FREQUENCY VENTILATION

HFV is a ventilatory mode using VT smaller than the ana-
tomic dead space, tenfold to fiftyfold higher respiratory 
frequencies, and high instantaneous flow rates. HFV is 
a broad term encompassing various modalities. These 
include high-frequency jet ventilation (HFJV) and high-
frequency percussive ventilation (HFPV), both of which 
allow for passive exhalation, as well as HFOV, in which 
exhalation is actively driven by the device. The mecha-
nisms for gas exchange during HFV are complex and 
include convective transport, turbulence, pendelluft, 
velocity profile distortion and asymmetry, Taylor dis-
persion, molecular diffusion, collateral ventilation, and 
cardiogenic mixing.298-300 This method results in a fun-
damentally different relationship for CO2 elimination 
(V̇CO2) compared with conventional ventilation.301 For 
example, during conventional ventilation:

 V̇CO2 ∝ f (VT − VD) [32]

where f is the breathing frequency and VD is dead space 
volume. However, during HFOV302:

 V̇CO2 ∝ f
V2

T

VD

 [33]
Although the use of HFOV is not uncommon for 
neonates in respiratory distress in whom conventional 
ventilation has failed is,303-305 its use in adult patients 
with ARDS has been limited by its perceived lack of effi-
cacy.306,307 Interest has been renewed in the use of HFOV 
in adult patients with ARDS because HFOV could facili-
tate lung-protective ventilation by using high mean air-
way pressures and low VT to achieve alveolar recruitment 
without overdistention.308-312

Most high-frequency oscillators use pistons to drive 
flow actively into and out of the airway at respiratory rates 
between 3 and 20 Hz.313,314 However some oscillators, 
and most jet ventilators, rely on solenoid valves.315-317 
With HFOV, fresh gas and CO2 may be removed by a 
continuous bias flow of warmed, humidified gas past the 
proximal end of the ETT, and mean airway pressure is 
regulated by an adjustable valve venting the bias flow and 
exhaled gas from the circuit. These devices may be either 
pressure or time cycled, and both the mean airway pres-
sure and oscillatory pressure amplitude are displayed on 
the console to the clinician. However, for the frequencies 
used during HFV, a significant portion of the oscillatory 
pressure amplitude results from the inertia of the gas col-
umn contained in the breathing circuit and the patient’s 
airways, and thus it should not be used as a surrogate for 
lung distention.

Clinically useful physiologic information inferred from 
airway flow and pressure measurements is somewhat lim-
ited during HFV. During conventional mechanical ven-
tilation, airway pressure and flow are related according 
to basic mechanical properties of the respiratory system, 
such as airway resistance and tissue compliance. How-
ever, during HFV, airway pressure and flow reflect com-
plex resistive and inertial gas properties in the central 
airways. Many investigators have assessed respiratory 
mechanics during HFV by transiently switching patients 
to conventional mechanical ventilation to obtain basic 
estimates of resistance and compliance,318 or even mak-
ing intermittent low-frequency oscillatory measurements 
to measure airway and tissue properties.319 The pressure 
transmission index, defined as the ratio of the pressure 
measured directly in the trachea to the pressure at the 
proximal end of the breathing circuit (i.e., the pressure 
amplitude measured at the oscillator), is strongly corre-
lated with tissue elastance.319,320

An important component of monitoring during any 
form of HFV is the assessment of mechanical function. 
Many important physiologic parameters, such as mean 
airway pressure and VT, are not explicitly controlled by 
most high-frequency ventilators. Thus, the relationship 
between pressure transduced at the proximal end of the 
breathing circuit and the VT delivered to the patient is dif-
ficult to assess. Indeed, this relationship is highly nonlin-
ear,303 and it depends on frequency, gas composition and 
inertia, and the overall mechanics of the patient’s respira-
tory system.211,250 Given the important role that VT plays 
in CO2 elimination during HFV (Equation 33), accurate 
measurement of airway flow is important for the devel-
opment and standardization of clinical trials.307 Hot wire 
anemometry yields the most accurate estimates of airway 
flow and delivered VT during HFOV compared with other 
measuring devices.211,250



Adequacy of gas exchange is essential during HFV. Anal-
ysis of arterial blood gases should be performed within 30 
minutes of any change in ventilator settings, and at least 
twice per day on stable settings.308 Whereas oxygenation 
is usually assessed with continuous pulse oximetry, CO2 
elimination is more technically challenging to monitor. 
Attempts have been made to incorporate various forms 
of capnography into HFV circuits,321-324 with varying 
degrees of success. Depending on where exhaled gases are 
sampled, the correlation between Petco2 and Paco2 may 
be adequate during HFV.323,324 The discrepancy between 
PetCO2 and Paco2 is often a reflection of the slower 
response time of many sidestream CO2 analyzers.151 The 
Pco2 sampled at the airway opening may thus underes-
timate the true alveolar CO2 levels.322 The most accurate 
measurement of alveolar Pco2 is obtained when it is mea-
sured at the very distal tip of the ETT,325 although this 
is not always clinically feasible. Transcutaneous measure-
ments of Pco2 may hold considerable promise for assess-
ment of CO2 clearance during HFV.326

Although HFOV has not been shown to improve out-
comes in adult patients with ARDS significantly,301,306 
this finding may reflect the variable effects of frequency, 
amplitude, and mean airway pressure with oscillating of 
a heterogeneously injured lung,310 as well as the poorly 
understood phenomena of gas distribution, volume 
recruitment, and V̇/Q̇  matching in individual patients. 
Nonetheless, this ventilatory modality represents a prom-
ising approach to lung-protective ventilation. Future 
clinical trials will guide both therapy and technologic 
development of HFOV,309 thus providing a scientific 
basis for the rational use of this technology in critically 
ill patients.

JET VENTILATION

Jet ventilation is commonly used for procedures in which 
the surgeon requires unobstructed access to the airway.327 
During inspiration, O2 or an O2-air mixture is applied 
under high pressure to the airway through either a spe-
cialized catheter or a rigid bronchoscope. This jet of gas, 
along with entrained air from the surrounding environ-
ment, leads to insufflation of the lungs. Expiration takes 
place through passive recoil. The entire system is open 
to the environment, thus leading to significant escape of 
respiratory gases.316

Oxygenation during jet ventilation can be adequately 
monitored using pulse oximetry. Ascertaining the pres-
ence and adequacy of ventilation, especially during HFJV, 
is more challenging because the composition and volume 
of the exhaled gases cannot be directly measured. Arte-
rial sampling of Paco2 is accurate but intermittent and 
invasive. Gas can be sampled at the distal end of the 
catheter or rigid bronchoscope through a dedicated chan-
nel. Quantitative capnography during HFJV does not 
accurately reflect Paco2 because VT is smaller than dead 
space.328 This problem can be overcome by the intermit-
tent suspension of HFJV or reduction in frequency to 10 
breaths/minute or less. Petco2 measurements obtained 
in this manner accurately reflect the Paco2 and allow the 
intermittent monitoring of ventilation.324,329-331 The mea-
surement of transcutaneous Pco2 (Ptcco2) is noninvasive 
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and continuous. Although Ptcco2 is not as accurate as 
capnometry, its use has been suggested to allow for track-
ing of changes in Paco2.331 The absence of VT and con-
tinuous Petco2 monitoring precludes standard ventilator 
disconnect monitoring during intraoperative HFJV. RIP, 
which uses changes in the inductance of bands placed 
around the chest to monitor respirations, has been dem-
onstrated to discriminate reliably between the presence 
and absence of HFJV and may be developed as a monitor 
to detect disconnect or the absence of adequate thoracic 
excursion during HFJV.254

INTRAHOSPITAL TRANSPORT OF PATIENTS

Intrahospital transport of critically ill patients is a fre-
quent occurrence. Transport of adult and pediatric 
patients from locations with advanced monitoring to 
more remote locations is fraught with difficulty, rang-
ing from simple equipment malfunction to major disas-
ters.332-334 Complex monitoring and numerous pieces of 
equipment are often required for safe transfer, especially 
when additional devices such as extracorporeal mem-
brane oxygenators and ventricular assist devices are pres-
ent. The lack of standardized monitoring techniques and 
terminology explain the wide reported discrepancies in 
the incidence of adverse events. Previous studies dem-
onstrate a frequent incidence of respiratory compromise 
and gas exchange deterioration following transport.333-335

Respiratory monitoring during transport should ide-
ally be the same as that in the OR or ICU before reloca-
tion. In practice, at least clinical signs (e.g., skin color, 
chest expansion, auscultation, endotracheal secretions), 
pulse oximetry, and respiratory rate should be monitored 
throughout intrahospital transport. If a transport ventila-
tor is used, airway pressures should be readily available in 
numeric or graphic formats. Human factors are essential 
during transport, and a specialized transport team using 
standardized management procedures with preparatory, 
transfer, and posttransport stabilization phases likely lim-
its the frequency of adverse events.336-338 This is particu-
larly important when high-risk patients are involved.337 
Equipment and medications needed to establish and 
maintain a secure airway and hemodynamics should be 
available during any transfer. Adequate O2 supply with 
functioning low-pressure alarms should be verified dur-
ing pretransport preparation. A transport ventilator can 
provide better oxygenation and reduce variability in 
pH and Pco2 compared with manual ventilation.335,339 
The transfer phase may require several professionals 
under the coordination and supervision of an attending 
anesthesiologist.

AUTOMATED DATA SYSTEMS

Electronic anesthesia records are gaining increased use in 
anesthesiology (see also Chapters 1 and 5). These systems 
provide data from medical devices, clinical information 
management systems, and laboratory data. The avail-
ability of large amounts of real-time data in digital form 
allows for introduction of new approaches to monitoring 
that may have been conceptualized, but not yet clinically 
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implemented. In fact, although decision support research 
has been done for years, little progress has been made 
in clinical decision support for the acute management 
of unstable patients, a major challenge in the OR and 
ICU.340

Computerized monitoring has the potential to improve 
clinical monitoring.341 However, it has limitations result-
ing from typical requirements not well-suited to human 
performance, such as monitoring graphic displays over 
extended periods or the execution of overt responses 
to low-probability events. Humans are limited in their 
ability to analyze large quantities of data accurately and 
continuously. Accordingly, computer algorithms that 
identify subtle but meaningful trends in physiologic 
data are desirable. Such tools require relevant contextu-
alization of measurement to improve accuracy, as well as 
minimization of false-negative and false-positive alarms. 
This automated monitoring should depend not only on 
timely measurements, but also on prior information. 
Alarms should not be fixed to specified thresholds, but 
rather dynamically adapted to information as it becomes 
available. Algorithms with established clinical rules pro-
vide the opportunity to detect subtle changes in time-
series data,342 which exceed human discrimination.343 
Such automated systems minimize monitoring failures 
and promote timely responses, thus enhancing the per-
formance of anesthesia delivery during long periods. 
Some tools of respiratory monitoring have been assessed 
in adult and pediatric populations.340,344-346 Data banks 
have been developed for research.347 Another potential 
interest in these systems is that of creating closed-loop 
systems, such as those currently implemented to adjust 
settings in commercial mechanical ventilators.345,348

Although these methods are not currently established 
for clinical use, they are expected to find increasing 
application as reliable monitoring algorithms are imple-
mented and validated. Such automated systems allow for 
the implementation of additional levels of safety. The 
detection of potentially dangerous events, such as contin-
uously low Sao2 or the absence of Petco2 measurements 
for several breaths, can generate an automated alarm, a 
screen alert, or an automated page to the supervising cli-
nician.349 This type of alert system is already used in many 
airplanes. In a different condition (e.g., when changes in 
oxygenation occur over a period of minutes), improved 
processes should be directed to the anesthesia provider in 
direct contact with the patient, to initiate prompt treat-
ment, assess artifacts, and/or call for assistance.349

ADDITIONAL MONITORED VARIABLES

NITROGEN WASHOUT AND  
END-EXPIRATORY LUNG VOLUME

A resurgence of interest has occurred in the use of nitro-
gen washout methods for adult350,351 and pediatric352 
patients (see also Chapter 95). Nitrogen washout tech-
niques are in commercial mechanical ventilators for 
use in ICUs (see also Chapter 101). The main parameter 
of interest has been the end-expiratory lung volume, 
a potentially valuable measurement to optimize lung 
expansion during mechanical ventilation and to assess 
ventilatory interventions such as PEEP adjustment.351 
The measurements are performed by introducing a step 
change in the inspired air (traditionally from room air to 
100% O2, in current systems a nitrogen washout-washin 
method with 10% to 20% change in FiO2) and solving 
mass balance equations for the lung volume. In patients 
with ARDS, measurements of end-expiratory lung volume 
demonstrated good accuracy and reproducibility, with a 
coefficient of variation of less than 4%.351 In 30 patients 
in ICUs who were undergoing CT for clinical reasons, the 
end-expiratory lung volume measured with the modified 
nitrogen washout-washin technique was well correlated 
(r2 = 0.89) with CT measurements with a bias of 94 ± 
143 mL (15 ± 18%; P = .001), within the limits of accuracy 
provided by the manufacturer.350 Nitrogen washouts can 
also provide measures of ventilation heterogeneity.352

TRANSCUTANEOUS MEASUREMENTS OF 
PARTIAL PRESSURES OF OXYGEN AND 
CARBON DIOXIDE

Gas exchange is a dynamic, at times rapidly changing, 
process. Conventional direct measurements of arterial 
blood gases, although still the gold standard for PaO2, 
Paco2, and pH monitoring, provide only an isolated pic-
ture of that process. Expeditious assessment of circulating 
blood gases could facilitate faster initiation of required 
therapy and adjustment of implemented ventilation. A 
method for noninvasive continuous monitoring of Pao2 
and Paco2 is a current clinical need.

Transcutaneous measurements of Po2 (Ptco2) and Pco2 
(Ptcco2) are monitoring methods that aim to provide 
noninvasive estimates of arterial O2 and CO2, or at least 
trends associated with these variables. These indices have 
been useful in intensive care management of neonates 
and infants353 (see also Chapter 95), as well as in the fields 
of wound healing and hyperbaric therapy. An advantage 
is that transcutaneous monitoring can be applied when 
expired gas sampling is limited such as during HFOV, 
apnea testing, and noninvasive ventilation. The measure-
ments are based on the diffusion of O2 and CO2 through 
the skin. Because the skin is not entirely permeable to 
gases, warming is used to facilitate gas diffusion. Such an 
increase in temperature (usually 42° C to 45° C) promotes 
increased O2 and CO2 partial pressure at the skin surface 
resulting from changes in structure of the stratum cor-
neum that increase diffusion and dermal hyperemia and 
shift the Hb dissociation curve. This process ultimately 
results in arterialization of the regional blood. Ptco2 and 
Ptcco2 are thus influenced not only by the arterial gas par-
tial pressures but also by skin O2 consumption, CO2 pro-
duction, and regional blood flow. Accordingly, Ptco2 is 
usually lower than PaO2, and Ptcco2 is higher than Paco2.

O2 transducers are electrochemical polarographic 
Clark-type electrodes in which the rate of chemical reac-
tion is related to an electrical signal proportional to the 
O2 concentration. For CO2, a transducer using a pH elec-
trode to measure the Pco2 (Stow-Severinghaus electrode) 
is used, where a change in pH is proportional to the 
logarithm of the Pco2 change. For CO2 monitors, a tem-
perature correction factor is used to estimate Paco2 from 



Ptcco2. In vivo correction is available in some devices 
based on arterial blood gases. The thin epidermal layer 
of infants facilitates the measurements, in contrast to the 
diffusion barrier introduced by the thicker adult skin. A 
lower electrode temperature in Ptcco2-monitoring pro-
duces systematic bias of the transcutaneous electrode. 
However, in very preterm babies, monitoring at 40° C or 
41° C to reduce the risk of burns is possible, provided a 
bias correction of 12% to 15% is applied.354

The main application of Ptcco2 is in the neonatal ICU 
population.353 Even in very low-birth-weight infants, the 
mean difference between Ptcco2 and Paco2 is 3.0 mm Hg 
(95% confidence interval, 0.2 to 6.0 mm Hg; P < .05).355 
In addition, Ptcco2 may be used to assess the efficacy of 
mechanical ventilation continuously during respiratory 
failure. In this setting, in children 1 to 16 years old, Ptcco2 
was more accurate and precise than Petco2 in relation to 
Paco2. Ptcco2-Paco2 differences were 2.3 ± 1.3 mm Hg in 
children 1 to 3.4 years old and 2.6 ± 2.0 mm Hg in chil-
dren 4 to 16 years old.353 PetCO2-Paco2 differences were 
larger (6.8 ± 5.1 mm Hg and 6.4 ± 6.3 mm Hg) for the 
same age ranges. When compared with PetCO2, Ptcco2 
monitoring is equally accurate in patients with normal 
respiratory function. Accuracy and precision in the peri-
operative period of cardiac surgery for congenital heart 
disease in infants and children were better for Ptcco2 than 
Petco2 in relation to Paco2 with exception of patients 
receiving significant amounts of vasoactive medications 
and in low cardiac output states (see also Chapter 94).

In adults, whereas Ptcco2 has not proved to be a reli-
able surrogate for Paco2 in the general population of 
anesthetized and critically ill patients, Ptcco2 monitor-
ing could be suitable to some specific conditions. Ptcco2 
could be a more accurate estimate of Paco2 than Petco2 
during laparoscopic surgery with prolonged pneumoperi-
toneum,356 in which even trends provided by Petco2 
may be unreliable to monitor Paco2.357 During deep seda-
tion for ambulatory hysteroscopy in healthy patients, 
earlobe Ptcco2 agreed better with Paco2 than did nasal 
sidestream PetCO2, with lower bias (1.7 versus −7.0 mm 
Hg) and smaller mean differences to Paco2 (3.2 ± 2.6 ver-
sus 8.0 ± 6.0 mm Hg) (see also Chapter 89).358 The sen-
sitivity of the Ptcco2 monitor for detecting Paco2 higher 
than 50 mm Hg was also greater than for Petco2 (66.7% 
versus 33.3%; P < .01).358 Ptcco2 is also helpful during 
weaning from mechanical ventilation after off-pump 
coronary artery bypass graft.359 Ptcco2 monitoring over 8 
hours in six hemodynamically stable adult intensive care 
patients suggested the possibility of reaching bias and 
limits of agreement of 0.4 and −5.5 to 6.4 mm Hg.360 In 
adults admitted to an emergency department for acute 
respiratory failure, agreement between Paco2 and Ptcco2 
was 0.1 mm Hg, and the limits of agreement were from −6 
to 6.2 mm Hg. None of the patients experienced adverse 
effects from heating of the device clipped to the earlobe. 
However, in patients undergoing noninvasive ventila-
tion, unacceptably wide variability may be observed.361

Ptco2 from normal to extremely low-birth-weight 
infants agreed well with Pao2 measurements, with mean 
Ptco2-PaO2 difference 2.3 (−1.5 to 6.8) mm Hg, clinically 
acceptable in current neonatal ICUs (see also Chapter 95). 
Ptco2 in neonates is additionally important to detect 
Chapter 51: Respiratory Monitoring 1575

hyperoxia, which is not feasible with pulse oximetry. 
The use of Ptco2 in adults has been focused on wound 
management, peripheral vascular disease, and hyperbaric 
medicine. Although attempts for applications in adults 
were promising, such as the use of Ptco2 to support resus-
citative efforts,362 measurements following off-pump 
coronary artery surgical procedures still present very high 
variability.363 The dependence of Ptco2 on low-flow states 
has been used in conjunction with analysis of arterial 
blood gases to estimate adequacy of cutaneous blood flow 
and, by inference hemodynamic, stability.364,365

Ptcco2 monitoring does not replace Petco2 monitor-
ing, which remains the standard of care to demonstrate 
the intratracheal location of the ETT following intubation 
and as a disconnect alarm in the OR (details are given in 
the section on tissue oxygenation).

In summary, transcutaneous measurements are favor-
ably positioned for continuous gas exchange monitoring 
in neonates and infants. In contrast, widespread applica-
tions of transcutaneous techniques in the perioperative 
settings are still hindered by limitations, such as poor 
cutaneous blood flow; need for frequent calibration; slow 
response time, and risk for skin burns with prolonged 
application.

LUNG WATER

Pulmonary edema is a hallmark of lung injury. It can 
result from increased hydrostatic pressure in the pulmo-
nary capillaries (cardiogenic), increased permeability of 
the alveolar capillary membrane (noncardiogenic), and 
reduced lymphatic drainage from the lungs. Such mecha-
nisms can be caused by pulmonary and extrapulmonary 
factors. For these reasons, interest in the development of 
methods to quantify extravascular lung water (EVLW) 
has been considerable because this may assist in the diag-
nosis and management of those conditions, including 
fluid therapy, diuretics, and mechanical ventilation. In 
patients, assessment of pulmonary edema is made with 
imaging techniques (e.g., chest radiography, ultraso-
nograpy, CT, and EIT) and indicator dilution methods.

Imaging Techniques
The method used primarily in clinical practice remains 
the bedside chest radiograph. It allows for semiquantita-
tive assessment of EVLW, its distribution, and its possible 
etiology. The chest radiograph has limited diagnostic 
accuracy. This is because: (1) edema may not be visible 
until the amount of lung water increases by 30%366; (2) 
any radiolucent material that fills the air spaces (e.g., 
alveolar hemorrhage, pus, and bronchoalveolar car-
cinoma) will produce a radiographic image similar to 
that of pulmonary edema; (3) technical issues includ-
ing rotation, inspiration, positive-pressure ventilation, 
patient position, and underpenetration or overpenetra-
tion can reduce sensitivity and specificity; and (4) sub-
stantial interobserver variability exists in interpretation 
of chest radiographs.367,368 CT is another radiographic 
technique to quantify EVLW. In animal experiments, 
CT densitometry could detect an increase in EVLW by as 
little as 50%.162 CT-based studies indicated that signifi-
cant hypoxemia secondary to pulmonary edema may not 
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develop until the increase in EVLW approaches 200% to 
300%.163 Lack of portability and high radiation exposure 
limit the use of CT as a continuous intraoperative moni-
tor. Positron emission tomography165 and nuclear mag-
netic resonance166 are imaging techniques that can assess 
lung water. However, they are not amenable for routine 
clinical use in the perioperative setting. Ultrasound and 
EIT are methods described previously.

Indicator Dilution Methods
Such measurements of EVLW have been expected to 
be superior to blood oxygenation and chest radiogra-
phy. They are based on the kinetics of one or two trac-
ers injected centrally and measured in an artery. Initial 
techniques were based on a double-indicator dilu-
tion method. These techniques gained renewed atten-
tion with the introduction of a clinical device to assess 
EVLW by using transpulmonary thermodilution tech-
nology, which facilitated bedside measurements.369 The 
device uses cold saline solution as the single indicator 
injected in a central venous line. EVLW and additional 
hemodynamic parameters (i.e., cardiac output) are com-
puted from the curve of temperature in the peripheral 
artery.370 Good reproducibility and correlation can occur 
with gravimetric methods and can be a useful clinical 
and research tool. EVLW may be a predictor of mortal-
ity in patients with severe sepsis371 and ARDS.372,373 It is 
a diagnostic tool in detecting early pulmonary edema374 
and in evaluating the effect of ventilatory modes dur-
ing esophagectomy.375 The measurement has also been 
proposed to guide intravascular fluid therapy in ARDS376 
and subarachnoid hemorrhage,377 as well as assess the 
effect of steroids during cardiac surgical procedures (see 
also Chapter 67).378 EVLW was the primary outcome vari-
able in clinical trials to study the efficacy of salbutamol 
to resolve pulmonary edema in patients with ARDS (the 
Beta-Agonist Lung Injury Trial379) and lung resection (see 
also Chapter 66).380

The limitations on this technique derive from the 
considerable and at times conflicting assumptions.370,381 
Measurement premises include that the thermal indi-
cator reaches all lung regions and equilibrates in all of 
them and that the central circulation volumes between 
the injection and temperature measurement sites can be 
described as a small number of individual well-mixed 
compartments, each showing a monoexponential decay 
of temperature with time. Experimental evidence indi-
cated that assumptions for the method do not apply 
to all conditions; an important factor is the changes 
in the regional distribution of perfusion during lung 
injury.370,382,383 These changes may significantly com-
promise the measurement.381 Indeed, redistribution of 
lung perfusion can produce measurement changes larger 
than those seen in the Beta-Agonist Lung Injury Trial 
between treatment and control groups.379,382 Such results 
are also consistent with the influence of the type of lung 
injury on the accuracy of EVLW measurements,384-386 as 
well as with the poor correlation between transpulmo-
nary thermodilution EVLW and qualitative CT estimates 
of EVLW.387 Thus, the expected reliability of transpul-
monary thermodilution EVLW to follow trends388 can-
not be taken for granted, and it requires interpretation 
in light of potential simultaneous changes in regional 
perfusion. Finally, the technique requires placement of 
arterial and central venous catheters, thereby increasing 
invasiveness. The hope is that future studies and experi-
ence will determine the place of such monitors in clini-
cal practice.
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Renal Function Monitoring
KATHLEEN LIU • MARK STAFFORD-SMITH • ANDREW SHAW

K e y  P o i n t s

 •  The incidence of perioperative acute kidney injury (AKI) (previously referred to as 
acute renal failure) varies, depending on the definition used.

 •  Although uncommon, AKI requiring dialysis is associated with extremely high 
morbidity and mortality rates.

 •  The mechanism for perioperative AKI is complex and commonly involves multiple 
factors including ischemia-reperfusion injury, inflammation, and toxins.

 •  Repeated direct perioperative assessments of renal hemodynamics or tubular 
function are impractical; therefore indirect assessments, such as trends of serum 
creatinine concentrations, are the best practical perioperative tools to assess renal 
function.

 •  Intraoperative urine formation depends on many factors and is not validated as 
a measure of the risk of postoperative renal dysfunction. Yet postoperatively, 
patients with low intraoperative urine output may develop renal dysfunction. 
Therefore urine output should be carefully monitored in the intraoperative setting.

 •  Serum chemistries and urine indices, such as blood urea nitrogen, creatinine, 
and fractional excretion of sodium, are generally late indicators of renal function 
deterioration and do not enable the clinician to delineate clearly the cause of renal 
failure.

 •  The most sensitive and specific clinical method for determining renal function 
is direct measurement of glomerular filtration rate (GFR). However, this 
measurement is limited by time and measurement restrictions.

 •  Early biochemical markers for kidney injury may soon become new tests that can 
provide prompt clinical information.

 •  Volume overload is a risk factor for adverse outcomes in patients with AKI and may 
influence concentrations of conventional markers of kidney function such as serum 
creatinine.

Acknowledgment: The editors and publisher would like to thank Dr. Solomon Aronson for contributing a chapter on 
this topic to the prior edition of this work. It has served as the foundation for the current chapter.
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Acute kidney injury (AKI) (previously known as acute 
renal failure) is characterized by rapid decline in the glo-
merular filtration rate (GFR) and the accumulation of 
nitrogenous waste products (blood urea nitrogen [BUN] 
and creatinine). AKI occurs in approximately 5% to 25% 
of all hospitalized patients, depending on the precise 
definition used for AKI, and with more frequent rates in 
patients who are critically ill in the intensive care unit 
(ICU) (also see Chapter 101). AKI is also a serious periopera-
tive complication for patients undergoing major surgery.1 
As the incidence of AKI varies by the definition used, the 
mortality of AKI ranges from 10% to 35% for mild AKI, 
whereas AKI in the ICU setting is associated with a 50% 
to 80% mortality rate (see Chapter 101). However, sup-
portive care with dialysis has reduced mortality from AKI. 
Whereas the mortality rate of oliguric AKI was 91% during  
World War II, mortality declined to 53% during the 
Korean War with the provision of dialysis.2 AKI requiring 
dialysis develops in 1% to 7% of patients after cardiac or 
major vascular surgery and is strongly associated with 
morbidity and mortality in this context (Fig. 52-1) (see 
Chapters 67 and 69).3-8 Although mortality after cardiac 
surgery in those with AKI has decreased, the odds of having 
AKI have increased. This combination actually results in 
an increase in the risk of death associated with AKI.9

Perioperative renal failure was long defined as a 
requirement for postoperative dialysis. However, the 
thinking concerning this concept has evolved during 
the past several years. First, because the implications of 
requiring postoperative dialysis are quite different for a 
patient starting with a normal baseline renal function 
compared with one starting with advanced chronic kidney 
disease and because the criteria for the use of dialysis 
are not standardized, the usefulness of dialysis alone to 
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define AKI has been questioned.10-12 Second, studies are 
difficult to compare because of the use of nonstandard 
definitions for AKI. For example, in one review of 28 stu-
dies,13 definitions for perioperative AKI varied. Third, con-
sensus definitions that focus on small changes in serum 
creatinine and on changes in urine output to define AKI 
have received widespread adoption. This last conclusion 
is based on the recognition that small changes in renal 
function directly relate to an increased risk of death.

As a result, recent consensus criteria are being used to 
define AKI in both the perioperative and other medical  
settings. The first proposed consensus criteria were the 
RIFLE (Risk, Injury, Failure, Loss, End-stage) kidney 
disease criteria developed by the Acute Dialysis Qual-
ity Initiative (Table 52-1).14 These have subsequently 
undergone two modifications by the Acute Kidney Injury 
Network (AKIN) criteria15 and in the recently published 
Kidney Disease: Improving Global Outcomes (KDIGO) 
AKI guidelines.16 As detailed in Table 52-1, the cen-
tral components of these criteria are the focus on rela-
tive and absolute changes in creatinine from a baseline 
value and the definition of several degrees of AKI severity. 
Consequently, milder AKI (e.g., KDIGO, Stage 1 disease) 
will be more common than Stage 3 disease and will also 
be associated with a lower mortality rate. These criteria  
have also proposed definitions for AKI based on urine 
output. However, using urine output criteria are not as 
well validated regarding their relationship to adverse out-
comes including mortality because of other complexities, 
including a lack of correction for morbid obesity.17

As medical populations shift toward older and more 
critically ill patients undergoing increasingly high-risk 
procedures, patients are at an increased risk of AKI in the 
perioperative setting. Indeed, a recent study of dialysis 
after elective major surgery suggests that the incidence of 
dialysis-requiring AKI is rising from 0.2% in 1995 to 0.6% 
in 2009, with the majority of the increase occurring after 
vascular and cardiac surgery (see Chapters 67 and 69).18 
Although ischemic causes may be primarily responsible 
for perioperative AKI,19,20 the successful development of 
renoprotective strategies has not occurred.21 Furthermore, 
other pathophysiologic contributors to perioperative AKI 
may include contrast-induced nephropathy, pigment 
nephropathy (e.g., hemoglobin, myoglobin), cholesterol 
emboli (e.g., atheroembolic renal disease), aminoglyco-
side toxicity, norepinephrine-induced nephropathy, and 
sepsis, also known as systemic inflammatory response 
syndrome. Animal studies of such pure nephropathies 
treated with logical renoprotective interventions often 
demonstrate success; unfortunately, this success has 
rarely extended to equivalent renoprotection in humans. 
However, it is not surprising that a specific treatment for 
a pure nephropathy nonselectively applied to a mixture 
of nephropathies, variably expressed in different patients, 
would be unsuccessful. Protection from one type of renal 
failure may even add risk for another type; for example, 
augmenting renal blood flow (RBF) may attenuate ischemia-
reperfusion injury while delivering more atheroembolic 
and inflammatory mediators. Postoperative AKI, rather 
than being a single entity, is likely a mosaic of several 
pure nephropathies, each of varying importance for a par-
ticular patient and procedure (Fig. 52-2).

Individualized renoprotection strategies, guided by 
timely point-of-care renal function monitoring, will be 
needed. Hence, advances in renal function monitoring 
are currently a major focus in the search for improved 
renal protection and risk stratification strategies for AKI 
(also see Chapter 23).

RENAL PHYSIOLOGIC FUNCTION

The kidneys are mesoderm-derived, bean-shaped retro-
peritoneal organs and weigh approximately 150 g each. 
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TABLE 52-1 COMPARISON OF THE RIFLE, AKIN, AND KDOQI CONSENSUS CRITERIA FOR AKI

RIFLE AKIN KDIGO

Class SCr Stage SCr Stage SCr Urine Output*

Risk Increase in SCr to 
>1.5× baseline

1 Increase in SCr ≥0.3 
mg/dL or to ≥1.5×-2× 
baseline

1 Increase in SCr ≥0.3 mg/dL 
within 48 hr or to ≥1.5×-2× 
baseline, which is known or 
presumed to have occurred 
within the past 7 days

Urine output <0.5 
mg/kg/hr for >6 hr

Injury Increase in SCr to 
>2× baseline

2 Increase in SCr to  
>2×-3× baseline

2 Increase in SCr to >2×-3× 
baseline

Urine output <0.5 
mg/kg/hr for >12 hr

Failure Increase in SCr to 
>3× baseline, or 
increase of ≥0.5 
mg/dL to absolute 
value of ≥4 mg/dL

3 Increase in SCr to >3×  
baseline, or increase 
of ≥0.5 mg/dL to 
absolute value of  
≥4 mg/dL, or need 
for RRT

3 Increase in SCr to >3× 
baseline, or increase to 
absolute value of ≥4 mg/dL, 
or need for RRT; in pediatric 
patients eGFR <35 mL/
min/1.73 m2

Urine output <0.3 
mg/kg/hr for >12 
hr or anuria for 
>12 hr

Loss Need for RRT >4 wk
End Stage Need for RRT >3 mo

The three consensus criteria use the same urine output criteria, but slight differences in the creatinine criteria are used to define AKI.
AKI, Acute kidney injury; AKIN, Acute Kidney Injury Network; eGFR, estimated glomerular filtration rate; KDOGI, Kidney Disease: Improving Global Out-

comes; RIFLE, Risk, Injury, Failure, Loss, End-stage disease; RRT, renal replacement therapy; SCr, serum creatinine.
*Is common to all three consensus criteria.
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2008. Used with permission.)



They are the most highly perfused major organs in the 
body, representing only .4% of body weight but receiving 
an impressive 25% of cardiac output; as a comparison, 
at rest blood flow to the kidneys is eightfold greater per 
gram of tissue than blood flow to muscle during heavy 
exercise. Notably, RBF is not primarily linked to metabolic 
demand; it is this excess blood flow that allows filtration 
of plasma at rates as rapid as 125 to 140 mL per minute 
in adults. Autoregulatory reflexes do exist that regulate 
renal perfusion; these are myogenic and tubular-glomerular 
reflexes that exist to protect the glomeruli from damage 
attributable to excessive intravascular pressure by restricting 
RBF at higher pressures (e.g., >80 mm Hg).22,23 However, 
significant regional differences in blood flow within the 
kidney and high metabolic demand paradoxically make 
some areas (e.g., the medulla) extremely vulnerable to 
ischemic injury. Cortical blood flow exceeds outer and 
inner medullary perfusion by 3- and 20-fold per gram of 
tissue, respectively.24

GROSS ANATOMY AND INTERNAL 
ARCHITECTURE

In simple terms, the internal morphologic structure of 
the kidney parenchyma is highly organized, including 
a deep medullary region and superficial cortical layer.4 
The medulla is further subdivided into inner and outer 
regions. Tightly packed nephrons are tubular structures 
that contain specialized segments including the glome-
rulus, proximal convoluted tubule, loop of Henle, distal 
convoluted tubule, and collecting duct (Fig. 52-3). The 
collecting ducts feed urine to the renal pelvis, which 
empties into the ureter and goes on to the bladder. Each 
kidney contains approximately 1 million nephrons. 
The loops of Henle and collecting ducts are found in 
the deeper parts of the kidney (medulla). Two types of 
nephrons are differentiated by glomerular location into 
cortical (85%) and juxtamedullary (15%) types; only 
the latter have loops of Henle that course deep into the 
medulla and participate in countercurrent exchange, a 
mechanism that makes possible the formation of highly 
concentrated urine.

VASCULAR ANATOMY

A single renal artery enters at the kidney hilum and then 
divides many times, ultimately producing arcuate arteries 
that pass along the boundary between the cortex and 
outer medulla (see Fig. 52-3).25 Arcuate arteries give rise 
to interlobular arteries that branch toward the outer kid-
ney surface, passing through the cortex as they produce 
numerous afferent arterioles, which in turn supply a cap-
illary tuft to each glomerulus. The glomerular capillary 
tuft is the barrier where plasma elements are filtered and 
pass from the vascular to the tubular space. Specialized  
negatively charged fenestrated capillary endothelial 
cells and tubular epithelial cells (podocytes) separated 
by a basement membrane allow approximately 25% of 
plasma volume to pass into the glomerulus (Bowman 
capsule); normally, only elements smaller than 60 to  
70 kDa are small enough to be filtered. Many disease con-
ditions cause abnormalities of this interface and allow 
Chapter 52: Renal Function Monitoring 1583

much larger proteins and even red blood cells to pass 
through, which manifests as either nephrotic syndrome 
(proteinuria >3.5 g per 24 hours) or glomerulonephritis 
(proteinuria and hematuria). As the vascular tuft exits the 
glomerulus, capillaries merge and become the efferent 
arteriole. Subsequent branches of the afferent arterioles 
become peritubular capillaries to nourish the tubules. Per-
itubular capillaries receive reabsorbed fluids and solutes 
from tubular cells before rejoining to form venules. Peri-
tubular vessels of juxtamedullary glomeruli are known as 
vasa recta and accompany the loops of Henle deep into the 
medulla. The venous system of the kidney runs parallel  
and close to the arterial vasculature, finally returning 
blood to the inferior vena cava through the renal vein. 
Vascular supply to the kidney is strictly segmental, and 
embolic arterial or venous obstruction affects renal tissue  
in a pizza wedge parenchymal distribution involving 
all cortical and medullary tubular elements of affected 
nephrons.

Medullary hypoxia is a key concept that refers to the low 
oxygen levels that exist in the renal medulla, even during 
normal resting conditions. Sodium and water reabsorp-
tion depend on the hypertonicity of the medullary inters-
titium. The countercurrent multiplier system in the loop 
of Henle is a critical component of the kidney’s ability to 
excrete or conserve salt and water.

The apparent overabundance of blood flow to the cor-
tex is designed to maximize flow-dependent functions, 
such as glomerular filtration and tubular reabsorption. In 
the medulla, blood flow and oxygen reserve are restricted 
by a tubulovascular anatomy specifically designed for 
urinary concentration. The tubules carrying blood to the 
medulla are arranged in a hairpin-loop pattern to allow a 
countercurrent exchange of solute between the ascending 
and descending limbs of the hairpin loop.26 The osmotic 
gradient in the deeper portions of the medulla requires 
active transport of sodium in the thick ascending loop 
of Henle and limited blood flow through the medullary 
vessels to prevent washout of the solutes in those deeper 
tubules. To maintain this concentration gradient in the 
thick ascending limb, high-energy demand (i.e., active 
sodium transport) must be coupled with low-oxygen 
delivery.

Factors necessary to allow countercurrent exchange 
and to create a urea gradient conspire to make normal 
medullary partial pressure of oxygen (Po2) very low (e.g., 
10 to 20 mm Hg); these include high oxygen demand 
from active solute transport and sluggish blood supply 
(5% to 10% of RBF). Average blood flow is 5 mL/g/min 
and .03 mL/g/min for the cortex and medulla, respec-
tively, and the oxygen extraction ratio (i.e., oxygen 
consumption over oxygen delivery) is 0.18 and 0.79 for 
the cortex and medulla, respectively. The descending 
vasa recta are vasoactive arteriolar microvessels that are 
anatomically positioned to regulate total and regional 
blood flow to the outer and inner medulla.26 Normally, 
the Po2 is approximately 50 mm Hg in the cortex and 8 to  
15 mm Hg in the medulla, making the thick ascend-
ing loop of Henle most vulnerable to tissue hypoxia.27 
This precarious arrangement underpins some of the 
specialized homeostatic abilities of the kidney, par-
ticularly the formation of concentrated urine, but it 
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Figure 52-3. A, The internal structure of the kidney includes the vasculature, cortex and medulla regions, and urinary tract structures. B, The 
functional unit of the kidney is the nephron. C, The glomerulus is the site where plasma filtration occurs; approximately 20% of plasma entering 
the glomerulus will pass through the specialized capillary wall into the Bowman capsule and enter the tubule to be processed and to generate 
urine. D, The vascular anatomy of the kidney is highly organized, and the medullary microcirculation is part of the mechanism that permits 
countercurrent exchange.41 AVR, Ascending vasa recta; DCT, distal convoluted tubule; DVR, descending vasa recta; NaCl, sodium chloride; PCT, 
proximal convoluted tubule. (A, From http://www.nida.nih.gov/consequences/kidney/ Accessed February 17, 2008. B, From <http://cnx.org/conte
nt/m44809/1.8/>. (Accessed 24.02.14.) C, From <http://www.cixip.com/index.php/page/content/id/422/>. <Accessed 26.06.14.) D, From Pallone 
TL, Zhang Z, Rhinehart K: Physiology of the renal medullary microcirculation, Am J Physiol Renal Physiol 284:F253-F266, 2003. Used with permission.)
also underlies the extreme vulnerability of the renal 
medulla to ischemic injury28; that is, the high meta-
bolic requirement of the thick ascending loop of Henle 
in a hypoxic environment makes it especially vulner-
able to injury associated with an imbalance in oxygen 
supply and demand.29,30
NORMAL FUNCTION

The resting kidney continuously regulates body composi-
tion by processing plasma filtrate to keep fluid volume, 
osmolarity, acidity, and numerous electrolytes within 
narrow limits. Every 3 minutes a plasma volume equiva-
lent to a 12-ounce soft drink is filtered, and all but 1% 

http://www.nida.nih.gov/consequences/kidney/
http://www.pathology.vcu.edu/education/PathLab/pages/renalpath/rpsrhome.htm
http://www.pathology.vcu.edu/education/PathLab/pages/renalpath/rpsrhome.htm
http://www.besthealth.com/besthealth/bodyguide/reftext/images/Nephron.jpg
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(4 mL) is returned to circulation; the remnant is urine. 
Tightly regulated through tubular processing are extra-
cellular solutes, including sodium, potassium, hydrogen 
ion, bicarbonate, and glucose. The kidney also generates 
ammonia and eliminates metabolic and nitrogenous 
wastes, including creatinine, urea, and bilirubin, as well 
as toxins and many classes of drugs. Finally, the kidneys 
generate glucose and secrete circulating hormones that 
influence erythrocyte generation, systemic blood pressure, 
and calcium homeostasis.

High concentrations of aldosterone stimulate the reab-
sorption of sodium and water, primarily in the distal 
tubule and collecting ducts. Aldosterone is produced by 
the adrenal cortex in response to the feedback from the 
renin-angiotensin-aldosterone system, simplified as fol-
lows. Reduced delivery of sodium to the macula densa 
causes release of renin from the granular cells of the 
juxtaglomerular apparatus. Renin catalyzes the release 
of angiotensin I from angiotensinogen. Angiotensin I is 
then transformed to angiotensin II in the lungs, catalyzed 
by angiotensin-converting enzyme. Angiotensin II stimu-
lates the production of aldosterone.

Antidiuretic hormone (ADH, vasopressin) primarily 
acts on the collecting ducts to increase water reabsorption. 
ADH is released from the posterior pituitary gland in 
response to increased blood osmolarity, which stimulates 
osmoreceptors in the hypothalamus. ADH release is also 
influenced by stress and increased partial arterial pressure 
of carbon dioxide (Paco2).31 A high level of ADH results 
in the excretion of small volumes of concentrated urine. 
ADH is inhibited by the stimulation of atrial barorecep-
tors or increased atrial volume.32

Atrial natriuretic peptide (ANP) causes systemic 
vasodilation and promotes renal excretion of sodium 
and water by increasing glomerular filtration.33 ANP is 
secreted by the cardiac atria and other organs in response 
to increased intravascular volume. It decreases systemic 
blood pressure by relaxing vascular smooth muscle, 
reducing sympathetic stimulation, and inhibiting the 
renin-angiotensin-aldosterone system. The kidney also 
synthesizes prostaglandins, which regulate the influence 
of other hormones. During hemodynamic instability and 
increased adrenergic stimulation, for example, prostaglan-
din E2 decreases the vasoconstrictive effect of angiotensin 
II on the afferent arterioles and preserves RBF. Inhibition 
of prostaglandin synthesis during normal states of hydra-
tion, renal perfusion, and sodium balance does not affect 
renal function. When the kidney is confronted with a 
vasoconstricted state, such as hypotension and hypo-
volemia, however, the presence of renal prostaglandins 
is essential for preserving adequate RBF. Patients taking 
nonsteroidal antiinflammatory drugs (NSAIDs) are at risk 
during conditions of impaired circulatory status because 
these agents inhibit cyclooxygenase activity, an important 
enzyme in the prostaglandin synthesis pathway, thereby 
rendering the kidney (afferent arteriole) susceptible to 
the systemic vasoconstrictive effect of angiotensin II and 
other catecholamines normally secreted to preserve intra-
vascular volume and perfusion pressure.

Interaction among the urinary bladder, the kidney, and 
the ureters influences urine production.34 General anes-
thesia decreases the rate of ureteral contractility.35 The 
autonomic nervous system also plays an important role in 
ureteral function and, consequently, in urine formation.34 
Cholinergic agonists generally increase the frequency and 
force of ureteral contraction. Drugs that primarily act on 
adrenergic receptors tend to stimulate ureteral activity, 
whereas agents that primarily activate adrenergic recep-
tors tend to inhibit ureteral activity. Histamine stimulates 
ureteral activity. In a variety of prepa rations, morphine 
increases ureteral tone. In humans, irregular peristaltic 
contractions may occur with retroperitoneal inflammation 
resulting from appendicitis and peritonitis.36

A gross summary of plasma processing by the kidney 
involves glomerular filtration (approximately 120 mL per 
minute); subsequently, up to two thirds of the water and 
electrolytes are quickly returned to the circulation through 
active transport processes by the proximal convoluted 
tubule. Two thirds of the remaining tubular contents are 
more sluggishly reabsorbed in the loop of Henle and distal 
convoluted tubule. Finally, more water is reabsorbed from 
the remaining effluent in the collecting ducts (5 to 10 mL 
per hour) as it passes to larger urine coll ecting structures  
(1 to 2 mL per minute).

PATHOPHYSIOLOGIC PROCESSES OF 
ISCHEMIC ACUTE KIDNEY INJURY

In general, the causes for AKI can be divided into prerenal, 
intrinsic renal, and postrenal sources. In the perioperative 
setting, patients may be at increased risk for prerenal AKI, 
either attributable to volume depletion or to exacerbation 
of associated chronic prerenal physiologic conditions, such 
as congestive heart failure, which may be exacerbated by 
volume overload. Depending on the nature of the surgi-
cal procedure, the patient may also be at increased risk of 
postrenal AKI attributable to obstruction of the ureters, blad-
der, or urethra. However, the primary cause of perioperative 
AKI is acute tubular necrosis (ATN). Although the focus of 
this chapter is on renal hemodynamics, defining the cause 
of AKI is also critical because treatment of the underlying 
cause is critical for the reversal of AKI and potential renal 
recovery.

The two primary mechanisms of ATN are ischemia-
reperfusion and nephrotoxic effects, with three sources 
of insult common to many surgical procedures during 
which postoperative AKI is prevalent: hypoperfusion, 
inflammation, and atheroembolism. Other sources of 
renal insult in selected patients may include rhab-
domyolysis and specific drug-related effects. Certain 
classes of medications may also contribute to hypoper-
fusion by virtue of their hemodynamic effects (nota-
bly angiotensin-converting enzyme [ACE] inhibitor 1, 
angiotensin-receptor blockers [ARBs], and NSAIDs), and, 
consequently, the risk of ATN.

Ischemic renal failure related to shock or severe dehy-
dration is always preceded by an early compensatory 
phase of normal renal adaptation (e.g., pre-prerenal fail-
ure), followed by a condition termed prerenal azotemia  
during which the kidney maximizes activities at the expense 
of the retention of nitrogenous end-products to preserve the 
internal environment through extreme retention of solutes 
and water (Fig. 52-4). In studies of community-acquired 
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Figure 52-4. Mechanism for renal sodium and vol-
ume regulation in response to decreased extracellular 
volume (e.g., hypovolemia, hemorrhage). ANF, Atrial 
natriuretic factor; BP, blood pressure; CO, cardiac 
output; GFR, glomerular filtration rate; NaCl, sodium 
chloride.
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AKI, the incidence of prerenal azotemia may be as frequent 
as 70%.37 In contrast, in a classic study of hospital-acquired 
AKI, although hypoperfusion accounted for 42% of cases of 
AKI, only 41% of these cases of hypoperfusion were attrib-
utable to inadequate intravascular volume.38 Although pre-
renal azotemia is ominous and typically accompanied by 
oliguria (<0.5 mL/kg/hr), it is reversible. At a critical tilting 
point, as conditions go beyond the compensatory mecha-
nisms that maintain renal perfusion, ischemia leads to irre-
versible renal cell necrosis or ATN.39 This represents the pure 
form of ischemic AKI. Other forms of ATN are due to toxins, 
including medications (e.g., aminoglycosides, cisplatinum), 
pigments (e.g., hemoglobin, myoglobin), and contrast dye. 
These forms of ATN do not involve the typical pattern of 
preceding prerenal azotemia with associated oliguria, since 
the insult is sudden. Importantly, most cases of periop-
erative AKI are the result of numerous renal insults, rather 
than being attributable to one pure source (Fig. 52-5). Thus 
patients with prerenal azotemia are likely at increased risk 
for toxic ATN.

Interruption of blood flow to the kidneys for more 
than 30 to 60 minutes results in ATN and irreversible 
cell damage. The kidneys receive 1000 to 1250 mL per 
minute of blood or 3 to 5 mL/min/g of tissue for the aver-
age adult, and this amount far exceeds what is needed 
to provide the kidney’s intrinsic oxygen requirement. 
Intracortical blood flow may not be evenly distributed 
(see Fig. 52-3).24 Because the renal cortex contains most of 
the glomeruli and depends on oxidative metabolism for 
energy, ischemic hypoxia injures the renal cortical struc-
tures, particularly the pars recta of the proximal tubules. 
As ischemia persists, the supply of glucose and substrates 
continues to decrease; glycogen is consumed, and the 
medulla, which depends to a great extent on glycolysis 
for its energy sources, becomes more adversely affected. 
Early cell changes are reversible, such as the swelling of 
cell organelles, especially the mitochondria. As ischemia 
progresses, a lack of adenosine triphosphate interferes 
with the sodium pump mechanism, water and sodium 
accumulate in the endoplasmic reticulum of tubular cells, 
and the cells begin to swell. Onset of tubular damage usu-
ally occurs within 25 minutes of ischemia as the micro-
villi of the proximal tubular cell brush borders begin to 
change. Within an hour, they slough off into the tubular 
lumen, and membrane bullae protrude into the straight 
portion of the proximal tubule. After a few hours, intratu-
bular pressure rises, and tubular fluid passively backflows. 
Within 24 hours, obstructing casts appear in the distal 
tubular lumen. Even when RBF is completely restored 
after 60 to 120 minutes of ischemia, long-lasting vasocon-
striction means that the GFR will not improve to baseline 
levels for a long time.40
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Figure 52-5. Perioperative clinical 
risk factors associated with postopera-
tive kidney injury.
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ANESTHESIA, SURGERY, AND NORMAL 
RENAL FUNCTION

Notably, the importance of oliguria (<0.5 mL/kg/hr) as a 
predictor of AKI is less well established in the periopera-
tive setting than in other clinical settings (Fig. 52-6).41,42 
Anesthesia and surgery influence normal renal function 
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Figure 52-6. Low urine flow (<0.5 mL/kg/hr) is a marker in new 
diagnostic criteria for acute kidney injury (AKI) but may not be a 
meaningful assessment to make this diagnosis during the immedi-
ate perioperative period. In this study, intraoperative urine output 
does not correlate with postoperative change in serum creatinine 
after aortic surgery. (From Alpert RA, Roizen MF, Hamilton WK, et al: 
Intraoperative urinary output does not predict postoperative renal func-
tion in patients undergoing abdominal aortic revascularization, Surgery 
95:707-711, 1984. Used with permission.)
primarily through changes in the GFR. Fluctuations in 
blood pressure have a major effect on RBF and glomerular 
filtration.43-45 Anesthetic interventions, whether volatile 
anesthetics, intravenous drugs, or regional blocks, gen-
erally reduce arterial blood pressure and cardiac output, 
thereby diminishing RBF, leading to decreased glomeru-
lar filtration and urine formation.46 Commonly used pre-
medications can influence urine output. Narcotics and 
barbiturates, for example, cause a small decrease in the 
GFR and urine volume.

Surgical and anesthetic interventions may have auto-
nomic consequences, such as increasing circulating cat-
echolamines, which also reduce glomerular filtration by 
altering renal vascular resistance, and decreasing RBF. The 
normal physiologic function of the kidney includes a role 
of adrenergic receptors in modulating vasoconstrictor 
(alpha 1) and vasodilating (alpha 2) effects, respectively. 
Urine output may also be affected in the perioperative 
setting by changes in circulating ADH levels, especially 
during neurosurgical procedures (also see Chapter 70).

REGIONAL ANESTHESIA

Regional anesthetics and the kidneys interact in a com-
plex manner that varies according to the underlying 
cardiovascular, renal, fluid, and electrolyte status of the 
patient (also see Chapters 56 and 57).47 In general, epi-
dural and spinal anesthesia reduce systemic and renal 
vascular sympathetic tone.47 Spinal cord segments T4 
through L1 contribute to the sympathetic innervation of 
the renal vasculature, which is mediated by sympathetic 
fibers from the celiac and renal plexus.48,49 Autonomic 
blockade above the fourth thoracic level also blocks 
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cardioacce lerator sympathetic innervation to the heart. If 
neuraxial blockade reduces arterial blood pressure and car-
diac output, then the RBF will be decreased with matching 
reductions in glomerular filtration and urine output. In 
studies of healthy volunteers undergoing epidural anes-
thesia with a T6 sensory block, Suleiman and colleagues50 
demonstrated that RBF is unchanged during the condi-
tions of their study. Specifically, mean arterial pressure 
remained above 70 mm Hg, and RBF never decreased less 
than 6% of the baseline level.

Urine volume and free-water clearance may decrease 
during spinal anesthesia as a result of increased ADH secre-
tion. Increased renal sympathomimetic activity decreases 
RBF through α-adrenergic mediation and increases renin 
release through β-adrenergic innervation directly or by 
interaction with the renal tubular macula densa and the 
baroreceptor reflex mechanism.51 Thoracic epidural anes-
thesia increases RBF and urine output in animal models 
of endotoxic shock.52

Although controversial, intraoperative neuraxial 
blockade and postoperative epidural analgesia decrease 
rates of AKI. Rodgers and colleagues conducted a sys-
tematic review of 107 randomized clinical trials of intra-
operative neuraxial blockade and demonstrated a 30% 
reduction in the odds of postoperative mortality.53 This 
reduction was associated with decreases in the incidence 
of deep venous thrombosis, pulmonary embolism, trans-
fusion, pneumonia, and respiratory depression, as well 
as renal failure, although the confidence limits for the 
renal failure estimates were very wide, in part due to the 
small number of cases of renal failure observed. Moraca 
and associates54 conducted a meta-analysis and reported 
on the association of thoracic epidural anesthesia with 
improved surgical outcomes attributable, in part, to a 
reduction of perioperative morbidity, including blunting 
of stress response, attenuating infections, reduced ileus, 
reduced blood loss, and reduction in AKI.54 Other studies 
have examined the impact of epidural anesthesia during 
cardiac surgery and have suggested a benefit with regards 
to renal failure, although the confidence intervals were 
wide55 (also see Chapter 67). Unfortunately, renal failure 
was not an outcome of a recently published meta-analysis 
focused on epidural anesthesia during cardiac surgery.56 
Finally, with regards to postoperative analgesia, a recent 
Cochrane meta-analysis that focused on abdominal aortic 
surgery suggested a decreased incidence of perioperative 
AKI and other complications with epidural analgesia but 
no effect on postoperative mortality.57

EFFECTS OF INHALED ANESTHETICS

From an historic perspective, a nephrotoxic effect can 
be caused by older volatile inhaled anesthetics attribut-
able to the liberation of inorganic fluoride when they are 
metabolized (also see Chapter 26).58 Methoxyflurane (no 
longer clinically used) and enflurane when used for pro-
longed periods, lead to significant generation of inorganic 
fluoride.40,58-60 Increased serum levels of inorganic fluo-
ride were associated with polyuric renal insufficiency.58,59 
Approximately 100 published cases of renal failure and 20 
renal-related deaths attest to the significance of methoxy-
flurane-related nephrotoxicity.58
Because sevoflurane metabolism is similar to enflu-
rane in regards to the liberation of free fluoride ions,61-63 
does this anesthetic impair the ability of the kidneys to 
concentrate urine?64 Methoxyflurane studies indicated 
that AKI was likely to occur with circulating fluoride levels  
more than 50 μm/L.58 This presumed toxic threshold 
was extrapolated to the study of other volatile anesthetics.  
However, 43% of volunteers receiving sevoflurane had 
plasma fluoride levels that exceed 50 μm/L. Healthy 
patients receiving 9 minimum alveolar concentration 
(MAC) hours of sevoflurane anesthesia have serum flu-
oride levels averaging 36.6 ± 4.3 μm/L.65 Relative to 
methoxyflurane, high fluoride levels with sevoflurane are 
short-lived, peaking 2 hours after the end of anesthesia 
and decreasing by 50% within 8 hours. Despite high 
fluoride levels with sevoflurane, volunteers have no impair-
ment in their ability to concentrate urine in response 
to desmopressin, whereas 20% of volunteers receiving 
enflurane have transient concentrating deficits on day 1 
but not day 5 after exposure.65 To interpret these find-
ings, investigators postulate that intrarenal production 
of fluoride ion may be more important for nephrotoxicity 
than circulating plasma fluoride levels.63 The intrarenal 
metabo lism of methoxyflurane is fourfold greater than 
that of sevoflurane.

Other explanations for the differences in the renal 
effects of volatile anesthetics were sought, including an 
evaluation of variation in nephrotoxic compounds gen-
erated when an inhaled anesthetic interacts with car-
bon dioxide absorbents. In breathing circuit systems at 
a high temperature and low flow rates, carbon dioxide 
absorbents degrade sevoflurane, creating fluoromethyl-
2,2-difluoro-1-(trifluoroethyl) vinyl ether, also known as 
compound A. Metabolism of compound A occurs via con-
jugation in the liver with glutathione and then modifica-
tion in the kidney by an enzyme (cysteine-S-conjugate 
β-lyase). Some compound A metabolites can cause renal 
injury, characterized by diuresis, glycosuria, proteinuria, 
and increased serum BUN and creatinine levels. AKI by 
this mechanism in experimental models is a function of 
the degree and duration of exposure to compound A,66 
with well-defined exposure thresholds in rats for injury 
(50 to 114 parts per million [ppm] for 3 hours) and 
death (331 for 3 hours, 203 for 6 hours, or 127 ppm for  
12 hours).67 However, a disparity exists between the 
results in rats and humans that may be due to differences 
in compound A processing; of the four recognized path-
ways for metabolism, three do not involve renal β-lyase or 
result in kidney toxicity. Humans have 10- to 30-fold less 
renal β-lyase enzyme activity compared with rats, which 
may account for the absence of kidney injury from sevo-
flurane in humans. One study67 compared the safety of 
low-flow sevoflurane and isoflurane anesthesia in patients 
having prolonged surgeries (>6 hours). The average MAC 
hours in both groups was similar, and the average com-
pound A concentration in the sevoflurane group was  
20 ± 7 ppm. Markers of renal injury, including BUN, cre-
atinine, N-acetyl-β-d-glucosaminidase (NAG), and alanine 
aminopeptidase, were similarly increased in all groups 
during the prolonged exposure to the volatile anesthetics.

The likely concentrations of compound A possible 
with sevoflurane during anesthesia have been studied 



in human volunteers.68 Fresh carbon dioxide absorbent 
was used, and 1.25 MAC sevoflurane was administered 
(without nitrous oxide) for 8 hours. Compound A levels 
approached 50 ppm, and 24-hour urine collections were 
analyzed for 3 consecutive days after exposure. Urinary 
glutathione S-transferase (GST) and other highly sensitive 
markers of tubular damage after nephrotoxic and isch-
emic insults were measured.69 The investigators reported 
transient increases of urinary protein, albumin, glucose, 
α-GST, and π-GST in patients receiving sevoflurane. No 
such increases were observed after similar exposure to 
desflurane. A multicenter study70 involving 73 elective 
surgical procedures lasting 2 to 8 hours compared the 
safety and efficacy of low flow (<2 L/min) sevoflurane 
to isoflurane. Fresh carbon dioxide absorbent was used 
for all cases, and nitrous oxide was not permitted. Sevo-
flurane use averaged 3.6 MAC hours, and compound A 
levels were as high as 223 ppm (mean 79 ± 54 ppm). No 
differences were found in urine albumin, glucose, pro-
tein, or osmolality between treatment groups. Moreover, 
within the sevoflurane group, no significant correlations 
were observed between compound A levels and BUN; 
creatinine; or urinary excretion of protein, glucose, NAG, 
α-GST, or π-GST.

Despite the fact that 7% to 15% of patients receiving 
sevoflurane may have (short-lived) circulating levels of 
fluoride in excess of 50 μm/L and/or significant expo-
sure to compound A, adverse renal effects do not seem 
to occur.58 Although the explanation for the apparent 
safety of sevoflurane in the presence of nephrotoxins is 
not completely understood, some have proposed that 
the source of methoxyflurane-related renal injury may 
be some other metabolic “villain” than fluoride or com-
pound A that is unique to methoxyflurane metabolism, 
such as dichloroacetic acid.71 Finally, potential benefits of 
sevoflurane to the kidney have been described. In a small 
study of patients undergoing cardiac surgery, precondi-
tioning with sevoflurane decreased biochemical markers 
for renal (and myocardial) dysfunction.72

EFFECTS OF INTRAVENOUS ANESTHETICS

Propofol and dexmedetomidine may have antiinflam-
matory effects that are renoprotective. Propofol increases 
production of bone morphogenetic protein–7 (BMP-7),  
which suppresses the tumor necrosis factor (TNF)  
α–induced inflammatory cascade during sepsis-induced 
AKI,73,74 as well as decreased injury during ischemia-
reperfusion75-77 and unilateral ureteral obstruction.78 
Similarly, in addition to altering RBF and sodium and 
water handling, the α2-adrenoreceptor agonists such as 
dexmedetomidine may stimulate BMP-7 production. In 
a rat kidney renal tubular epithelial cell line exposed 
to lipopolysaccharide, dexmedetomidine increased the 
expression of BMP-7 and decreased the expression of 
inflammatory cytokines and histone deacetylases 2 and 
5, resulting in improved cell survival.79 In the same study, 
septic mice treated with dexmedetomidine had a longer 
survival time and a decreased incidence of AKI in a cecal-
ligation and perforation model. Similar benefits have 
been observed in studies of ischemia-reperfusion injury 
in rats80 and mice.81 However, further studies in humans 
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are needed to determine whether either of these anes-
thetics has renal benefits in the perioperative or critical 
care settings.

PERIOPERATIVE HEMODYNAMIC 
INSTABILITY AND RENAL FUNCTION

To comprehend the impact of perioperative hemodynamic 
instability on renal function, the complex pathogenesis of 
hemodynamically mediated AKI needs to be understood. 
Although an extreme reduction in RBF is necessary,19 
the unpredictable degree of AKI after hypotension sug-
gests that it is not always sufficient. Even with decreased 
glomerular perfusion, a series of compensatory mecha-
nisms can still preserve renal filtration.58 Salt and water 
retention can restore intravascular volume and fractional 
tubular reabsorption. At a given level of cardiac output, 
intrarenal factors affect the ratio of renal-to-systemic vascu-
lar resistance, thereby influencing the fraction of cardiac 
output received by the kidneys. At the glomerular capil-
lary, plasma is separated into a protein-free ultrafiltrate 
and a nonfiltered portion. Normally, the filtration fraction 
(i.e., relationship of glomerular filtration to renal plasma 
flow) is approximately 0.2. Initially, the filtration fraction 
is maintained by efferent arteriolar constriction. How-
ever, if unabated, the mechanisms that influence efferent 
arteriolar vasoconstriction may ultimately influence affer-
ent arteriolar vasoconstriction. The resulting decrease in 
filtration fraction is the hallmark of postischemic AKI.58 
Ischemic tubular damage may be further exacerbated by 
an imbalance between oxygen supply and demand. Most 
vulnerable to the imbalance are the thick ascending tubu-
lar cells of the loop of Henle in the medulla.30

Cortical blood flow decreases in ischemic models of 
AKI.82 Because 85% to 90% of RBF is normally distributed 
to cortical glomeruli, the finding of cortical pallor and RBF 
redistribution away from cortex suggests that redistribution 
may contribute to the functional lesions of AKI. In some 
cases, the return of perfusion to the cortex has correlated 
with a return of renal function.82 The theory that intrare-
nal distribution of blood flow away from the outer cortex to 
the inner medulla decreases oxygen supply while increased 
tubular reabsorption of solute increases oxygen demand 
is further supported by studies of renal energetics during 
AKI.83,84 A decrease in the glomerular filtration, and conse-
quently in the energy requirement for tubular reabsorption, 
may be a mechanism by which the kidney reduces energy 
demands before energy supply is critically limited.

OTHER PERIOPERATIVE PERTURBATIONS 
AND RENAL FUNCTION

Several surgical interventions can affect RBF and, conse-
quently, renal function. Whereas aortic cross-clamping 
above the renal arteries has obvious influence on glo-
merular filtration, infrarenal aortic cross-clamping and 
unclamping also have significant indirect effects on glo-
merular filtration and urine formation through changes 
in myocardial function, sympathetic activity, neuro-
nal and hormonal activity (e.g., renin and angiotensin 
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production), intravascular volume, and systemic vascular 
resistance85(also see Chapter 69). During standard cardio-
pulmonary bypass (CPB) surgery, cardiorenal relationships 
are approximately as expected; RBF decreases to 12% to 
13% of total pump flow and is predicted by flow rate and 
perfusion pressure; however, only mean pressure correlates 
with urine output.43,44 The intactness of myogenic and 
tubular-glomerular autoregulatory feedback has not been 
evaluated during CPB22,23 (also see Chapter 67).

AKI after aortocoronary bypass surgery continues to be 
a devastating complication that is associated with mul-
tiorgan dysfunction, increased resource utilization, high 
cost, and increased mortality (see Chapters 67 and 69). 
Annually, approximately 800,000 patients worldwide 
undergo coronary artery bypass graft (CABG) surgery. In 
a recent multicenter observational study focused on AKI 
after cardiac surgery, 5% of participants developed AKI 
as defined by the need for acute dialysis or a doubling 
of serum creatinine from baseline.4 The mechanism of 
perioperative AKI during cardiac surgery is multifactorial. 
Significant risk factors for AKI include underlying patient 
characteristics, such as age older than 75 years, history 
of diabetes, hypertension, pulse pressure, ventricular dys-
function, myocardial infarction, renal disease (also see 
Chapters 39 and 80), perioperative medication exposures 
(e.g., aprotinin, hetastarch), and surgical characteristics 
such as intraoperative use of multiple inotropes, insertion 
of intraaortic balloon pump, and extended duration of 
the CPB surgery.86-90 Preoperative pulse pressure (systolic 
minus diastolic) more than 40 mm Hg has a clear rela-
tionship with renal risk—an odds ratio of 1.49 (confi-
dence interval [CI], 1.17 to 1.89; P = .001) was added for 
every additional 20 mm Hg increment in pulse pressure.86

The role of CPB surgery in postoperative AKI remains 
controversial. In their comprehensive guidelines on AKI, 
KDIGO reviewed the literature on postoperative AKI between 
patients undergoing off-pump and on-pump coronary 
revascularization surgeries and ultimately recom mended 
that “off-pump CABG surgery not be selected solely for the 
purpose of reducing perioperative AKI or need for RRT [renal 
replacement therapy].”16 However, patients with chronic 
kidney disease, who are at the highest risk for AKI after CPB 
surgery, have often been excluded from randomized clinical 
trials of off-pump versus on-pump CABG. For example, in 
the Randomized On/Off Bypass (ROOBY) trial, in which 
2303 patients were randomized to off-pump versus on-
pump CABG, approximately 7.5% of patients had a preop-
erative serum creatinine level ≥1.5 mg/dL.91

However, a large observational study of 742,909 
nonemergent, isolated CABG cases (including 158,561 
off-pump cases) from the Society of Thoracic Surgery 
Database suggests a benefit to off-pump CABG in those 
with chronic kidney disease.92 Propensity methods were 
used to adjust for patient- and center-level imbalances. 
The primary endpoint was death or dialysis. In those with 
lower estimated GFR (eGFR), the risk difference (i.e., num-
ber of patients with the outcome per 100 patients in those 
who underwent CPB minus the number with the outcome 
in those who underwent off-pump CABG) for the primary 
endpoint was 0.66 (95% CI, 0.45 to 0.87) for eGFR 30 to  
59 mL/min/1.73 m2 and 3.66 (95% CI, 2.14 to 5.18) for 
eGFR 15 to 29 mL/min/1.73 m2. Both component end-
points followed the same trend. Highlighting the impor-
tance of chronic kidney disease as a risk factor for AKI 
after cardiac surgery, whereas slightly less than 1% of the 
overall cohort received dialysis after cardiac surgery, 2% of 
those with eGFR 30 to 59 mL/min/1.73m2 and 12.5% of 
those with eGFR 15 to 29 mL/min/1.73m2 required dialy-
sis. The risk difference for dialysis alone in the same groups 
was 0.47 (95% CI, 0.31 to 0.62) and 2.79 (95% CI, 1.37 to 
4.20) with on-pump versus off-pump CABG, respectively 
(Fig. 52-7). Thus, this study suggests that in those with 
advanced chronic kidney disease, there may be a benefit 
to off-pump surgery, but further studies are needed.

Finally, several genetic polymorphisms known to affect 
inflammation and vasoconstriction demonstrate strong 
associations with AKI after cardiac surgery.93 Polymor-
phisms identified as relevant include the interleukin (IL)–6 
572C and angiotensinogen 842C polymorphisms as a pre-
dictor of an approximately fourfold greater than the aver-
age peak creatinine rise after coronary revascularization. 
Such polymorphisms may have potential as a preoperative 
screening tool if validated in other populations and high-
light the potential feasibility of such an approach. Thus in 
the future, the underlying genetic risk may also be assessed 
as a measure of the risk of perioperative AKI.
Results >0 favor off-pump techniques, while those <0 favor on-pump techniques
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Figure 52-7. Estimates of adverse outcomes associated with on-pump versus off-pump coronary artery bypass grafting (CABG) by baseline 
estimated glomerular filtration rate (eGFR). For both mortality (left panel) and renal replacement therapy (RRT) (right panel), off-pump CABG tech-
niques appear to confer a benefit in those with lower eGFR. *P <0.05, **P <0.01, ***P <0.001. (Redrawn from Chawla LS, Zhao Y, Lough FC, et al: 
Off-pump versus on-pump coronary artery bypass grafting outcomes stratified by preoperative renal function, J Am Soc Nephrol 23:1389-1397, 2012.)
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MONITORS OF RENAL FUNCTION

In patients with perioperative AKI, one of the major 
chall enges to optimal perioperative management and 
early intervention has been the inability to detect early 
onset, subtle AKI. Monitoring tools for traditional renal 
failure are typically insensitive until less than 40% of 
normal functioning nephrons remain (Fig. 52-8), which 
leaves only a small margin of renal function before symp-
toms are apparent.39 Furthermore, late recognition of AKI 
allows little opportunity for the treatment of AKI.

Consensus criteria to define AKI are typically used in 
most studies of perioperative AKI. However, large blood 
volume loss and fluid shifts, which may artificially dilute 
serum creatinine, make these criteria sometimes ques-
tionable. Furthermore, the use of consensus urine output 
criteria in this context is unknown. Unlike the postopera-
tive or critical care setting where renal monitoring can 
involve periodic evaluation of kidney function under 
relatively stable conditions, intraoperative renal monitoring 
involves a more brief unstable period, often involving sig-
nificant blood loss, major fluid shifts, wide hemodynamic 
fluctuations, and even direct compromise to renal artery 
blood flow.

Therefore the anesthesia provider is likely the first 
monitor (i.e., in a sense) required for preserving renal 
function by recognizing and treating factors that may 
contribute to or exacerbate AKI; for example, the toxic 
effects of aminoglycosides and iodinated contrast materials 
are exacerbated by intravascular volume depletion. Fur-
thermore, the anesthesia provider often relies on indirect 
variables, such as urine volume, to assess renal perfusion. 
Unfortunately, urine output does not reliably reflect 
glomerular filtration and renal function under intra-
operative conditions. Even knowledge of RBF is not, in 
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Figure 52-8. The inverse logarithmic relationship between serum 
creatinine concentration (y axis) and relative reductions in glomerular 
filtration rate (GFR) and approximate nephron loss (x axis) is shown. 
The nonlinear relationship means that the serum creatinine level is 
not significantly increased until a 75% reduction in GFR (e.g., 120 
to 30 mL/min) occurs. (Modified from Faber MD, Kupin WL, Krishna G, 
et al: The differential diagnosis of ARF. In Lazarus JM, Brenner BM, editors: 
Acute renal failure, ed 3. New York, 1993, Churchill Livingstone, p 133.)
and of itself, particularly informative because increased 
flow mandates increased filtration and active transport 
demands, as well as increased oxygen delivery. A moni-
tor of balanced supply and demand of regional renal per-
fusion, particularly in the renal medulla, would be an 
ideal, although currently unavailable, direct monitoring 
tool.

The best tools currently available intraoperatively are 
indirect hemodynamic monitors that can assist in opti-
mizing conditions consistent with kidney well-being, 
such as ensuring adequate intravascular volume (i.e., 
preload), cardiac performance, and systemic perfusion. 
Serum chemistries and urinary indices may enable the 
assessment of adequate distribution of cardiac output to 
the kidneys themselves.

INDIRECT MARKERS OF OPTIMAL RENAL 
PERFUSION AND FUNCTION

Intravascular volume depletion, which commonly occurs 
in fasting patients undergoing surgery, is a risk factor for 
AKI. For example, the combination of diabetes mellitus 
and intravascular volume depletion increases the chance 
of developing AKI by 100-fold.94 The most practical preop-
erative methods to assess volume status are with preope-
rative patient history and physical examination and by 
assessing changes in arterial blood pressure in response to 
changing conditions and dynamic maneuvers. For exam-
ple, an awake patient normally does not have significant 
orthostatic changes in arterial blood pressure unless an 
autonomic or intravascular volume deficit exists. During 
anesthesia, a similarly dehydrated patient may demon-
strate paradoxical arterial pulse changes with positive-
pressure inspiration.

OXYGEN DELIVERY: BLOOD GAS, ACID-
BASE BALANCE, AND HEMATOCRIT

Severe arterial hypoxemia to a partial arterial pressure of 
oxygen (Pao2) value of less than 40 mm Hg is associated 
with decreased RBF and renal vasoconstriction.95,96 Cap-
nometry may be a useful monitor because hypercarbia 
has been associated with decreased RBF in patients requir-
ing mechanical ventilation.97 Inequalities in oxygen sup-
ply demand are exaggerated and medullary hypoxia is 
extreme during CPB, effects that last well beyond separa-
tion from circulatory support69 (also see Chapter 67).

The effects of anemia on the kidney have been studied 
mostly in the context of CPB management. When crystal-
loid and colloid solutions are used to prime an extracor-
poreal circuit, the initiation of CPB surgery obligates an 
acute decrease of approximately 30% in oxygen-carrying 
capacity. Animal studies endorse moderate hemodilu-
tion (hematocrit 20% to 30%) as renoprotective during 
CPB surgery through a reduction of blood viscosity and 
improved regional blood flow.98 However, although hema-
tocrit values less than 20% during CPB surgery are com-
monly accepted clinically (extreme hemodilution), very 
low hematocrit values are linked with adverse outcomes, 
including AKI.99-103 The solution may not be as simple as 
transfusion because blood transfusions themselves have 
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been linked to AKI. In a systematic review, Karkouti found 
22 studies that examined the association between blood 
transfusions and AKI postcardiac surgery.104 An indepen-
dent association between transfusions and AKI was found 
in 18 of the 22 studies. The association of perioperative 
anemia with AKI was further examined in 14 studies, 
and 9 of the studies found an independent associa tion of 
perioperative anemia with AKI. Proposed mechanisms for 
transfusion-associated AKI include exacerbation of inflam-
mation and oxidative stress, which occur during the CPB 
surgery. The age of stored blood probably increases the 
risk of AKI (also see Chapter 61). Old blood may result in 
higher circulating levels of free hemoglobin and free iron. 
Finally, anemia might increase the risk of AKI and other 
organ injury by increasing the risk of tissue hypoxia and 
oxidative stress, as well as impaired iron metabolism. The 
Society of Thoracic Surgeons and the Society of Cardio-
vascular Anesthesiologists guidelines suggest that transfu-
sion triggers (also see Chapter 61) should be lower during 
CPB surgery and that a transfusion trigger of 6 g/dL is rea-
sonable, except in those at risk for end-organ ischemia, 
in whom a higher trigger may be reasonable.105 However, 
many clinicians may not wish to wait for a hemoglobin 
level of 6 g/dL before giving a blood transfusion, espe-
cially intraoperatively.

SYSTEMIC PERFUSION: SYSTOLIC ARTERIAL 
AND PULSE PRESSURE

Large multicenter epidemiologic studies have identified a 
relationship between markers of abnormal central aortic 
compliance, such as preoperative isolated systolic hyper-
tension (>160 mm Hg) and wide pulse pressure hyper-
tension (>40 mm Hg),86,106 and postoperative AKI and 
dialysis, in particular in patients undergoing cardiac sur-
gery (also see Chapter 67). The systolic component of the 
arterial blood pressure number is determined by stroke 
volume and the rate of ventricular ejection, whereas the 
pulsatile component of arterial blood pressure is gov-
erned by the relationships among stroke volume, ventric-
ular ejection, viscoelastic properties of large arteries, and 
peripheral vascular resistance. Pulse pressure is an index 
of the effects of large artery stiffness and the rate of pres-
sure on propagation and reflection within the arterial tree. 
Early return of reflected arterial waves during late systolic 
rather than early diastolic pressure (from increased prop-
agation velocity in stiff vessels) increases systolic blood 
pressure (i.e., afterload) and decreases diastolic blood 
pressure (i.e., perfusion pressure). Perfusion pressure and 
the risk of perioperative renal dysfunction are linked by 
the preexisting capacity of the vasculature to compensate 
for low pressure as it determines flow. Those with a pre-
disposition to low flow attributable to abnormal central 
aortic compliance may represent patients who require 
higher pressure to maintain adequate flow and minimize 
renal risk compared with normotensive patients.

RBF during CPB is not autoregulated and varies with 
pump flow rates and arterial blood pressure.44 However, 
CPB hypotension is not equivalent to hypotension with 
hemorrhagic shock or low cardiac output states, because a 
low pressure during CPB surgery is rarely associated with 
low flow. CPB flow rates and perfusion pressures were 
compared in a case-control analysis of three groups of 
patients with normal baseline renal function who post-
operatively required dialysis (n = 44), sustained a renal 
injury without requiring dialysis (n = 51), or had no renal 
impairment (n = 48).107 Usually, renal injury was asso-
ciated with long bypass durations, low flows, and long 
periods with CPB pressure less than 60 mm Hg. A serious 
limitation of this study is the potential for confounding 
CPB variables and known renal risk factors. In contrast, 
several studies that accounted for known risk factors in 
evaluating perfusion management did not link low CPB 
blood pressure (with maintained flow) with postoperative 
AKI.108-110

RBF is affected by renal artery stenosis. In a retrospec-
tive study of 798 patients undergoing aortocoronary 
bypass whose cardiac catheterization procedures routinely 
included renal angiogram, Conlon and colleagues found 
that 18.7% of patients had at least 50% stenosis of one 
renal artery (nine patients had >95% renal artery stenosis 
bilaterally).111 However, in a multivariable logistic regres-
sion analysis, no association of the presence or severity of 
renal artery stenosis was observed with postoperative AKI.

INTRAVASCULAR VOLUME STATUS: 
CENTRAL VENOUS PRESSURE, PULMONARY 
CAPILLARY WEDGE PRESSURE, LEFT ATRIAL 
PRESSURE, AND LEFT VENTRICULAR  
END-DIASTOLIC AREA

The decision to use any monitor should depend on the 
patient’s functional cardiac reserve status and the extent 
of the proposed surgical insult. Although maintaining 
adequate cardiac output is necessary for maintaining ade-
quate RBF, adequate flow may still not occur. Intravascu-
lar volume monitoring techniques must include caution 
to identify physiologic conditions that influence their 
validity as a reflection of preload in a particular patient 
(see Chapters 20, 23, and 44). Monitoring central venous 
pressure to assess preload involves assumptions about 
normal left and right ventricular function, pulmonary 
vascular resistance, and mitral, pulmonary, and tricuspid 
valve function. Similarly, monitoring pulmonary artery 
pressure or pulmonary capillary wedge pressure assumes 
normal left ventricular compliance, mitral valve function, 
and normal airway pressure.

Direct measurements of left atrial pressure may offer 
insight into the kidney pressure-flow relationship because 
left atrial hypotension is a powerful stimulus for renal 
vasoconstriction. Despite equivalent reductions in cardiac 
output and arterial blood pressure, RBF decreases signifi-
cantly more when left atrial pressure is decreased (e.g., 
hemorrhagic shock), compared with left atrial pressure 
when it is increased (e.g., cardiogenic shock).112 Left 
atrial pressure receptors modulate renal vasoconstriction 
through the release of ANP, a hormone secreted by the 
cardiac atria in response to intravascular volume expan-
sion.113 ANP acts on the arterial and venous systems, the 
adrenal glands, and the kidneys to reduce intravascular 
volume and decrease blood pressure.33 Within the kidney, 
the hormone increases hydraulic pressure in the glomer-
ular capillaries through afferent arteriolar dilation and 
efferent arteriolar vasoconstriction. ANP reduces arterial 



blood pressure by relaxing smooth muscle and reducing 
sympathetic vascular stimulation and also inhibits renin 
and aldosterone secretion, causing renal vasodilation, 
natriuresis, and diuresis.5

Despite the direct relationship of left atrial pressure 
and renal vasoconstriction, static monitors of intravascu-
lar volume status are gradually being replaced by echo-
cardiographic and dynamic monitors of intravascular 
volume status (see the next section on guided fluid opti-
mization). Intraoperatively, one of the most direct ways 
to monitor intravascular volume may be by direct assess-
ment of the left ventricular end-diastolic area with trans-
esophageal echocardiography. Monitoring with invasive 
devices, such as pulmonary artery catheters, arterial can-
nulas, and transesophageal echocardiography, has not 
been demonstrated to reduce the incidence of AKI.

BLOOD FLOW: CARDIAC OUTPUT 
AND ESOPHAGEAL DOPPLER 
ULTRASONOGRAPHY–GUIDED FLUID 
OPTIMIZATION

The phrase guided fluid optimization has recently garnered 
significant interest as a step beyond traditional, somewhat 
unreliable guides to fluid administration (e.g., central 
venous pressure). The principle behind fluid optimiza-
tion is to maximize tissue-oxygen delivery by achieving 
a maximum stroke volume. Intravascular fluid manage-
ment is typically guided by the physiologic response to 
dynamic measures; proposed measures include systolic 
pressure variation, pulse pressure variation, continu-
ous cardiac output monitoring, and esophageal Doppler 
ultrasonography fluid boluses.114-117 Some maneuvers to 
assess fluid responsiveness may be feasible in the criti-
cal care setting but not in the perioperative setting (e.g., 
passive leg raise). Considering the improved outcomes in 
patients who are critically ill with the acute respiratory 
distress syndrome and are treated with a restrictive fluid 
management strategy, fluid restriction in the periopera-
tive setting has gained attention. Yet, a meta-analysis of 
seven randomized clinical trials in the setting of intraab-
dominal surgery suggested a restrictive fluid strategy 
offered no benefit; however, there was also no evidence 
of harm, including AKI.118 In some studies, excessive 
fluid restriction was associated with harm, including 
an increased risk of anastomotic breakdown and sepsis, 
and should clearly be avoided.119 Although a systematic 
review of over 80 perioperative fluid management ran-
domized trials concluded that the optimal amount of 
fluid to be administered for fluid replacement in elective 
surgical procedures is not clear, it recommended strict 
avoidance of fluid overload120 (also see Chapter 59).

Others have described the disastrous and unpredictable 
occurrence of acute pulmonary edema related to post-
operative fluid retention.121 Thus evidence on which to 
base judgments of the importance of fluid management 
strategies on perioperative renal function is insufficient 
at present. However, balanced electrolyte solutions may 
be beneficial over hyperchloremic intravenous fluids.122 
Physiologically, hyperchloremia leads to renal vasocon-
striction and a decrease in GFR, although the precise 
mechanism of this effect remains unknown.123
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AUTOREGULATION AND DISTRIBUTION 
OF CARDIAC OUTPUT TO THE KIDNEYS

The fraction of cardiac output perfusing the kidneys 
depends on the ratio of renal vascular resistance to sys-
temic vascular resistance.39 In general, the response to 
renal hypoperfusion involves three major regulatory 
mechanisms that support renal function: (1) afferent arte-
riolar dilation increases the proportion of cardiac output 
that perfuses the kidney; (2) efferent arteriolar resistance 
increases the filtration fraction; and (3) hormonal and 
neural responses improve renal perfusion by increasing 
intravascular volume, thereby indirectly increasing cardiac 
output. The afferent arterioles react to reductions in perfu-
sion pressure by relaxing their smooth muscle elements to 
decrease renal vascular resistance. Decreased solute delivery 
to the macula densa in the cortical portion of the thick 
ascending loop of Henle results in the relaxation of the jux-
taposed afferent arteriolar smooth muscle cells, improving 
glomerular perfusion and filtration (also see Chapter 23).

The kidney produces vasodilator prostaglandins to coun-
teract the effects of systemic vasoconstrictor hormones 
such as angiotensin II. In a state of low cardiac output 
when systemic blood pressure is preserved by the action 
of systemic vasopressors, RBF is not depressed because the 
effect of the vasopressors is blunted within the kidney.

A selective increase in efferent arteriolar resistance 
decreases glomerular plasma flow, thereby preserving 
GFR. Glomerular filtration is augmented because capillary 
pressure upstream from the site of vasoconstriction tends 
to rise. This mechanism enables the kidney to offer high 
organ vascular resistance to contribute to the mainte-
nance of systemic blood pressure without compromising 
its function of filtration. Studies using specific inhibitors 
of angiotensin II have shown that efferent arteriolar resis-
tance largely results from the action of angiotensin II.124 
At low concentrations, norepinephrine has a vasocon-
stricting effect on efferent arterioles, indicating that the 
adrenergic system may also be important for maintaining 
the renal compensatory response.125

Reductions in cardiac output are accompanied by the 
release of vasopressin and by increased activity of the 
sympathetic nervous system and the renin-angiotensin-
aldosterone system. These regulatory mechanisms to pre-
serve RBF conserve salt and water. The control of blood 
delivery to the kidney, the fraction of plasma filtered, and 
the amount of volume returned to the systemic circula-
tion are determined by regulatory mechanisms within 
the kidney that attempt to preserve filtration function 
during compromised circulation.

One study reported the normal response to hemorrhage 
in otherwise healthy patients, describing a 30% reduction 
in RBF with a decrease in mean perfusion pressure from 
80 to 60 mm Hg.126 Changes known to occur at the ini-
tiation of CPB surgery include greater reduction in renal 
perfusion than systemic perfusion, loss of RBF autoregu-
lation, and stress hormone and inflammatory responses 
known to be harmful to the kidney.44,127 These effects may 
explain why the duration of CPB surgery independently 
predicts postcardiac surgery renal impairment. During 
experimental CPB surgery, medullary Po2 decreases from 
typically low levels to unmeasurable levels.69
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EXCESSIVE INTRAVASCULAR VOLUME 
AND THE ABDOMINAL COMPARTMENT 
SYNDROME

The abdominal compartment syndrome was first defined 
in 1985; since then, it has been progressively recognized 
as a common contributor to renal dysfunction in the 
setting of excessive intravascular volume.128,129 Not sur-
prisingly, excessive intravascular volume and mechani-
cal ventilation with high airway pressures are significant 
contributors to the abdominal compartment syndrome. 
Abdominal compartment syndrome is defined as a sus-
tained increase in intraabdominal pressures to greater 
than 20 mm Hg that causes organ dysfunction; in con-
trast, intraabdominal hypertension is typically defined 
as intraabdominal pressures ≥12 mm Hg without organ 
dysfunction. This increase in intraabdominal pressure 
decreases abdominal perfusion pressure (which is mean 
arterial pressure – intraabdominal pressure), and results 
in a functional prerenal state attributable to reduced renal 
perfusion.

The intraabdominal pressure can easily be measured 
using an indwelling Foley catheter and the same pres-
sure tubing setup used for arterial line blood pressure 
monitoring.130 The Foley catheter is clamped distal to 
the instillation port, and up to 25 mL of saline is instilled 
into the bladder. The transduced should be zeroed at the 
midaxillary line, and the pressure should be measured 
at end-expiration approximately 30 to 60 seconds after 
fluid is instilled into the bladder to allow for detrusor 
muscle relaxation. Of note, intraabdominal pressure 
may be chronically elevated to as high as 12 mm Hg in 
the obese adult but is not associated with end-organ dys-
function in this context (also see Chapter 71).131 Prompt 
recognition of the abdominal compartment syndrome 
and treatment via decompression in the appropriate 
clinical context is critical.

LABORATORY TESTS OF SERUM AND 
URINE AS MARKERS OF RENAL FUNCTION

An ideal monitor for perioperative AKI recognition would 
be accurate, point-of-care, simple, brief, and inexpen-
sive; in addition, it should have confirmed links with 
AKI-related outcomes (e.g., mortality). Because no such 
test currently exists, trends in repeated serum creatinine 
determinations (relative or absolute changes), alone or 
integrated into eGFR, are the clinical tools most often 
used for this purpose.132 Although traditional tests are 
useful in identifying kidney failure, an inherent limita-
tion of almost all currently available tools is the obligate 
delay between the onset of AKI and the diagnosis of AKI. 
One striking difference between the management of AKI 
and acute myocardial infarction (AMI) is the lack of early 
biomarkers for AKI to guide prompt recognition and 
intervention when tissue is threatened (i.e., AMI—tropo-
nin, creatine kinase–MB [CK-MB]). Thus significant ongo-
ing efforts are testing the value of early AKI biomarkers. 
The following discussion is categorized into traditional 
diagnostic tools and the currently expanding field of 
early biomarkers for AKI.
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RADITIONAL BIOMARKERS OF ACUTE 
IDNEY INJURY

iomarkers are those used to estimate renal function 
serum creatinine and GFR estimating equations and cre-
tinine and urea clearance), those biomarkers used to rec-
gnize AKI (urine volume, serum BUN, and creatinine), 
nd those used to distinguish the different causes of AKI 
urine-specific gravity, urine osmolality, urine sodium 
evel, fractional excretion of sodium (FeNa) and urea, 
nd urinalysis). Because AKI represents a change in renal 
unction, some of the estimates of renal function are also 
sed to recognize AKI (e.g., serum creatinine). Another 
est frequently used to distinguish the causes of AKI is 
ltrasonography of the kidneys and urinary tract to rule 
ut obstruction as a cause of AKI, noting that in individu-
ls with two functioning kidneys, both kidneys must be 
bstructed for AKI to occur. Because ultrasonography is 
ot a functional test per se, its use is not discussed further 

n this text. Although not routinely used in clinical prac-
ice, other functional measures include measured GFR 
sing exogenous markers such as inulin, as well as RBF 
Box 52-1). Finally, interest in cystatin C and other novel 

arkers of GFR is increasing; therefore these are intro-
uced in the section that discusses novel (early) biomarkers 
f AKI later in this chapter.

Serum creatinine
Analysis tools

Baseline-to-peak postoperative fractional change
Peak in-hospital postoperative
Baseline-to-peak maximum change
AKI definitions
STS definition
AKIN criteria
RIFLE criteria
KDIGO criteria
Modified contrast nephropathy criteria

Creatinine clearance
Cockcroft-Gault estimating formula

24-hour urine collection
Shorter (e.g., 2- or 4-hour) urine collection

Glomerular filtration rate
Estimated glomerular filtration rate

MDRD equation
CKD-EPI equation

Direct measures
Insulin clearance
Iohexol clearance

Urine volume
RIFLE, AKIN, KDIGO criteria

Blood urea nitrogen
Urine specific gravity
Urine osmolality
Urinary sodium
Fractional excretion of sodium
Renal blood flow

BOX 52-1 Markers of Kidney Function

KI, Acute kidney injury; AKIN, Acute Kidney Injury Network; CKD-EPI, 
Chronic Kidney Disease Epidemiology Collaboration; KDIGO, Kidney 
Disease: Improving Global Outcomes; MDRD, Modification of Diet in 
Renal Disease; RIFLE, Risk, Injury, Failure, Loss, End-stage kidney disease; 
STS, Society of Thoracic Surgeons.



Functional measures of kidney health such as serum 
creatinine are essentially surrogates for glomerular filtra-
tion, which is governed by the following equation:

 GFR = Kf × (PGC − PBC − PPO) 

where GFR is the rate at which fluid is filtered through the 
glomerular capillaries into the Bowman capsule, Kf is the 
glomerular filtration coefficient or the factor that consid-
ers the permeability and surface area of the glomerular 
basement membrane, Pgc is the glomerular capillary pres-
sure, Pbc is the pressure in the Bowman capsule, and Ppo is 
the plasma oncotic pressure.

Acute changes in GFR and, consequently, in urine for-
mation are commonly caused by changes in glomerular 
capillary pressure. For example, events that reduce plasma 
flow rates reduce the hydraulic pressure of glomerular cap-
illaries and favor decreased ultrafiltration, whereas events 
that increase plasma flow rate have the opposite effect. 
In theory, varying concentrations of plasma proteins 
may influence oncotic pressure and influence GFR, with 
smaller plasma protein concentrations decreasing oncotic 
pressure and increasing GFR. The glomerular filtration 
coefficient is the product of glomerular capillary hydraulic 
permeability and total surface area available for filtration. 
Hydrostatic pressures are normally maintained higher in 
glomerular capillaries than in other capillary beds by a 
delicate balance of preglomerular and postglomerular vas-
cular tone in arterioles. The permeability of the glomeru-
lar capillary wall is equal for substances with molecular 
masses up to 5000 to 6000 daltons (Da) and decreases to 
almost zero at 60,000 to 70,000 Da.133 Metabolic wastes 
and essential nutrients are filtered freely, and larger pro-
teins, such as albumin and immunoglobulin G (IgG), are 
filtered in trace amounts or not at all. The hope is that 
real-time GFR measurements will be possible in the future 
in the perioperative and critical care settings; such tech-
nology is being developed and tested in small and large 
animal models.134-136

Serum Creatinine Concentration
Despite all of its limitations, the serum creatinine con-
centration remains the most used clinical tool to assess 
renal function and to diagnose AKI. Serum creatinine is 
a cyclic anhydride of creatine, which is a small molecule 
(113 Da) that is continuously released during skeletal 
muscle protein catabolism. Muscle mass, which is smaller 
in women and declines with age, directly predicts creati-
nine release. Creatinine levels in body fluids (e.g., plasma, 
serum, urine) are also easy and inexpensive to measure. 
These properties have made serum creatinine a mainstay 
as a marker of steady-state changes in renal filtration.

However, because of its nonlinear relationship with 
changes in renal function (see Fig. 52-8), variability 
among individuals, and susceptibility to changes unre-
lated to changes in GFR (e.g., cimetidine, trimethoprim, 
N-acetylcysteine),132,137,138 an increase of serum creati-
nine concentration is only somewhat reliable as a sign 
of renal dysfunction. GFR may be reduced by as much as 
75% before increases reach abnormal levels attributable 
to the kinetics of creatinine accumulation.139,140 Often 
the magnitude of the changes in serum creatinine may 
be more important than the absolute value. Because 
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creatinine production is proportional to muscle mass, 
many chronically ill, malnourished, older patients have 
serum creatinine values in the normal range, despite 
reduced renal concentrating ability and GFR. Con-
versely, many critically ill patients at risk for developing 
AKI may have high metabolic rates because of hyperali-
mentation, sepsis, or posttraumatic states. Nonetheless, 
the serum creatinine concentration remains a useful; 
inexpensive; and, so far, unsurpassed clinical tool to 
reflect particularly trends of change in renal filtration 
function and to predict outcome, even during the peri-
operative period.

An inverse logarithmic relationship exists between 
GFR and serum creatinine concentration (see Fig. 52-8); 
that is, as GFR decreases, creatinine increases. Within the 
normal ranges, changes relative to baseline can repre-
sent significant changes in renal function. For example, 
a patient with a baseline serum creatinine level of 0.6 
mg/dL who develops contrast nephropathy sufficient to 
reduce the GFR to 50% of baseline would have a serum 
creatinine level of approximately1.2 mg/dL, still in the 
normal range. Thus a trend in serum creatinine values is 
always more useful than a single serum creatinine mea-
surement to evaluate renal function reserve, particularly 
when changes are anticipated.

Nephrologists and critical care physicians have focused 
on developing consensus criteria for AKI. Although the 
cardiac surgery literature has commonly defined AKI 
using the Society of Thoracic Surgeons’ definition of at 
least a twofold creatinine rise to a value exceeding 2 mg/dL  
or new dialysis or both141 and the contrast nephropa-
thy literature has focused on creatinine rises exceeding  
25% or 0.5 mg/dL (44 μmol/L), a major push to define 
AKI using the same criteria across all study types now 
exists (Table 52-1).

Additional methodologic concerns with the use of cre-
atinine as a measure of renal function include the fact 
that creatinine distributes into total body water; when 
patients become volume overloaded, creatinine may 
become diluted, and AKI may be masked. AKI recognition 
may be delayed or entirely missed in the setting of exces-
sive intravascular volume.142,143 Furthermore, outcomes 
in those with AKI that is masked by excessive intravascu-
lar volume have very poor outcomes, with mortality rates 
similar to those with conventional AKI. In addition, cre-
atinine generation rates may change under conditions of 
acute illness.144,145 Despite these limitations, considering 
the low cost of the test and the ability to obtain frequent 
measurements, serum creatinine remains the best test of 
renal function currently available.

Creatinine and Urea Clearance
When monitoring renal function, the measure of interest 
is the GFR, which is slightly overestimated by creatinine 
clearance, since creatinine is partially secreted in the renal 
tubule. Since gold standard measurements of GFR includ-
ing inulin and iothalamate clearance are expensive and 
cumbersome, these measurements are not routinely used 
in clinical practice. Creatinine clearance can be either 
estimated when creatinine is at steady state or directly 
measured. When creatinine is at steady state, the Cock-
croft-Gault equation can be used to estimate creatinine 
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clearance based on patient gender, age (years), weight 
(kg), and serum creatinine (Cr) (mg/dL)146:

 Cockcroft − Gault eGFR (mL/min)
= [140 (age) × weight (kg)]
÷ (Cr × 72) × .85 (for females)

 

However, as described in the next section, under con-
ditions where serum creatinine is at steady state, the 
Cockcroft-Gault equation has largely been superseded by 
more modern GFR estimating equations.

Precise measurements of creatinine clearance require 
the collection of timed urine samples using the following 
formula:

 GRR − (UV ÷ P) 

where U is the urinary concentration of creatinine (mg/
dL), V is the volume of urine (mL/min), and P is the 
plasma concentration (mg/dL). The major limitation in 
determining creatinine clearance is the necessity of accu-
rately collecting urine. Although reasonable correlation 
between short-timed creatinine clearance measurements 
(as short as 2 hours) and 24-hour creatinine clearance 
has been reported for patients in ICUs147 (Fig. 52-9), in 
general, the longer the urine collection period, the more 
accurate is the measurement. Nonetheless, short-timed 
clearance measurements may be useful to identify AKI 
before changes in serum creatinine148 and as an assess-
ment to guide therapy, including discontinuation of 
dialysis149 and medication dosing. However, changing 
hydration of the patient and failing to record urine vol-
ume accurately may make such short-timed collections 
inaccurate.150 The error in calculation of creatinine clear-
ance can vary significantly, depending on the accuracy of 
urine collection, body weight, surface area, and normal 
day-to-day variations. Regardless, these direct measure-
ments can be extremely useful for patients in whom a con-
cern exists that eGFR equations may overestimate renal 
function. These individuals include older and critically ill 
patients who may have limited muscle mass, as well as 
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Figure 52-9. Correlation between the 2-hour creatinine clearance 
(CC02) and the 22-hour creatinine clearance (CC22). (Modified from 
Sladen RN, Endo E, Harrison T: Two-hour versus 22-hour creatinine clear-
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those who are under conditions of acute stress and criti-
cal illness, during which emerging data have suggested 
that changes in creatinine generation may occur. Because 
creatinine is excreted by glomerular filtration and tubu-
lar secretion, as the GFR decreases the tubular secretion 
becomes a progressively more important fraction of cre-
atinine excretion, such that creatinine clearance overesti-
mates the GFR by 50% to 100% if the true GFR is less than  
15 mL/min.

Although urea is freely filtered at the glomerulus, it is 
also reabsorbed, and, as a result, measuring timed urea 
clearance underestimates GFR. Consequently, timed urea 
clearance measurements are not used with one excep-
tion: when GFR is low (less than 20 mL/min/1.73 m2), 
the average of the timed urea and creatinine clearances 
is often used to estimate GFR, since the timed urea clear-
ance underestimates clearance and the timed creatinine 
clearance overestimates clearance.

Glomerular Filtration Rate Estimating 
Equations Using Steady-State Creatinine
The Modification of Diet in Renal Disease (MDRD) GFR 
estimating formula uses several clinical variables to 
obtain estimates of GFR in a population with chronic kid-
ney disease.151 Several forms of this equation are avail-
able, but the one in widespread clinical use incorporates 
serum creatinine, age, gender, and race:

 
GFR = 186 × [serum Cr (mg/dL)]− 1.154 × (age)− 0.203

× 0.742 (for females) × 1.210 (for blacks)

 

This equation has been adopted by many clini-
cal laboratories. However, two important caveats 
must be kept in mind when interpreting these results. 
First, interpretation of eGFR assumes that creatinine 
is at steady state; during an episode of AKI when the 
serum creatinine is rising, the eGFR will be inaccu-
rate. In addition, because the equation was derived 
in a group of patients with chronic kidney dis-
ease, the equation is inaccurate when eGFR exceeds  
60 mL/min/1.73 m2 and is often reported out as >60 mL/
min/1.73 m2 rather than as an exact number.

The Chronic Kidney Disease Epidemiology Collabo-
ration (CKD-EPI) equation is a more recent eGFR equa-
tion derived in both normal populations and those with 
chronic kidney disease152; this equation uses splines to 
allow for precise eGFR across a large range of values. This 
equation will likely replace the MDRD equation in the 
clinical laboratory setting over the next 5 to 10 years. 
Again, this equation cannot be used when serum creati-
nine is not at steady state.

Urine Volume
Although consistently recorded, intraoperative urine 
output remains a controversial perioperative marker of 
renal function. Whereas the presence of urine (regard-
less of amount) confirms blood flow to the kidney, many 
nonrenal factors directly and profoundly influence urine 
production. During surgery, patients are often hemody-
namically unstable; decreased blood volume or cardiac 
output, fluctuating hormone levels (e.g., aldosterone, 
renin, ADH), nervous system reflexes, and increased 



catecholamine concentrations added to the effects of 
general anesthesia can alter GFR. Although intraoperative 
urine output has been associated with subsequent AKI in 
some studies,153 whether it is a reliable intraoperative sign 
of pending renal dysfunction is not clear, with several 
studies suggesting that intravascular volume resuscitation 
in the surgical setting may not improve urine output or 
affect rates of AKI.41,154 For example, Alpert and colleagues 
observed patients who underwent oliguric aortic surgery 
(urine flow <0.125 mL/kg/hr) and were given additional 
crystalloid solution, intravenous mannitol, furosemide, 
or no intervention41; no correlation was found between 
intraoperative mean or the smallest hourly urine output 
and subsequent AKI (see Fig. 52-7).

In contrast to the intraoperative setting, significant pro-
longed preoperative or postoperative oliguria has been pro-
posed as a diagnostic criterion for AKI, with urine output 
(<0.5 mL/kg/hr for longer than 6 hours) forming the basis 
for RIFLE, Stage R, and AKIN and KDIGO, Stage 1, AKI.14-16 
The kidney concentrates the ultrafiltrate so that at maxi-
mal concentration, a minimum of 400 to 500 mL of urine 
is required to clear the daily obligatory nitrogenous wastes. 
However, the urine output criteria for AKI have not been 
well validated in the clinical literature and remain contro-
versial.17 Furthermore, the lack of correlation of immediate 
perioperative oliguria with AKI has not been incorporated 
into these recent consensus statements, primarily devel-
oped by nephrologists and critical care physicians.14-16

Blood Urea Nitrogen
BUN is often measured as part of the assessment of renal 
function but is inherently problematic as a measure 
of renal function on its own. BUN is a protein degra-
dation product and is consequently increased by high 
protein intake, blood in the gastrointestinal tract, and 
accelerated catabolism in traumatized or septic patients. 
Because urea is synthesized in the liver, hepatic dysfunc-
tion decreases urea production and therefore BUN con-
centration. It had been proposed that BUN/creatinine 
ratios could suggest whether AKI was due to prerenal 
causes or ATN, with BUN/creatinine ratios >20 consis-
tent with prerenal azotemia; however, this criterion is 
nonspecific.

Urine Specific Gravity and Osmolality
Once AKI is diagnosed, a number of tests can be used 
to try to distinguish the cause of AKI. The distinction 
between prerenal azotemia and ATN is emphasized in this 
discussion. This distinction has clinical relevance since 
a patient with prerenal azotemia in the perioperative 
setting may require intravascular fluid administration, 
whereas avoiding excessive intravascular volumes may be 
important in the patient with established ATN. Nonethe-
less, an important caveat to this discussion is the fact that 
prerenal azotemia and ATN likely represent a spectrum of 
disease, rather than two distinct entities. Consequently, 
rigorous attempts to distinguish one disease from the 
other have been unsuccessful; perhaps, as a result, this 
distinction should not be made.155 The tests proposed 
to distinguish prerenal azotemia from ATN have mostly 
been urine based and are more comprehensively reviewed 
by Perazella and Coca.156
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Urine specific gravity reflects the mass of 1 mL of urine 
compared with 1 mL of distilled water. Normal values range 
between 1.001 and 1.035. In settings of poor perfusion 
or prerenal azotemia, urine specific gravity is high (e.g., 
1.030), reflecting the kidney’s ability to conserve sodium 
and water. With a loss of concentrating ability attributable 
to ATN, urine specific gravity resembles plasma osmolarity 
(e.g., 1.010). Unfortunately, when interfering substances 
that raise urine specific gravity (e.g., glucose, protein, con-
trast dye) are present in large amounts (Box 52-2), high 
urine specific gravity can provide misleading reassurance 
that the renal concentrating ability is preserved; depend-
ing on the nature of these agents, some will affect urine 
osmolality as well. Of note, the ability of the kidneys to 
concentrate urine is impaired in many older patients and 
many with chronic kidney disease.

Urine specific gravity is a surrogate for osmolality (nor-
mal range, 50 to 1000 mOsm/kg), a measure of the number 
of osmotically active particles in solution in the solvent 
phase. Theoretically, urine osmolality is physiologically 
superior to urine specific gravity as a test of renal function; 
however, the same substances and conditions that ren-
der urine specific gravity a nonspecific test can also affect 
the reliability of urine osmolality (see Box 52-2). Similar 
to urine-specific gravity, the sensitivity and specificity of 
urine osmolality as a test for predicting or distinguishing 
ATN from prerenal azotemia are clinically inadequate.157

Urinary Sodium Concentration
With decreasing perfusion, the normally function-
ing kidney conserves sodium and water. It is tradition-
ally suggested that a urinary sodium level of less than  
20 mEq is consistent with prerenal azotemia (since the 
normal kidney, under conditions of hypoperfusion, 
retains sodium) and that a level greater than 40 mEq indi-
cates ATN.157 However, the factors affecting urine sodium 
are numerous and include heterogeneity of nephrons, secre-
tion of aldosterone, secretion of ADH, diuretic therapy, 
saline content of intravenous infusion solutions, sympa-
thetic neural tone, and sodium-avid states (e.g., conges-
tive heart failure, cirrhosis). Therefore urine sodium in 
isolation cannot be used to distinguish prerenal azotemia 
and ATN reliably.

Fractional Excretion of Sodium
Failure of avid sodium reuptake by the kidney in the 
setting of dehydration exhibits increased urine sodium 

Proteins
Glucose
Mannitol
Dextran
Diuretic drugs
Extremes of age
Radiographic contrast media
Antibiotics (e.g., carbenicillin)
Hormonal imbalances (e.g., diabetes insipidus)

BOX 52-2 Substances and Conditions 
Affecting Urine-Specific Gravity and Urine 
Osmolality
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and is the principle underpinning the utility of FeNa as 
a diagnostic tool. A sodium excretion value of less than 
1%, compared with greater than 1%, suggests differentia-
tion between prerenal azotemia and ATN, particularly in 
the presence of oliguria. The FeNa was first described by 
Espinel158; it represents the fraction of sodium excreted 
versus that filtered by the kidneys. FeNa is calculated as 
follows:

 FENa = Excreted Na
Filtered Na × 100

= UNaPCr

(UCrPNa × 100)
 

where PCr is the plasma creatinine level, PNa is the plasma 
sodium level, UCr is the urinary creatinine level, and UNa 
is the urinary sodium level. However, under conditions of 
normal GFR, FeNa is low, and generally the FeNa is useful 
only when oliguria is already present.159 FeNa is affected 
by other factors, including, in particular, diuretic ther-
apy. Some have proposed that the fractional excretion 
of urea can be useful in this context, with a fractional 
excretion of urea of <35% being consistent with prerenal 
azotemia, even in the setting of diuretic use.159-161 How-
ever, a number of studies have not shown FeUrea to be 
useful in distinguishing prerenal azotemia from ATN or 
transient versus persistent AKI.162-164 Finally, FeNa may 
be low in the context of contrast nephropathy; there-
fore caution must be used when interpreting FeNa in this 
context.165

Urinalysis
Cells and cellular elements in the urine can provide 
important indications as to the cause of AKI. For exam-
ple, dysmorphic red blood cells and red blood cell casts 
suggest a glomerulonephritis, whereas white blood cells 
and white blood cell casts suggest an interstitial nephritis. 
However, one must also consider nonglomerular causes 
for hematuria (urinary tract pathologic conditions includ-
ing trauma or tumor) and pyuria (urinary tract infection, 
including pyelonephritis), if present. A urine test result 
that is positive for blood in the absence of red blood cells 
suggests the presence of free hemoglobin or myoglobin 
in the urine.

In contrast to hematuria and pyuria, the presence 
of renal tubular epithelial cells and granular or muddy 
brown casts are most suggestive of ATN, whereas hyaline 
casts may be consistent with a prerenal state or early ATN. 
Indeed, a simple scoring system that quantitates the num-
ber of renal tubular epithelial cells and granular casts has 
been proposed to differentiate ATN from prerenal azote-
mia with 76% sensitivity and 86% specificity.166 Impor-
tant caveats to this study include the fact that this was a 
single-institution study and all study participants under-
went renal consultation and evaluation of urine microscopy 
by subspecialty consultants. Although additional studies 
are needed to validate the utility of such scoring systems 
for the diagnosis of AKI, these studies underscore the 
importance of the urine sediment in assessing the cause 
of AKI.

The presence of proteinuria on a routine dipstick 
examination may be normal, or it may suggest severe 
renal disease. In a concentrated urine sample, trace or 
1+ proteinuria is a nonspecific finding, whereas 3+ or 4+ 
proteinuria suggests glomerular disease. The existence 
of glucosuria without hyperglycemia suggests proximal 
tubular damage.

Timed Clearance Measurements: Inulin, 
Iothalamate, and Others
Inulin, a polymer of fructose with a molecular mass of 
5200 Da found in Jerusalem artichokes, dahlias, and chic-
ory, has been used to measure GFR because it is filtered 
freely in the glomerulus, not reabsorbed or secreted, and 
is excreted in the urine. To assess inulin clearance, the 
clinician intravenously administers a priming dose of 
inulin, followed by a continuous infusion calculated to 
maintain constant blood concentrations. After an equili-
bration period (usually 1 hour), clearance measurements 
are obtained. Urine is collected (typically with a Foley 
catheter), and venous blood samples are obtained at the 
midpoint of each clearance period. The longer the clearance 
period, the less likely is the introduction of error from 
incomplete voiding. The standard formula for calculation 
of clearance is as follows:

 CI = (U1V) ÷ PI 

where UI and PI are the urine and plasma concentrations 
of inulin, respectively, CI is the rate of inulin clearance, 
and V is the urine flow rate. Other exogenously adminis-
tered clearance markers include iohexol, iothalamate, and 
radiolabeled ethylenediaminetetraacetic acid (EDTA) and 
diethylenetriaminepentaacetic acid (DTPA); a detailed 
discussion of these markers and the pros and cons of 
measured and eGFR can be found in a recent review by 
Stevens and Levey.132

Renal Blood Flow
Although an extended period of renal artery clamping 
(e.g., 30 to 40 minutes) sufficient to cause blood flow to 
cease is also sufficient to cause ischemic AKI, it is simplis-
tic to assume that moderate increases and decreases in RBF 
are good and bad for the kidney, respectively. Regional 
variations in perfusion result in a precarious balance 
between oxygen supply and demand in some renal tissues, 
particularly in the inner renal medulla. Notably, high 
levels of RBF also oblige high levels of oxygen demand 
to facilitate active transport of sodium and other solutes 
back into the circulation. Consequently, RBF is a very 
poor indicator of the adequacy of regional medullary per-
fusion and oxygen delivery. Furthermore, hypovolemia 
and AKI affect the distribution of RBF with renal arterio-
graphic and xenon washout studies in patients with AKI 
showing a selected, profound reduction in RBF.167 Thus 
clinically useful techniques to measure RBF must measure 
total RBF and the distribution of RBF; techniques include 
the clearance of para-aminohippurate, indicator dilution, 
renocortical tissue Po2, radiolabeled tracers, Doppler ultra-
sonography, and external gas-washout techniques.168 
Owing to the risks and limitations associated with these 
techniques and the lack of clear utility of the diagnostic 
information, their clinical use has been limited.

However, if clinical utility could be demonstrated with 
the use of RBF measurements, then many noninvasive mea-
sures, including two-dimensional transesophageal echo-
cardiography and renal arterial Doppler waveform images, 
primarily of the left kidney, could assess RBF to describe 



RBF changes qualitatively over time,121 as well as contrast 
ultrasonography using sonicated microbubbles.169 Finally, 
scintigraphic functional magnetic resonance imaging can 
characterize kidney physiologic abnormalities, including 
GFR, tubular concentration, transit, blood volume, perfu-
sion, inflammation, and even tissue hypoxia, although this 
is likely to be impractical in the perioperative setting.170,171

NOVEL (EARLY) BIOMARKERS OF ACUTE 
KIDNEY INJURY

Limited progress in the care for AKI has fueled an enor-
mous interest in new early biomarkers.172-174 Although a 
few of the new tools represent attempts to find a substitute 
ideal creatinine-like substance to use in estimates of renal 
filtration (e.g., cystatin C), most markers take advantage 
of one of the three early consequences of AKI: (1) tubular 
cell damage, (2) tubular cell dysfunction, and (3) adaptive 
stress response of the kidney. The hope is that prompt 
biomarker information will allow timely AKI risk iden-
tification, surveillance (i.e., recognition of pre-AKI states 
such as prerenal azotemia), diagnosis, and prognosis. 
Some of the more promising biomarkers are presented in 
this text, including classes reflecting impaired renal filtra-
tion, tubular cell damage, tubular cell dysfunction, and 
adaptive responses of the kidney to stress (Box 52-3).

NEW FILTRATION-BASED MARKERS OF 
RENAL DYSFUNCTION

Of the most novel filtration-based markers of renal dys-
function, the most advanced is cystatin C, a member of the 
cystatin superfamily of cysteine-proteinase inhibitors that is 
produced by all nucleated cells at a constant rate. Cystatin C 
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Figure 52-10. Pattern of early biomarkers for urinary interleukin  
(IL)-18 and neutrophil gelatinase–associated lipocalin (NGAL) after 
cardiopulmonary bypass (CPB) surgery in 55 patients with and with-
out criteria for acute kidney injury (AKI) diagnosed 48 to 72 hours 
postoperatively (defined as a peak rise in serum creatinine concen-
tration to >150% of baseline). (From Parikh CR, Mishra J, Thiessen-
Philbrook H, et al: Urinary IL-18 is an early predictive biomarker of acute 
kidney injury after cardiac surgery, Kidney Int 70:199-203, 2006. Used 
with permission.)
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has been clinically available for longer than 15 years and can 
be rapidly determined. Similar to creatinine, cystatin C accu-
mulates in the circulation with renal impairment and can 
be used as a marker of glomerular filtration. Urinary cystatin 
C has also been proposed as a marker of renal dysfunction; 
rather than as a marker of GFR, urinary cystatin C is due to 
proximal tubular injury and impaired metabolism. Serum 
cystatin C has theoretical advantages over creatinine, par-
ticularly as an indicator of mild chronic kidney disease and 
its sequelae.175 Several GFR estimating equations have been 
proposed, based on cystatin C alone or cystatin C and cre-
atinine,176,177 but these are not in widespread use at present.

Although cystatin C outperformed creatinine in detect-
ing AKI after cardiac surgery in some small studies,178 this 
sensitivity has not consistently been the case (also see 
Chapter 67). Indeed, a recent large multicenter prospec-
tive observational study of AKI after cardiac surgery sug-
gested that serum cystatin C was less, not more, sensitive 
for the detection of AKI. This study, conducted by the 
Translational Research Investigating Biomarker Endpoints 
in Acute Kidney Injury (TRIBE-AKI) Consortium, prospec-
tively enrolled more than 1200 adults undergoing cardiac 
surgery and has rapidly advanced the field of novel bio-
markers in this context. Of note, the subset of patients who 

Filtration-Based Markers oF renal dysFunction

Cystatin C
Beta-trace protein
Beta-2 microglobulin

BioMarkers reFlecting renal tuBular cell daMage  
(tuBular enzyMuria)

α-Glutathione S-transferase
π-Glutathione S-transferase
β-N-Acetyl-β-d-glucosaminidase
γ-Glutamyl transpeptidase
Alkaline phosphatase
Ala-(Leu-Gly)-aminopeptidase
Sodium hydrogen exchanger isoform 3

BioMarkers reFlecting renal tuBular cell dysFunction  
(tuBular Proteinuria)

α1-Microglobulin
β2-Microglobulin
Albumin
Retinol-binding protein
Immunoglobulin G
Transferrin
Ceruloplasmin
Lambda and kappa light chains
Total protein

BioMarkers reFlecting renal tuBular cell resPonse to stress

Neutrophil gelatinase–associated lipocalin
Urinary interleukin-18
Kidney injury molecule-1
Liver fatty acid–binding protein
Insulinlike growth factor binding protein 7
Tissue inhibitor of metallo-proteinase 2

BOX 52-3 Early Biomarkers* of Acute  
Kidney Injury

*New early biomarkers are being developed to provide information 
promptly to improve risk stratification, surveillance, diagnosis, and 
prognostic information concerning acute kidney injury.
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had AKI by cystatin C and creatinine had more frequent 
risk of dialysis and death than those who had AKI by cre-
atinine alone.179 Conditions such as malignancy, human 
immunodeficiency viral infection, or corticosteroidal or 
thyroid hormone therapy are associated with increased 
serum levels without changes in renal function. Other 
novel markers of filtration include beta-trace protein and 
beta-2-microglobulin; these markers may be novel mark-
ers of mortality in the general population, compared with 
creatinine-based eGFR.180 However, the additional utility 
of these markers in estimating GFR above and beyond cre-
atinine and cystatin C is unknown.

BIOMARKERS REFLECTING RENAL TUBULAR 
CELL DAMAGE (TUBULAR ENZYMURIA)

Renal tubular cells contain enzymes that are highly specific 
to their location within the kidney and even tubule region. 
Under conditions of cellular stress, these enzymes are shed 
into the urine, making these potentially appealing markers 
of kidney dysfunction. These markers include α and π iso-
mers of GST, which are cytosolic enzymes from proximal 
and distal tubular cells, respectively, and NAG, a proximal 
tubule lysosomal enzyme. General brush border injury is 
reflected by other markers including γ-glutamyl transpep-
tidase (γ-GT), alkaline phosphatase, and Ala-(Leu-Gly)-ami-
nopeptidase. Of note, although enhanced urinary excretion 
of tubular enzymes can signal damaged tubular cells, it can 
also reflect an increased turnover of tubular cells or some 
other metabolic disturbance; thus the signals of early, irre-
versible disease may not always be distinguished from the 
noise of biologic variability, and the use of these markers 
should be applied with appropriate caution.

BIOMARKERS REFLECTING RENAL 
TUBULAR CELL DYSFUNCTION (TUBULAR 
PROTEINURIA)

When small proteins are filtered by the glomerulus, 
binding and endocytic reuptake in the proximal tubule 
normally returns these substances to the body through 
a megalin-mediated transport system. So-called tubu-
lar proteinuria results from functional impairment of 
this process and the escape of small proteins into the 
urine. Endogenous low–molecular-weight (LMW) pro-
teins that are normally taken up in this way include 
β2- and α1-microglobulin, albumin, adenosine deam-
inase–binding protein, renal tubular epithelial anti-
gen-1, retinol-binding protein, lysozyme, ribonuclease, 
IgG, transferrin, ceruloplasmin, lambda (λ) and kappa 
(κ) light chains, and urinary total protein. Appear-
ance of any of these substances in the urine heralds 
abnormal proximal nephron function consistent with 
AKI. However, enthusiasm for LMW protein mark-
ers as perioperative tools to diagnose AKI has been 
reduced, particularly with cardiac surgery, by the con-
fusion that can occur when an antifibrinolytic drug is 
used181,182 (also see Chapter 67). Lysine and its analog 
(e.g., ε-aminocaproic acid, tranexamic acid) specifi-
cally block renal-binding sites, causing a profound but 
reversible inhibition of LMW protein reuptake183 that 
is transient and apparently benign.
BIOMARKERS REFLECTING RENAL TUBULAR 
CELL RESPONSE TO STRESS

Examples of markers that assess the response of the kid-
ney to stress include neutrophil gelatinase–associated 
lipocalin (NGAL), urinary IL-18, kidney injury molecule–1 
(KIM-1), and liver fatty acid–binding protein (L-FABP). 
These have each been extensively reviewed in detail in 
recent literature.172-174 Two markers of G1-cell cycle arrest 
have been shown to be upregulated in AKI.184

NGAL is a protein with a critical role in iron scav-
enging. A transcriptome-wide interrogation for genes 
induced very early after renal ischemia identified 
NGAL as a protein generated by ischemic renal tubu-
lar cells.185 Administration of exogenous NGAL in 
animal models attenuates renal injury.186 Enthusiasm 
for NGAL as a biomarker of AKI was fueled by a study 
in pediatric patients who underwent cardiac surgery, 
suggesting that plasma and urinary NGAL could pre-
dict AKI before elevations in serum creatinine187 (Fig. 
52-10). Although increased NGAL levels are associated 
with adverse outcomes,188 studies in the adult periop-
erative literature have not consistently shown NGAL 
to predict AKI before elevations in serum creatinine. 
In a large biomarker study in the cardiac surgery field, 
the TRIBE-AKI consortium showed that plasma NGAL, 
not urinary NGAL, improved the prediction of a com-
bined endpoint of dialysis and death over clinical risk 
factors, although the final model had only good dis-
crimination, with an area under the receiver operating 
characteristic (ROC) curve of 0.75.4 In the same study, 
plasma NGAL, not urinary NGAL, was also associated 
with subsequent AKI progression.189

Inflammation is a central aspect of the pathophysio-
logic processes of AKI. Cytokines and adhesion molecules 
mediate injury in the kidney, and levels of urinary cyto-
kines such as IL-18 and platelet-activating factor have 
been assessed as early biomarkers of AKI. IL-18 is an 
inflammatory mediator of ischemic AKI in animals.190 
In human studies, a cross-sectional study comparing a 
variety of renal conditions with AKI found an increased 
urinary IL-18 level to be a good discriminator between 
patients with AKI and those with prerenal azotemia, uri-
nary tract infections, chronic renal insufficiency, and 
nephrotic syndrome.191 Similar to plasma NGAL, urinary 
IL-18 improved the prediction of adverse outcomes in 
the TRIBE-AKI study, with a modest improvement in the 
area under the ROC curve to 0.76, as well as AKI progres-
sion.4,189 Other plasma and urinary cytokines, such as 
IL-6, are predictive of AKI, but not well developed.192-194

KIM-1 is a transmembrane protein expressed at low 
levels in a normal kidney that is significantly upregulated 
in proximal renal tubular cells in response to ischemic or 
nephrotoxic AKI.195 In studies conducted by the Predictive 
Testing Safety Consortium, an academic-industrial part-
nership that has worked closely with the U.S. Food and 
Drug Administration (FDA) to develop novel biomarkers 
of kidney injury for use in the preclinical setting (in par-
ticular, as markers of drug toxicity), KIM-1 outperformed 
a number of traditional markers of kidney injury in a variety 
of preclinical models.196 KIM-1 has also been associated 
with AKI in the TRIBE-AKI study.196
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L-FABP is an intracellular protein that is shed by proxi-
mal tubule cells into the urine under conditions of cellu-
lar stress and has been proposed as a novel biomarker 
for both AKI and chronic kidney disease.197 Studies in 
patients who are critically ill198,199 and patients undergo-
ing cardiac surgery200,201 have suggested an association of 
L-FABP with AKI in both of these contexts; although, as 
for other biomarkers, it remains unclear how L-FABP will 
be clinically used to identify AKI before changes in serum 
creatinine are observed. One potential strategy may be to 
use a combination of clinical and biologic measures to 
identify patients at very high risk of AKI in the perioperative 
period, but more studies are needed.

Finally, cell cycle arrest has been implicated in mod-
els of AKI202; more recently, two proteins that induce 
cell cycle arrest, insulin-like growth factor–binding pro-
tein 7 and tissue inhibitor of metalloproteinases-2, have 
both been shown in a multicenter study to predict the 
development of KDIGO Stage 2 and 3 AKI in critically 
ill patients. In a validation cohort, these biomarkers had 
an impressive area under the ROC curve of 0.80 for sub-
sequent AKI.184 These two biomarkers are being actively 
developed for use in the clinical setting, although further 
studies are needed to confirm these findings and to deter-
mine the utility of these biomarkers in larger groups of 
patients at risk for AKI.

PREOPERATIVE EVALUATION OF RENAL 
FUNCTION

The greater the magnitude and duration of the surgical 
insult and the number of acute and chronic risk factors, the 
greater the likelihood of perioperative renal compromise 
and the need for preoperative identification of high-risk 
individuals (see Chapters 38 and 39). Common risk factors 
for AKI include intravascular volume depletion, amino-
glycoside use, radiocontrast dye exposure, use of NSAIDs, 
septic shock, and pigmenturia. ACE inhibitors and ARBs, 
respectively, may contribute to intraoperative hypoten-
sion and may exacerbate AKI in the setting of impaired 
hemodynamics (volume depletion, NSAID use). Patients 
with preexisting renal insufficiency are clearly at increased 
risk for AKI and should be identified in the perioperative 
evaluation (also see Chapter 38). Chronic kidney disease 
affects more than 10% of the United States population. 
Common risk factors for chronic kidney disease include 
advanced age, diabetes, and hypertension. The potential 
value of understanding the genetic makeup of patients has 
yet to be fully explored and is likely to be important (see 
earlier discussion). Additional key determinants of postop-
erative renal function include maintenance of appropriate 
intravascular volume and normal myocardial function.13

Urinalysis provides qualitative information that must 
be cautiously interpreted (see “Laboratory Tests of Serum 
and Urine as Markers of Renal Function”). In particular, 
urinalysis can identify patients with chronic kidney dis-
ease with relatively preserved GFR but with significant 
proteinuria. Other urinary indices, if abnormal, may 
indicate urinary tract infection, urinary tract pathologic 
abnormality, or intrinsic kidney disease and must be 
interpreted in the clinical context of a given patient.
Serum creatinine levels offer rapid eGFR. The incidence 
and severity of AKI are usually more frequent when the pre-
operative serum creatinine level is more than 2 mg/dL38; 
however, an isolated serum creatinine measurement is an 
unreliable indicator of GFR when renal function is chang-
ing. The measurement of creatinine clearance may consti-
tute the best overall indicator of GFR, although this index 
also has its limitations.

SUMMARY

In patients with or at risk for developing AKI, periopera-
tive management continues to be challenging. Numer-
ous factors contribute to the heterogeneous condition 
referred to as perioperative AKI, but insults collectively 
combine through ischemic and toxic mechanisms. The 
recent research efforts directed to the investigation of AKI 
will likely lead to rapid developments in the field of renal 
function monitoring, including early biomarker tests or 
panels of tests that aid in predicting risk factors, iden-
tifying patients with conditions that precede AKI, such 
as prerenal azotemia, and determining the diagnosis and 
prognosis of AKI. The major hope is that improvements 
in monitoring will translate into better prevention, treat-
ment, and outcome from AKI, something that has been 
absent over the past half century since the problem of 
perioperative AKI was first described. Meanwhile, serum 
creatinine continues to be the mainstay of most renal 
function monitoring strategies.
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Neuromuscular Monitoring
JØRGEN VIBY-MOGENSEN • CASPER CLAUDIUS

K e y  P o i n t s

 •  Good evidence-based practice dictates that clinicians always quantitate the extent 
of neuromuscular block by objective monitoring.

 •  The neuromuscular block should be adjusted to ensure optimal surgical conditions. 
In most procedures, one or two responses to train-of-four (TOF) stimulation will 
suffice.

 •  Adequate recovery of postoperative neuromuscular function cannot be guaranteed 
without objective neuromuscular monitoring.

 •  Objective neuromuscular monitoring is essential for management of 
neuromuscular blockade intraoperatively and its reversal for postoperative care. 
Muscle relaxants should not be given in the intensive care unit (see Chapters 34, 
35, and 101) without proper monitoring.

 •  It is impossible to exclude with certainty clinically significant residual 
neuromuscular block by clinical evaluation of recovery of neuromuscular function.

 •  Residual postoperative neuromuscular block causes decreased chemoreceptor 
sensitivity to hypoxia, functional impairment of the pharyngeal and upper 
esophageal muscles, impaired ability to maintain an open upper airway, and an 
increased risk of hypoxemic events, as well as the development of postoperative 
pulmonary complications.

 •  Absence of tactile fade in the response to TOF stimulation, tetanic stimulation, and 
double-burst stimulation does not exclude significant residual block.

 •  To exclude clinically significant residual neuromuscular block, the TOF ratio must 
exceed 0.9 when measured mechanically or electromyographically and 1.0 when 
measured acceleromyographically.

 •  Antagonism of the neuromuscular block with a cholinesterase inhibitor should not 
be initiated before at least two to four responses to TOF stimulation are observed.

 •  Antagonism of the neuromuscular block achieved by rocuronium and vecuronium 
can be initiated at all levels of block with the selective relaxant binding agent, 
sugammadex.

 •  If sufficient recovery (TOF ≥ 0.9-1.0) has not been documented objectively at the 
end of the surgical procedure, the neuromuscular block should be antagonized 
with neostigmine or sugammadex. Minority opinion is that even with a TOF 
greater than 0.9, neostigmine or sugammadex should still be given.
1604

Clinically significant residual neuromuscular block (i.e., 
paralysis) cannot be excluded using clinical criteria only 
and can persist postoperatively.1,2 Objective monitoring 
of the degree of neuromuscular block during and after 
anesthesia reduces the incidence of residual neuromus-
cular block and should be part of standard monitoring 
equipment.3-9

In awake patients, muscle power can be evaluated by 
tests of voluntary muscle strength, but this is impossible 
during anesthesia and recovery from anesthesia. Instead, 
the clinician must use clinical tests to assess muscle 
power directly and to estimate neuromuscular function 
indirectly (muscle tone; feel of the anesthesia bag as an 
indirect measure of pulmonary compliance, tidal vol-
ume, and inspiratory force). All these tests, however, are 
influenced by factors other than the degree of neuromus-
cular block; therefore, whenever more precise informa-
tion regarding the status of neuromuscular functioning 
is desired, the response of muscle to nerve stimulation 
should be assessed. This procedure also takes into account 
the considerable variation in individual response and 
sensitivity to muscle relaxants.

This chapter reviews the basic principles of neuro-
muscular monitoring and the requirements for effective 
use of nerve stimulators for peripheral nerve stimula-
tion. It also describes the response to nerve stimulation 
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during depolarizing (phase I and phase II) and nonde-
polarizing neuromuscular block. Finally, methods of 
evaluating evoked neuromuscular responses with and 
without the availability of recording equipment are 
discussed.

TYPES OF PERIPHERAL NERVE 
STIMULATION

Neuromuscular function is monitored by evaluating 
the muscular response to supramaximal stimulation of 
a peripheral motor nerve. Two types of stimulation can 
be used: electrical and magnetic. Electrical nerve stimula-
tion is by far the most commonly used method in clinical 
practice, and it is described in detail in this chapter. In 
theory, magnetic nerve stimulation has several advan-
tages over electrical nerve stimulation.10,11 It is less pain-
ful and does not require physical contact with the body; 
however, the equipment required is bulky and heavy, it 
cannot be used for train-of-four (TOF) stimulation, and 
it is difficult to achieve supramaximal stimulation with 
this method. As a result, magnetic nerve stimulation is 
seldom used in clinical anesthesia.

PRINCIPLES OF PERIPHERAL NERVE 
STIMULATION

Whatever method is used for neuromuscular monitoring, 
the clinician must be familiar with the two terms, supra-
maximal stimulation and calibration.

SUPRAMAXIMAL STIMULATION

The reaction of a single muscle fiber to a stimulus fol-
lows an all-or-none pattern. In contrast, the response (the 
force of contraction) of the whole muscle depends on the 
number of muscle fibers activated. If a nerve is stimulated 
with sufficient intensity, all fibers supplied by the nerve 
will react, and the maximum response will be triggered. 
After administration of a neuromuscular blocking drug, 
the response of the muscle decreases in parallel with the 
number of fibers blocked. The reduction in response dur-
ing constant stimulation reflects the degree of neuromus-
cular block.

For the preceding principles to be in effect, the stim-
ulus must be truly maximal throughout the period of 
monitoring; therefore, the electrical stimulus applied is 
usually at least 15% to 20% greater than that necessary 
for a maximal response. For this reason, the stimulus is 
said to be supramaximal; however, supramaximal elec-
trical stimulation can be painful, which is not a con-
cern during anesthesia, but during recovery the patient 
may be awake enough to experience the discomfort of 
nerve stimulation. Therefore, some researchers advocate 
stimulation with submaximal current during recovery. 
Although several investigations indicate that testing 
of neuromuscular function can be reliably performed 
postoperatively with submaximal stimulation,12,13 the 
accuracy of such monitoring is unacceptable with low 
current.14
CALIBRATION

A device used for objective monitoring of the neuro-
muscular function should be calibrated before the neu-
romuscular blocking drug is administered. Calibration 
adjusts the gain of the device to ensure that the observed 
response to supramaximal stimulation is within the mea-
surement window of the device and as close as possible to 
the “100% control response.” The calibration procedure 
varies with the type of device used, but most often it is 
done with 1.0 Hz single-twitch stimulation. It is espe-
cially important to calibrate when the onset and recovery 
of the neuromuscular block is established with single-
twitch stimulation.

In the TOF mode of nerve stimulation, calibration is 
considered less important because all four responses are 
amplified equally. Consequently, the TOF ratio is rarely 
influenced by calibration; however, in patients with 
very weak or strong responses to nerve stimulation, one 
or more responses to TOF stimulation might be out of 
the recording window, and the displayed TOF response 
might be incorrect. In some devices, supramaximal stim-
ulation is established concurrently with the calibration 
procedure.

PATTERNS OF NERVE STIMULATION

For evaluation of neuromuscular function, the most com-
monly used patterns of electrical nerve stimulation are 
single-twitch, TOF, and tetanic. Other patterns, such as 
posttetanic count (PTC) and double-burst stimulation 
(DBS) can be valuable in certain clinical situations that 
are described later.

SINGLE-TWITCH STIMULATION

In the single-twitch mode of stimulation, single supra-
maximal electrical stimuli are applied to a peripheral 
motor nerve at frequencies ranging from 1.0 Hz (once 
every second) to 0.1 Hz (once every 10 seconds; Fig. 53-1). 
The response to single-twitch stimulation depends on the 
frequency at which the individual stimuli are applied. If 
the rate of delivery is increased to greater than 0.15 Hz, 
the evoked response will gradually decrease and stabilize 
at a lower level. As a result, a frequency of 0.1 Hz is gen-
erally used. Because 1-Hz stimulation shortens the time 
necessary to determine supramaximal stimulation, this 
frequency is sometimes used during induction of anes-
thesia; however, the apparent time of onset and length of 
neuromuscular block depend on the pattern and duration 
of stimulation. Therefore, results obtained with 1-Hz sin-
gle-twitch stimulation cannot be compared with results 
obtained using, for example, 0.1-Hz single-twitch stimu-
lation or TOF stimulation.15

TRAIN-OF-FOUR STIMULATION

Train-of-four nerve stimulation pattern, as introduced by 
Ali and associates16,17 during the early 1970s, consists of 
four supramaximal stimuli given every 0.5 seconds (2 Hz; 
Fig. 53-2). When used continuously, each set (train) of 
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four stimuli is typically repeated every tenth to twentieth 
second. Each stimulus in the train causes the muscle to 
contract, and the “fade” in the train of responses provides 
the basis for evaluation; that is, dividing the amplitude of 
the fourth response by the amplitude of the first response 
provides the TOF ratio. In the control response (the 
response obtained before the administration of a muscle 
relaxant), all four responses are ideally the same: the TOF 
ratio is 1.0. During a partial nondepolarizing block, the 
ratio decreases (fades) and is inversely proportional to the 
degree of block. During a partial depolarizing block, no 
fade occurs in the TOF response; ideally, the TOF ratio is 
approximately 1.0. Fade in the TOF response after injec-
tion of succinylcholine signifies the development of a 
phase II block (discussed later in the section on depolar-
izing neuromuscular block).

The advantages of TOF stimulation are most apparent 
during a nondepolarizing neuromuscular block because 
the degree of block can be read directly from the TOF 
response even though a preoperative value is lacking. 
In addition, TOF stimulation has some advantages over 
double-burst stimulation and tetanic stimulation; it is less 
painful and, unlike tetanic stimulation, does not gener-
ally influence subsequent monitoring of the degree of 
neuromuscular block.

TETANIC STIMULATION

Tetanic stimulation consists of high-frequency delivery 
of electrical stimuli (e.g., 30, 50, or 100 Hz). The most 
commonly used pattern in clinical practice is 50-Hz 
stimulation given for 5 seconds, although some investi-
gators have advocated the use of 50-, 100-, and even 200-
Hz stimulation for 1 second. In normal neuromuscular 
transmission or during a depolarizing block, the muscle 
response to 50-Hz tetanic stimulation for 5 seconds is 

1 2 3 25 26

1 2 3 7

min.

8 9

0.1–1.0 Hz.
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block:

Dep.
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Figure 53-1. Pattern of electrical stimulation and evoked muscle 
responses to single-twitch nerve stimulation (at frequencies of 0.1 to 
1.0 Hz) after injection of nondepolarizing (Non-dep.) and depolar-
izing (Dep.) neuromuscular blocking drugs (arrows). Note that except 
for the difference in time factors, no differences in the strength of the 
evoked responses exist between the two types of block.
sustained. On the other hand, during a nondepolarizing 
block and a phase II block after the injection of succinyl-
choline, the response is not sustained (i.e., fade occurs; 
Fig. 53-3).

Fade in response to tetanic stimulation is normally 
considered a presynaptic event (see Chapter 18); the 
traditional explanation is that at the start of tetanic 

1.5 sec 12 sec

T1

T4= TOF ratio

T4

T1

Stimulation:

Response:

Non-dep.
block:

Dep.
block:

Figure 53-2. Pattern of electrical stimulation and evoked muscle 
responses to train-of-four (TOF) nerve stimulation before and after 
injection of nondepolarizing (Non-dep.) and depolarizing (Dep.) neu-
romuscular blocking drugs (arrows).

20 msec

Stimulation:

Response:

Te (50 Hz)

Control Moderate non-dep.
block

Control Moderate dep. block

Figure 53-3. Pattern of stimulation and evoked muscle responses to 
tetanic (50 Hz) nerve stimulation for 5 seconds (Te) and posttetanic 
twitch stimulation (1.0 Hz; arrows). Stimulation was applied before 
the injection of neuromuscular blocking drugs and during moderate 
nondepolarizing (non-dep.) and depolarizing (dep.) blocks. Note the 
fade in the response to tetanic stimulation, plus the posttetanic facili-
tation of transmission during nondepolarizing block. During depolar-
izing block, the tetanic response is well sustained, and no posttetanic 
facilitation of transmission occurs.
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TOF TE PTS

Stimulation:

Intense block Deep block Surgical block

Response:

PTC and
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Figure 53-4. Pattern of electrical stimulation and evoked muscle responses to train-of-four (TOF) nerve stimulation, 50-Hz tetanic nerve stimu-
lation for 5 seconds (TE), and 1.0-Hz posttetanic twitch stimulation (PTS) during four different levels of nondepolarizing neuromuscular block. 
During intense block of peripheral muscles (A), no response to any of the forms of stimulation occurs. During less pronounced block (deep block, 
B and C), there is still no response to TOF stimulation, but posttetanic facilitation of transmission is present. During surgical block (D), the first 
response to TOF appears and posttetanic facilitation increases further. The posttetanic count (see text) is 1 during very deep block (B), 3 during 
less deep block (C), and 8 during surgical (or moderate) block (D).
stimulation, large amounts of acetylcholine are released 
from immediately available stores in the nerve terminal. 
As these stores become depleted, the rate of acetylcholine 
release decreases until equilibrium between mobilization 
and synthesis of acetylcholine is achieved. Despite this 
equilibrium, the muscle response to tetanic nerve stimu-
lation is maintained (given normal neuromuscular trans-
mission) because the acetylcholine released is many times 
greater than the amount necessary to evoke a response. 
When the “margin of safety”18 at the postsynaptic mem-
brane (i.e., the number of free cholinergic receptors) is 
reduced by nondepolarizing neuromuscular blocking 
drugs, a typical reduction in twitch height is seen with a 
fade during, for example, repetitive stimulation. In addi-
tion to this postsynaptic block, nondepolarizing neu-
romuscular blocking drugs can also block presynaptic 
neuronal subtype acetylcholine receptors, thereby lead-
ing to impaired mobilization of acetylcholine within the 
nerve terminal (see Chapter 18).19 This effect substan-
tially contributes to fade in the response to tetanic (and 
TOF) stimulation. Although the degree of fade depends 
primarily on the degree of neuromuscular block, fade 
also depends on the frequency (Hz), the length (seconds) 
of stimulation, and on how often tetanic stimuli are 
applied. Unless these variables are kept constant, results 
from different studies using tetanic stimulation cannot 
be compared.

During partial nondepolarizing block, tetanic nerve 
stimulation is followed by a posttetanic, slight increase in 
twitch tension called posttetanic facilitation (see Fig. 53-3). 
This event occurs because the increase in mobilization 
and synthesis of acetylcholine caused by tetanic stimu-
lation continues for some time after discontinuation of 
stimulation. The degree and duration of posttetanic facil-
itation depend on the degree of neuromuscular block, 
with posttetanic facilitation usually disappearing within 
60 seconds of tetanic stimulation. Posttetanic facilitation 
is evident in electromyographic, kinemyographic, accel-
eromyographic, and mechanomyographic recordings 
during partial nondepolarizing neuromuscular block. In 
contrast, posttetanic twitch potentiation, which some-
times occurs in mechanical recordings before any neu-
romuscular blocking drug has been given, is a muscular 
phenomenon that is not accompanied by an increase in 
the compound muscle action potential.

Tetanic stimulation is extremely painful, which 
limits its use in unanesthetized patients. Furthermore, 
especially in the late phase of neuromuscular recovery, 
tetanic stimulation can produce lasting antagonism of 
neuromuscular block in the stimulated muscle such that 
the response of the tested site may no longer be repre-
sentative of other muscle groups.20 Traditionally, tetanic 
stimulation is used to evaluate residual neuromuscu-
lar block. Except in connection with the technique of 
PTC, tetanic stimulation has little use in everyday clini-
cal anesthesia. If the response to nerve stimulation is 
recorded, all the information required can be obtained 
from the response to TOF nerve stimulation. In contrast, 
if the response to nerve stimulation is evaluated only 
visually or by tactile evaluation,21,22 even experienced 
observers are unable to judge the response of tetanic 
stimulation with sufficient certainty to exclude residual 
neuromuscular block.

POSTTETANIC COUNT STIMULATION

Injection of a nondepolarizing neuromuscular blocking 
drug in a dose sufficient to ensure smooth tracheal intu-
bation causes intense neuromuscular block of periph-
eral muscles. Because there is no response to TOF and 
single-twitch stimulation under these conditions, these 
modes of stimulation cannot be used to determine the 
degree of block. However, an intense neuromuscular 
block of the peripheral muscles can be monitored by 
applying tetanic stimulation (50 Hz for 5 seconds) and 
observing the posttetanic response to single-twitch 
stimulation given at 1 Hz starting 3 seconds after the 
end of tetanic stimulation.23 During intense block, 
there is no response to either tetanic or posttetanic 
stimulation (Fig. 53-4). As the period of very intense 



PART IV: Anesthesia Management1608

neuromuscular block dissipates, the first response to 
posttetanic twitch stimulation occurs and is followed 
by a gradual return of posttetanic twitches until the first 
response to TOF stimulation reappears. For a given neu-
romuscular blocking drug, the time until return of the 
first response to TOF stimulation is related to the num-
ber of posttetanic twitch responses present at a given 
time (i.e., the PTC; Fig. 53-5).23-27

The PTC method is mainly used to assess the degree 
of neuromuscular block when there is no reaction to sin-
gle-twitch or TOF nerve stimulation. However, PTC can 
also be used whenever sudden movements must be elimi-
nated (e.g., during surgery in the airways or ophthalmic 
surgery). A specific clinical example of the value of PTC 
occurs in ophthalmic surgery (see Chapter 84). The nec-
essary level of block at the adductor pollicis muscle to 
ensure paralysis of the diaphragm depends on the type 
of anesthesia. To ensure elimination of any bucking or 
coughing in response to tracheobronchial stimulation, a 
neuromuscular block must be intense (i.e., no response to 
TOF or PTC stimulation) (Fig. 53-6).24-28

When using the new selective relaxant binding drug, 
sugammadex for reversing a rocuronium-induced or 
vecuronium-induced deep or intense block (discussed 
later), the necessary dose of sugammadex depends on the 
level of block (see Chapter 35). In this situation, PTC can 
be used to quantitate the degree of block.

The response to PTC stimulation depends primarily on 
the degree of neuromuscular block. It also depends on the 
frequency and duration of tetanic stimulation, the length 
of time between the end of tetanic stimulation and the 
first posttetanic stimulus, the frequency of the single-
twitch stimulation, and probably the duration of single-
twitch stimulation before tetanic stimulation. When the 
PTC method is used, these variables should be kept con-
stant. In addition, because of interference between PTC 
stimulation and the actual neuromuscular block within 
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when onset of train-of-four (T1) is likely to be elicited for various neu-
romuscular blocking agents. (From El-Orbany MI, Joseph JN, Salem MR: 
The relationship of post-tetanic count and train-of-four responses during 
recovery from intense cisatracurium-induced neuromuscular block, Anesth 
Analg 97:80, 2003.)
the monitored hand, tetanic stimulation should ideally 
not be performed more often than every 6 minutes.23

DOUBLE-BURST STIMULATION

DBS consists of two short bursts of 50-Hz tetanic stimu-
lation separated by 750 msec, with a 0.2-msec duration 
of each square wave impulse in the burst (Fig. 53-7). 
Although the number of impulses in each burst can vary, 
DBS with three impulses in each of the two tetanic bursts 
(DBS3,3) is most commonly used.29-31

In nonparalyzed muscle, the response to DBS3,3 is two 
short muscle contractions of equal strength. In a partially 
paralyzed muscle, the second response is weaker than 
the first and corresponds to the typical TOF fade (see 
Fig 53-7). When measured mechanically, the TOF ratio 
correlates closely with the DBS3,3 ratio. DBS was devel-
oped with the specific aim of improving manual (tactile) 
detection of residual block under clinical conditions,30 
or during recovery and immediately after surgery; tactile 
evaluation of the response to DBS3,3 is superior to tac-
tile evaluation of the response to TOF stimulation.31,32 
However, as shown in Figure 53-8, absence of fade in the 
manually evaluated response to DBS3,3 (and TOF) does 
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Figure 53-6. Relationship between the rate of muscle response to 
stimulation of the tracheal carina and the degree of neuromuscular 
block of peripheral muscles, as evaluated by posttetanic count (PTC). 
The subjects were 25 patients who were anesthetized with thiopen-
tal, nitrous oxide, and fentanyl and given vecuronium (0.1 mg/kg) 
for tracheal intubation. For comparison, the first response to train-
of-four stimulation usually occurs when the PTC is approximately 10 
(range, 6 to 16). The carina was stimulated with a soft sterile rub-
ber suction catheter introduced via the endotracheal tube. The total 
response consisted of mild responses plus severe responses. A mild 
response was said to occur if stimulation of the carina induced only 
slight bucking that did not interfere with surgery. A severe response 
was said to occur if stimulation elicited bucking that interfered with 
surgery and required intervention. Elimination of severe responses 
requires an intense neuromuscular block; PTC must be less than  
2 to 3, and elimination of all reactions requires that PTC be 0. (From  
Fernando PUE, et al: Relationship between post-tetanic count and response 
to carinal stimulation during vecuronium-induced neuromuscular block. 
Acta Anaesthesiol Scand 31:593, 1987. Copyright 1987, Munksgaard 
International Publishers, Ltd. Copenhagen, Denmark.)



not exclude residual neuromuscular block.33 Accordingly, 
DBS3,3 cannot replace objective monitoring. On the other 
hand, when objective monitoring is not possible, residual 
neuromuscular block corresponding to a TOF less than 
0.6 or lower can be detected using this method.

THE NERVE STIMULATOR

Although many nerve stimulators are commercially avail-
able, not all meet the basic requirements for clinical use. 
The stimulus should produce a monophasic and rectan-
gular waveform, and the length of the pulse should not 
exceed 0.2 to 0.3 msec. A pulse exceeding 0.5 msec may 
stimulate the muscle directly or cause repetitive firing. 
Stimulation at a constant current is preferable to stimula-
tion at a constant voltage because current is the deter-
minant of nerve stimulation. Furthermore, for safety 
reasons, the nerve stimulator should be battery operated, 
include a battery check, and be able to generate 60 to  
70 mA, but not more than 80 mA. Many commercially 
available stimulators can deliver just 25 to 50 mA and pro-
vide a constant current only when skin resistance ranges 
from 0 to 2.5 kΩ. These limitations are a disadvantage; 
during cooling, skin resistance can increase to approxi-
mately 5 kΩ, which can cause the current delivered to the 
nerve to decrease below the supramaximal level and lead 
to a decrease in the response to stimulation and possible 
misjudgment in the degree of block used. Ideally, the 
nerve stimulator should have a built-in warning system 
or a current level display that alerts the user when the 
selected current is not delivered to the nerve. The polarity 
of the electrodes should be indicated, and the apparatus 
should be capable of delivering the following modes of 
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Figure 53-7. Pattern of electrical stimulation and evoked muscle 
responses to train-of-four (TOF) nerve stimulation and double-burst 
nerve stimulation (i.e., three impulses in each of two tetanic bursts, 
DBS3,3) before injection of muscle relaxants (control) and during 
recovery from nondepolarizing neuromuscular block. The TOF ratio is 
the amplitude of the fourth response to TOF divided by the amplitude 
of the first response. The DBS3,3 ratio is the amplitude of the second 
response to DBS3,3 divided by the amplitude of the first response. (See 
text for further explanation.)
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stimulation: TOF (as both a single train and in a repetitive 
mode, with TOF stimulation being given every 10 to 20 
seconds), single-twitch stimulation at 0.1 and 1.0 Hz, and 
tetanic stimulation at 50 Hz. In addition, the stimulator 
should have a built-in time constant system to facilitate 
PTC. The tetanic stimulus should last 5 seconds and be 
followed 3 seconds later by the first posttetanic stimulus. 
If the nerve stimulator does not allow objective measure-
ment of the response to TOF stimulation, at least one 
DBS mode should be available, preferably DBS3,3. Single-
twitch, 1-Hz stimulation is particularly useful in assessing 
the level of supramaximal stimulation. Tetanus at 100 or 
200 Hz is rarely indicated because 50-Hz tetanic stimula-
tion is similar to maximal voluntary muscle contraction. 
Furthermore, in contrast to 100- and 200-Hz stimulation, 
50-Hz tetanic stimulation does not cause fatigue (fade) in 
nonparalyzed muscle.

STIMULATING ELECTRODES

Electrical impulses are transmitted from stimulator to 
nerve by means of surface or needle electrodes, the for-
mer being the more commonly used in clinical anesthe-
sia. Normally, disposable pregelled silver or silver chloride 
surface electrodes are used. The actual conducting area 
should be small, approximately 7 to 11 mm in diam-
eter (Fig. 53-9). Otherwise, the current produced in the 
underlying nerve may not be adequate.34 The skin should 
always be cleansed properly and preferably rubbed with 
an abrasive before application of the electrodes. When a 
supramaximal response cannot be obtained with surface 
electrodes, needle electrodes can be used in a few excep-
tional cases. Although specially coated needle electrodes 
are commercially available, ordinary steel injection nee-
dles often suffice. A sterile technique should be used, and 
the needles should be placed subcutaneously to avoid 
direct injury to the underlying nerve.
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Figure 53-8. Fade detectable by feel in the response to train-of-four 
(TOF), double-burst stimulation (DBS3,3), and 50- and 100-Hz tetanic 
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in which fade can be detected at a given TOF ratio.22,29,31 It appears 
that it is not possible to exclude residual neuromuscular block by any 
of the methods. (See text for further explanation.)
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SITES OF NERVE STIMULATION AND 
DIFFERENT MUSCLE RESPONSES

In principle, any superficially located peripheral motor 
nerve can be stimulated. In clinical anesthesia, the 
ulnar nerve is the most popular site; the median, poste-
rior tibial, common peroneal, and facial nerves are also 
sometimes used. For stimulation of the ulnar nerve, the 
electrodes are best applied to the volar side of the wrist 
(see Fig. 53-9). The distal electrode should be placed 
approximately 1 cm proximal to the point at which the 
proximal flexion crease of the wrist crosses the radial 
side of the tendon to the flexor carpi ulnaris muscle. The 
proximal electrode should preferably be placed so that 
the distance between the centers of the two electrodes 
is 3 to 6 cm (see Fig. 53-9). With this placement of the 
electrodes, electrical stimulation normally elicits only 
finger flexion and thumb adduction. If one electrode is 
placed over the ulnar groove at the elbow, thumb adduc-
tion is often pronounced because of stimulation of the 
flexor carpi ulnaris muscle. When this latter placement 
of electrodes (sometimes preferred in small children) 
is used, the active negative electrode should be at the 
wrist to ensure maximal response. Polarity of the elec-
trodes is less crucial when both electrodes are close to 
each other at the volar side of the wrist; however, place-
ment of the negative electrode distally normally elicits 
the greatest neuromuscular response.35 When the tem-
poral branch of the facial nerve is stimulated, the nega-
tive electrode should be placed over the nerve, and the 
positive electrode should be placed somewhere else over 
the forehead.

Because different muscle groups have different sen-
sitivities to neuromuscular blocking drugs, results 
obtained for one muscle cannot be automatically 
extrapolated to other muscles. The diaphragm is among 
the most resistant of all muscles to both depolarizing36 
and nondepolarizing neuromuscular blocking drugs.37 
In general, the diaphragm requires 1.4- to 2.0-fold as 
much muscle relaxant as the adductor pollicis muscle 
for an identical degree of block (Fig. 53-10).37 Also of 
clinical significance is that onset time is normally 
shorter for the diaphragm than for the adductor pollicis 

Figure 53-9. Stimulating electrodes with the appropriate contact 
area in the correct position over the ulnar nerve of the left forearm.
muscle, and the diaphragm recovers from paralysis more 
quickly than the peripheral muscles (Fig. 53-11).38 The 
other respiratory muscles are less resistant than the dia-
phragm, as are the larynx and the corrugator supercilii 
muscles.39-41 Most sensitive are the abdominal muscles, 
the orbicularis oculi muscle, the peripheral muscles of 
the limbs, and the geniohyoid, masseter, and upper 
airway muscles.42-45 From a clinical point of view, the 
response of the corrugator supercilii to facial nerve stim-
ulation reflects the extent of neuromuscular block of the 
laryngeal adductor muscles and abdominal muscles bet-
ter than the response of the adductor pollicis to ulnar 
nerve stimulation.41,46 Furthermore, the upper airway 
muscles seem to be more sensitive than the peripheral 
muscles.42,43 Although some investigations using accel-
eromyography have indicated small differences in the 
response to TOF nerve stimulation in the hand (adduc-
tor pollicis muscle) compared to the leg (flexor hallucis 
brevis muscle), these differences are probably of little 
clinical significance.47,48 When comparing different 
sites of stimulation, there might be large differences 
between contralateral limbs (e.g., arm-to-arm variation 
of ± 20%).49,50

Although the precise source of these differences is 
unknown, possible explanations may be variations in 
acetylcholine receptor density, acetylcholine release, ace-
tylcholinesterase activity, fiber composition, innervation 
ratio (number of neuromuscular junctions), blood flow, 
and muscle temperature.
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Figure 53-10. The mean cumulative dose-response curve for pan-
curonium in two muscles shows that the diaphragm requires approxi-
mately twice as much pancuronium as the adductor pollicis muscle for 
the same amount of neuromuscular block. The depression in muscle 
response to the first stimulus in train-of-four nerve stimulation (probit 
scale) was plotted against dose (log scale). The force of contraction 
of the adductor pollicis was measured on a force-displacement trans-
ducer; response of the diaphragm was measured electromyographi-
cally. (From Donati F, Antzaka C, Bevan DR: Potency of pancuronium at 
the diaphragm and the adductor pollicis muscle in humans, Anesthesiol-
ogy 65:1, 1986.)
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RECORDING OF EVOKED RESPONSES

Five methods are available for clinical monitoring of neu-
romuscular function: evoked mechanical response of the 
muscle (mechanomyography [MMG]), evoked electri-
cal response of the muscle (electromyography [EMG]), 
acceleration of the muscle response (acceleromyography 
[AMG]), evoked electrical response in a piezoelectric film 
sensor attached to the muscle (kinemyography [KMG]) 
and measurement of low-frequency sounds evoked by 
the muscle contraction (phonomyography [PMG]). The 
five methods are described below. For further informa-
tion on recording evoked responses, the reader is referred 
to guidelines for good clinical research practice in phar-
macodynamic studies of neuromuscular blocking drugs.34 
The only objective monitors currently available are based 
on AMG, EMG, and KMG. The use of computer-guided 
administration of neuromuscular blocking drugs and 
“closed loop control” systems has been suggested, but no 
systems are commercially available.51,52

MECHANOMYOGRAPHY

For correct and reproducible measurement of evoked ten-
sion, the muscle contraction needs to be isometric. In 
clinical anesthesia, this condition is most easily achieved 
by measuring the force of contraction of the thumb after 
the application of a resting tension of 200 to 300 g (a pre-
load) to the thumb. When the ulnar nerve is stimulated, 
the thumb (the adductor pollicis muscle) acts on a force-
displacement transducer (Fig. 53-12). The force of con-
traction is then converted into an electrical signal, which 
is amplified, displayed, and recorded. The arm and hand 
should be rigidly fixed, and care should be taken to prevent 
overloading of the transducer. In addition, the transducer 
should be placed in correct relation to the thumb (i.e., 
the thumb should always apply tension along the length 
of the transducer). It is important to remember that the 
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Figure 53-11. Evolution of twitch height (mean ± SD) of the dia-
phragm (blue circles) and the adductor pollicis muscle (yellow circles) 
in 10 anesthetized patients after the administration of atracurium (0.6 
mg/kg). (From Pansard J-L, Chauvin M, Lebrault C, et al: Effect of an 
intubating dose of succinylcholine and atracurium on the diaphragm and 
the adductor pollicis muscle in humans, Anesthesiology 67:326, 1987.)
response to nerve stimulation depends on the frequency 
with which the individual stimuli are applied and that the 
time used to achieve a stable control response may influ-
ence subsequent determination of the onset time and 
duration of block.34 Generally, the reaction to supramaxi-
mal stimulation increases during the first 8 to 12 min-
utes after commencement of the stimulation (staircase 
phenomenon). Therefore, in clinical studies, recording of 
the control response (before injection of muscle relaxant) 
should not be made until the response has stabilized for 
8 to 12 minutes or a 2- or 5-second 50-Hz tetanic stimula-
tion has been given.53 Even then, twitch response often 
recovers to 110% to 150% of the control response after 
paralysis with succinylcholine. This increase in response, 
possibly caused by a change in the contractile response of 
the muscle, normally disappears within 15 to 25 minutes.

Although there are numerous methods for mechanical 
recording of evoked mechanical responses, not all meet 
the criteria outlined. Mechanomyography is recognized 
as the gold standard of neuromuscular monitoring.34 
Despite this status, there is no commercially available 
neuromuscular monitor for daily clinical use based on 
this principle.

ELECTROMYOGRAPHY

Evoked EMG records the compound action potentials 
produced by stimulation of a peripheral nerve. The com-
pound action potential is a high-speed event that for 
many years could be detected only by means of a pream-
plifier and a storage oscilloscope. Modern neuromuscular 
transmission analyzers are able to make online electronic 
analyses and graphic presentations of the EMG response.

The evoked EMG response is most often obtained from 
muscles innervated by the ulnar or the median nerves. 
Stimulating electrodes are applied as in force measure-
ments. Although both surface and needle electrodes 
can be used for recording, no advantage is obtained by 
using the latter. Most often, the evoked EMG response is 
obtained from the thenar or hypothenar eminence of the 
hand or from the first dorsal interosseous muscle of the 
hand, preferably with the active electrode over the motor 

Figure 53-12. The setup for mechanomyography. The response to 
nerve stimulation is measured using a force transducer (TD-100; Biom-
eter, Odense, Denmark) placed at the proximal phalanx of the thumb.
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point of the muscle (Fig. 53-13). The signal picked up by 
the analyzer is processed by an amplifier, a rectifier, and 
an electronic integrator. The results are displayed either 
as a percentage of control or as a TOF ratio.

Two new sites for recording the EMG response have 
been introduced: the larynx and the diaphragm.54,55 Using 
a noninvasive disposable laryngeal electrode attached to 
the tracheal tube and placed between the vocal cords, it is 
possible to monitor the onset of neuromuscular block in 
the laryngeal muscles. However, the method is mainly of 
interest in clinical research when investigating onset times 
of the laryngeal muscles. In paravertebral surface dia-
phragmatic EMG, the recording electrodes are placed on 
the right of vertebrae T12/L1 or L1/L2 for monitoring the 
response of the right diaphragmatic crux to transcutane-
ous stimulation of the right phrenic nerve at the neck.54-57 
As is the case with surface laryngeal EMG, surface dia-
phragmatic EMG is mainly of interest in clinical research.

Evoked electrical and mechanical responses repre-
sent different physiologic events. Evoked EMG records 
changes in the electrical activity of one or more muscles, 
whereas evoked MMG records changes associated with 
excitation-contraction coupling and contraction of the 
muscle as well. For these reasons, the results obtained with 
these methods may differ.57,58 Although evoked EMG 
responses generally correlate well with evoked mechani-
cal responses,30 marked differences can occur, especially 
in the response to succinylcholine and in the TOF ratio 
during recovery from a nondepolarizing block.30,57,59

In theory, recording of evoked EMG responses has 
several advantages over recording of evoked mechani-
cal responses. Equipment for measuring-evoked EMG 
responses is easier to set up, the response reflects only factors 
influencing neuromuscular transmission, and the response 
can be obtained from muscles not accessible to mechanical 
recording. However, evoked EMG does entail some difficul-
ties. Although high-quality recordings are possible in most 
patients, the results are not always reliable. For one thing, 
improper placement of electrodes can result in inadequate 
pickup of the compound EMG signal. If the neuromuscu-
lar transmission analyzer does not allow observation of the 
actual waveform of the compound EMG, determining opti-
mal placement of the electrodes is difficult. Another source 
of unreliable results may be that fixation of the hand with 
a preload on the thumb might be more important than is 

Figure 53-13. The setup for electromyography (NMT ElectroSensor, 
Datex-Ohmeda, Helsinki, Finland) for recording the compound action 
potential from the adductor pollicis muscle.
generally appreciated,30 inasmuch as changes in the posi-
tion of the electrodes in relation to the muscle can affect 
the EMG response. In addition, direct muscle stimulation 
sometimes occurs. If muscles close to the stimulating elec-
trodes are stimulated directly, the recording electrodes can 
pick up an electrical signal even though neuromuscular 
transmission is completely blocked. Another difficulty is 
that the EMG response often does not return to the con-
trol value. Whether this situation is the result of technical 
problems, inadequate fixation of the hand, or changes in 
temperature is unknown (Fig. 53-14). Finally, the evoked 
EMG response is highly sensitive to electrical interference, 
such as that caused by diathermy.

ACCELEROMYOGRAPHY

The technique of AMG is based on Newton’s second law: 
Force = Mass × Acceleration.60 If mass is constant, acceler-
ation is directly proportional to force. Accordingly, after 
nerve stimulation, one can measure not only the evoked 
force but also acceleration of the thumb.

AMG uses a piezoelectric ceramic wafer with electrodes 
on both sides. Exposure of the electrode to a force gener-
ates an electrical voltage proportional to acceleration of 
the electrode. Consequently, when an accelerometer is 
fixed to the thumb and the ulnar nerve is stimulated, an 
electrical signal is produced whenever the thumb moves. 
This signal can be analyzed in a specially designed ana-
lyzer61 or displayed on a recording system. At least two 
detached monitors are commercially available, based on 
the same transducer: the TOF-Watch (Biometer, Odense, 
Denmark) and the Infinity Trident NMT SmartPod 
(Dräger, Lübeck, Germany; Fig. 53-15).
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Figure 53-14. Evoked electromyographic printout from a Relaxo-
graph (Datex-Ohmeda, Helsinki, Finland). Initially, single-twitch 
stimulation was given at 0.1 Hz, and vecuronium (70 μg/kg) was 
administered intravenously for tracheal intubation. After approxi-
mately 5 minutes, the mode of stimulation was changed to train-
of-four (TOF) stimulation every 60 seconds. At a twitch height (first 
twitch in the TOF response) of approximately 30% of control (marker 
1), 1 mg of vecuronium was given intravenously. At marker 2, 1 mg of 
neostigmine was given intravenously, preceded by 2 mg of glycopyr-
rolate. The printout also illustrates the common problem of failure of 
the electromyographic response to return to the control level. (Cour-
tesy Datex-Ohmeda, Helsinki, Finland.)



AMG is a simple method of analyzing neuromuscular 
function, both in the operating room and in the inten-
sive care unit. Although good correlation exists between 
the TOF ratio measured by this method and the TOF 
ratio measured with a force-displacement transducer or 
EMG,60,62,63 measurements made via AMG are not directly 
comparable with results obtained by the other two meth-
ods.63-69 When AMG is used with a free-moving thumb, as 
originally suggested,60 wide limits of agreements in twitch 
height (T1) and TOF ratio and differences in the onset 
and recovery course of block between AMG and MMG 
have been found. Moreover, the AMG control TOF ratio 
is consistently higher than when measured with a force-
displacement transducer. In accordance with this, several 
studies have indicated that when using AMG, the TOF 
ratio indicative of sufficient postoperative neuromuscu-
lar recovery is 1.0 rather than 0.90, as when measured by 
MMG or EMG in the adductor pollicis muscle.2,22,68,70,71 
In contrast to MMG and EMG, the control baseline TOF 
value before administration of a neuromuscular blocking 
drug is most often 1.1 to 1.2 when measured with AMG, 
and in some patients is as high as 1.4. A high control base-
line value probably indicates that the TOF ratio necessary 
for excluding residual curarization is equally higher. For 
instance, in a patient with a high control baseline value 
(e.g., TOF = 1.2), it is to be expected that a higher TOF 
ratio during recovery is necessary to exclude residual 
block compared with a patient with a low control base-
line value (e.g., TOF = 0.95). It is generally accepted that 
the TOF ratio should be at least 0.90 to exclude clinically 
significant residual paralysis; using the preceding exam-
ple, a TOF ratio of 1.08 (90% of 1.2) would represent safe 
recovery in the first patient, whereas a TOF ratio of 0.86 
(90% of 0.95) would suffice in the other patient. To over-
come such problems, it has been suggested to refer the 
actually obtained TOF ratios during recovery to the base-
line control TOF ratio (normalization).22,67,72-75 Currently, 
no commercially available monitors can “normalize” the 
TOF ratio automatically. Intuitively, for excluding resid-
ual block using AMG, a TOF ratio of at least 1.0 should be 
targeted to exclude residual block.22,67,68,73

Figure 53-15. The setup of acceleromyography without preload 
(TOF Watch, Biometer, Odense, Denmark). The response to nerve 
stimulation is measured with a small piezoelectric acceleration trans-
ducer placed distally on the volar site of the thumb.
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One reason for the wide limits of agreement between 
AMG and MMG is probably and paradoxically connected 
with one of the originally claimed advantages of the 
method, that fixation of the hand could be reduced to 
a minimum as long as the thumb could move freely.60 
In clinical practice, it is often not possible to ensure that 
the thumb can move freely and that the position of the 
hand does not change during the surgical procedure. The 
evoked response can therefore vary considerably. Several 
solutions have been proposed, but the use of an elastic 
preload on the thumb improves the precision without 
compromising the agreement between results obtained 
with AMG and MMG (Fig. 53-16).67,68 Several studies 
have indicated that objective monitoring with AMG 
reduces and almost eliminates the problem of postopera-
tive residual neuromuscular block.67,76-80

When the thumb is not available for monitoring dur-
ing surgery, some clinicians prefer to monitor the AMG 
response of the orbicularis oculi or the corrugator super-
cilii in response to facial nerve stimulation.46 However, 
neuromuscular monitoring of both sites with AMG is sub-
ject to large uncertainty regarding the extent of paralysis, 
and it cannot be recommended for routine monitoring. It 
provides only a rough estimate of the degree of block of 
the peripheral muscles.81,82

PIEZOELECTRIC NEUROMUSCULAR 
MONITORS

The technique of the piezoelectric monitor is based on the 
principle that stretching or bending a flexible piezoelec-
tric film (e.g., one attached to the thumb) in response to 
nerve stimulation generates a voltage that is proportional 
to the amount of stretching or bending.83,84 At least one 
device based on this principle is available commercially 
in two sizes (adult and pediatric): the NMT MechanoSen-
sor (Datex-Ohmeda, Helsinki, Finland; Fig. 53-17).

Few studies have evaluated the function of these 
monitors.83-85 Limited data indicate not only a good rela-
tionship between results obtained with PZEMG, AMG, 
and MMG, but also wide limits of agreement between 

Figure 53-16. The setup of acceleromyography with preload (TOF 
Watch with Hand Adapter, Biometer, Odense, Denmark). The piezo-
electric acceleration transducer is placed in the Hand Adapter. The 
stretching wing ensures that the thumb does not touch the palm of 
the hand.
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the methods. Therefore, although PZEMG may be a valu-
able clinical tool, the values obtained in an individual 
patient with this method can vary from those obtained 
with MMG or AMG.

PHONOMYOGRAPHY

Phonomyography (acoustic myography) is an interest-
ing new method of monitoring neuromuscular function, 
but it is not yet commercially available.49,86-91 Contrac-
tion of skeletal muscles generates intrinsic low-frequency 
sounds, which can be recorded with special microphones. 
This method has been evaluated for clinical and research 
purposes. Several reports indicate good correlation 
between evoked acoustic responses and those obtained 
with more traditional methods of recording, such as 
MMG, EMG, and AMG. However, it is uncertain whether 
PMG will ever be used for monitoring neuromuscular 
block during routine anesthesia. What does make PMG 
interesting, however, is that in theory the method can 
be applied not only to the adductor pollicis muscle, but 

Figure 53-17. The setup of kinemyography (NMT MechanoSensor, 
Datex-Ohmeda, Helsinki, Finland). The response to nerve stimulation 
is measured by the bending of a small piezoelectric sensor positioned 
between the index finger and the thumb.
also to other muscles of interest such as the diaphragm, 
larynx, and eye muscles. In addition, the ease of applica-
tion is attractive.

EVALUATION OF RECORDED EVOKED 
RESPONSES

Nerve stimulation in clinical anesthesia is usually syn-
onymous with TOF nerve stimulation. Therefore, the 
recorded response to this form of stimulation is used to 
explain how to evaluate the degree of neuromuscular 
block during clinical anesthesia.

NONDEPOLARIZING NEUROMUSCULAR 
BLOCK

After injection of a nondepolarizing neuromuscular 
blocking drug in a dose sufficient for smooth tracheal 
intubation, TOF recording demonstrates four phases, or 
levels, of neuromuscular block: intense block, deep block, 
moderate or surgical block, and recovery (Fig. 53-18).

Intense Neuromuscular Block
Intense or profound neuromuscular block occurs within 
3 to 6 minutes of injection of an intubating dose of a 
nondepolarizing muscle relaxant, depending on the drug 
and the dose given. This phase is also called the “period 
of no response” because no response to any pattern of 
nerve stimulation occurs. The length of this period var-
ies, again depending primarily on the duration of action 
of the muscle relaxant and the dose given. The sensitivity 
of the patient to the drug also affects the period of no 
response. An intense block cannot be antagonized with 
a cholinesterase inhibitor (e.g., neostigmine), and only a 
high dose of sugammadex (16 mg/kg) can antagonize an 
intense block caused by rocuronium or vecuronium.92,93

Deep Neuromuscular Block
Intense neuromuscular block is followed by a period of 
deep neuromuscular block, characterized by absence of 
Intense block Deep block

PTC stimulation
during deep block

Injection of
NMBA

Moderate block Recovery phaseOnset
TOF count ≥1 TOF count 0

PTC 0
TOF count 0

PTC ≥ 1
TOF count 1-3 TOF ratio measurable

Level of block
Response to TOF
Response to PTC

Figure 53-18. Levels of block after a normal intubating dose of a nondepolarizing neuromuscular blocking agent (NMBA) as classified by postte-
tanic count (PTC) and train-of-four (TOF) stimulation. During intense (profound) block, there are no responses to either TOF or PTC stimulation. 
During deep block, there is response to PTC but not to TOF stimulation. Intense (profound) block and deep block together constitute the “period 
of no response to TOF stimulation.” Reappearance of the response to TOF stimulation heralds the start of moderate block. Finally, when all four 
responses to TOF stimulation are present and a TOF ratio can be measured, the recovery period has started. (From Fuchs-Buder T, et al: Good clinical 
research practice in pharmacodynamic studies of neuromuscular blocking agents II: The Stockholm revision, Acta Anaesthesiol Scand 51:789, 2007.)



response to TOF stimulation, but with the presence of 
posttetanic twitches (i.e., PTC ≥ 1; compare with Figure 
53-4). Although prediction of the duration of a deep neu-
romuscular block is difficult, correlation usually exists 
between PTC stimulation and the time until reappearance 
of the first response to TOF stimulation (see Fig. 53-5). 
Attempts to reverse a deep neuromuscular block with 
neostigmine is usually impossible (see Chapter 35). How-
ever, a deep neuromuscular block caused by rocuronium 
or vecuronium can be antagonized completely within a 
few minutes using a dose of sugammadex of 4 mg/kg.94-96

Moderate or Surgical Neuromuscular Block
Moderate or surgical neuromuscular block begins when 
the first response to TOF stimulation appears. This phase 
is characterized by a gradual return of the four responses 
to TOF stimulation. Furthermore, good correlation exists 
between the degree of neuromuscular block and the 
number of responses to TOF stimulation. When only 
one response is detectable, the degree of neuromuscular 
block (the depression in twitch tension) is 90% to 95%. 
When the fourth response reappears, neuromuscular 
block is usually 60% to 85%.97,98 The presence of one 
or two responses in the TOF pattern normally indicates 
sufficient relaxation for most surgical procedures. Dur-
ing light anesthesia, however, patients may move, buck, 
or cough; therefore, a deeper block (or a deeper level of 
anesthesia) may be necessary when elimination of sud-
den movements or facilitation of surgery is necessary. 
The deep neuromuscular block can then be evaluated 
with PTC (see Fig. 53-6).23

Antagonism of neuromuscular block with neostig-
mine should usually not be attempted when the block 
is intense or deep. Even if some reversal occurs, it will 
often be inadequate, regardless of the dose of neostig-
mine administered.99 Furthermore, after the administra-
tion of large doses of muscle relaxants, reversal of the 
block with neostigmine to clinically normal activity is 
not always possible if only one TOF response is pres-
ent. In general, antagonism with neostigmine should 
not be initiated before at least two to four responses are 
observed. Even then, sufficient recovery cannot be guar-
anteed unless documented using objective monitoring 
(see Chapter 35).100,101

Antagonism of moderate block induced by ro  curonium 
and vecuronium can be achieved with a small dose of 
sugammadex (2 mg/kg) within a few minutes.102-104 How-
ever, the reappearance of neuromuscular blockade has 
been reported by anesthesiologists from Japan105 when 
the 2 mg/kg dose has been used. They did not monitor 
the degree of neuromuscular blockade. Did the reappear-
ance of neuromuscular blockade occur because of inad-
equate monitoring or too small a dose of sugammadex? 
Even with proper monitoring, these results suggest that a 
dose larger than 2 mg/kg should be used.106 Although the 
antagonism of neuromuscular block from sugammadex 
seems to be fast and predictable, objective monitoring 
should still be used until the TOF ratio is 0.9 to 1.0.

Recovery from Neuromuscular Block
Return of the fourth response in the TOF heralds the 
recovery phase. During neuromuscular recovery, a 
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reasonably good correlation exists between the actual 
TOF ratio and clinical observation, but the relationship 
between the TOF ratio and signs and symptoms of resid-
ual block varies greatly among patients.80,99 When the 
TOF ratio is 0.4 or less, the patient is generally unable to 
lift the head or arm. Tidal volume may be normal, but 
vital capacity and inspiratory force is reduced. When 
the ratio is 0.6, most patients are able to lift their head 
for 3 seconds, open their eyes widely, and stick out their 
tongue, but vital capacity and inspiratory force are often 
still reduced. At a TOF ratio of 0.7 to 0.75, the patient can 
normally cough sufficiently and lift the head for at least 
5 seconds, but grip strength may still be as low as about 
60% of control.107 When the ratio is 0.8 and higher, vital 
capacity and inspiratory force are normal.17,108-110 The 
patient may, however, still have diplopia, blurred vision, 
and facial weakness (Table 53-1).80,107

The TOF ratio must exceed 0.90 when recorded 
with MMG or EMG, and 1.0 when using AMG to 
exclude clinically important residual neuromuscular 
block.30,44,67,68,70,111-116 Moderate degrees of neuromus-
cular block can impair carotid body chemosensitivity 
to hypoxia with absent ventilatory response to arterial 
desaturation.111,112,114,116 Moreover, residual block (TOF 
< 0.90) is associated with functional impairment of the 
pharyngeal and upper esophageal muscles, which most 
probably predisposes to regurgitation and aspiration of 
gastric contents.44 Eikermann and colleagues117 have 
documented that partial neuromuscular block, even to a 
degree that does not evoke dyspnea or oxygen desatura-
tion, can decrease inspiratory upper airway volume and 
can evoke partial inspiratory airway collapse.117 Also, 
residual block (TOF < 0.70) caused by the long-acting 
muscle relaxant pancuronium is a significant risk factor 
for the development of postoperative pulmonary com-
plications (Table 53-2 and Fig. 53-19).113 Intraoperative 
neuromuscular monitoring reduces the risk of residual 
neuromuscular block and results in fewer patients with 
hypoxemic events or airway obstruction in the postan-
esthesia care unit.79 Even in volunteers without sedation 
or impaired consciousness, a TOF ratio of 0.90 or less 

TABLE 53-1 CLINICAL SIGNS AND SYMPTOMS OF 
RESIDUAL PARALYSIS IN AWAKE VOLUNTEERS 
AFTER MIVACURIUM-INDUCED NEUROMUSCULAR 
BLOCK 

Train-of-Four Ratio Signs and Symptoms

0.70-0.75 Diplopia and visual disturbances
Decreased handgrip strength
Inability to maintain apposition of the 

incisor teeth
“Tongue depressor test” negative
Inability to sit up without assistance
Severe facial weakness
Speaking a major effort
Overall weakness and tiredness

0.85-0.90 Diplopia and visual disturbances
Generalized fatigue

From Kopman AF, Yee PS, Neuman GG: Relationship of the train-of-four fade 
ratio to clinical signs and symptoms of residual paralysis in awake volun-
teers, Anesthesiology 86:765, 1997.
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TABLE 53-2 RELATIONSHIP BETWEEN TRAIN-OF-FOUR RATIO AT THE FIRST POSTOPERATIVE RECORDING 
AND POSTOPERATIVE PULMONARY COMPLICATIONS*

Pancuronium (n = 226) Atracurium or Vecuronium (n = 450)

No. of patients

Patients with POPC

No. of Patients

Patients with POPC

n % n %

TOF ≥ 0.70 167 8 4.8 426 23 5.4
TOF < 0.70 59 10 16.9† 24 1 4.2

*Results from a prospective, randomized, and blinded study of postoperative pulmonary complications (POPC) in a total of 691 adult patients undergo-
ing abdominal, gynecologic, or orthopedic surgery and receiving either pancuronium, atracurium, or vecuronium.82 In 4 of the 46 patients with POPC 
(1 in the pancuronium group and 3 in the atracurium and vecuronium groups), the train-of-four (TOF) ratio was not available. Because there were no 
significant differences in the two groups of patients given the intermediate-acting muscle relaxants, the data from these groups are pooled.

†p < 0.02 versus patients in the same group with a train-of-four ratio of 0.70 or greater.
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Figure 53-19. Predicted probabilities of a postoperative pulmonary 
complication (POPC) in different age groups in orthopedic, gyneco-
logic, and major abdominal surgery with duration of anesthesia of less 
than 200 minutes. The red lines represent patients with residual neuro-
muscular block (train-of-four [TOF] < 0.70) after the administration of 
pancuronium; the blue lines represent patients with a TOF of 0.70 or 
greater after the administration of pancuronium, as well as all patients 
after the administration of atracurium and vecuronium, independent 
of the TOF ratio at the end of anesthesia.113
can impair the ability to maintain the airway.76,107,118 
Even small degrees of residual block are unpleasant for 
patients causing symptoms, such as general weakness 
and blurred vision.80 In summary, adequate recovery 
of neuromuscular function requires the return of an 
MMG or EMG TOF ratio to at least 0.90, and an AMG 
TOF ratio to at least 1.0 (or normalized to 0.90),74 which 
cannot be guaranteed without objective neuromuscular 
monitoring.77,78,80,119-122

DEPOLARIZING NEUROMUSCULAR BLOCK 
(PHASE I AND II BLOCKS)

Patients with normal plasma cholinesterase activity who 
are given a moderate dose of succinylcholine (0.5 to 1.5 
mg/kg) undergo a typical depolarizing neuromuscular 
block (phase I block; i.e., the response to TOF or tetanic 
stimulation does not fade, and no posttetanic facilitation 
of transmission occurs). In contrast, some patients with 
genetically determined abnormal plasma cholinesterase 
activity who are given the same dose of succinylcholine 
undergo a nondepolarizing-like block characterized by 
fade in the response to TOF and tetanic stimulation and 
the occurrence of posttetanic facilitation of transmission 
(Fig. 53-20). This type of block is called a phase II block 
(dual, mixed, or desensitizing block). In addition, phase 
II blocks sometimes occur in genetically normal patients 
after repetitive bolus doses or a prolonged infusion of 
succinylcholine.

From a therapeutic point of view, a phase II block in 
normal patients must be differentiated from a phase II 
block in patients with abnormal cholinesterase activity. 
In healthy patients, a phase II block can be antagonized 
by administering a cholinesterase inhibitor a few minutes 
after discontinuation of succinylcholine. In patients with 
abnormal genotypes, however, the effect of intravenous 
injection of a cholinesterase inhibitor (e.g., neostigmine) 
is unpredictable because it inhibits acetylcholinesterase 
and plasma-cholinesterase. For example, neostigmine can 
potentiate the block dramatically, temporarily improve 
neuromuscular transmission, and then potentiate the 
block or partially reverse the block, all depending on 
the time elapsed since administration of succinylcholine 
and the dose of neostigmine given. Therefore, unless the 
cholinesterase genotype is known to be normal, antag-
onism of a phase II block with a cholinesterase inhibi-
tor should be undertaken with extreme caution. Even if 



neuromuscular function improves promptly, patient sur-
veillance should continue for at least 1 hour.

USE OF NERVE STIMULATORS IN DAILY 
CLINICAL PRACTICE

Whenever a neuromuscular blocking drug is adminis-
tered to a patient, objective monitoring of the evoked 
response using recording equipment is the best way to 
evaluate the neuromuscular block. However, tactile or 
visual evaluation are still the most common forms of clin-
ical neuromuscular monitoring, not least when recording 
equipment is not available or considered unreliable. The 
following is a description of how to use nerve stimula-
tors with or without recording equipment (objective 
monitoring).

PREPARATIONS BEFORE INDUCTION OF 
ANESTHESIA AND ADMINISTRATION OF 
THE NEUROMUSCULAR BLOCKING AGENT

First, for supramaximal stimulation, careful cleansing of 
the skin and proper placement and fixation of electrodes 
are essential. When the ulnar nerve is used for nerve stim-
ulation, one should take advantage of the fact that the 
nerve follows the artery by placing the electrodes above 
the pulse. This placement gives the best response (see Fig. 
53-9). Second, every effort should be taken to prevent 
central cooling, as well as cooling of the extremity being 
evaluated. Both central and local surface cooling of the 
adductor pollicis muscle can reduce twitch tension and 
the TOF ratio.123-125 Peripheral cooling can affect nerve 
conduction, decrease the rate of release of acetylcholine 
and muscle contractility, increase skin impedance, and 
reduce blood flow to the muscles, thus decreasing the rate 
of removal of muscle relaxant from the neuromuscular 

10 seconds

10 seconds

50 min 60 min

120 min 160 min

Figure 53-20. Typical recording of the mechanical response to train-
of-four ulnar nerve stimulation after injection of 1 mg/kg of succinyl-
choline (arrow) in a patient with genetically determined abnormal 
plasma cholinesterase activity. The prolonged duration of action and 
the pronounced fade in the response indicate a phase II block.
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junction. These factors might account for the occasional 
and pronounced difference in muscle response between a 
cold extremity and the contralateral warm extremity.126

USE OF A NERVE STIMULATOR DURING 
INDUCTION OF ANESTHESIA

The nerve stimulator should be attached to the patient 
before induction of anesthesia, but should not be turned 
on until after the patient is unconscious.

Single-twitch stimulation at 1 Hz can be used initially 
when seeking supramaximal stimulation. However, after 
supramaximal stimulation has been ensured and before 
the muscle relaxant is injected, the recording equipment 
(when using objective monitoring) should be calibrated 
to ensure that the response is in the measurement win-
dow and the response to 1 Hz stimulation is set to 100%. 
Currently, all commercially available devices have an 
automatic calibration modus. Without calibration, the 
recorded response to nerve stimulation might differ sig-
nificantly from the visual or tactile response throughout 
all levels of neuromuscular block; therefore, the mode of 
stimulation should be changed to TOF (or 0.1-Hz twitch 
stimulation). When the response to this stimulation 
is observed (the control response), the neuromuscular 
blocking drug is injected. Although the trachea is often 
intubated when the response to TOF stimulation disap-
pears, postponement of this procedure for 30 to 90 sec-
onds, depending on the muscle relaxant used, usually 
produces better conditions.

When possible, the response to nerve stimulation 
should be evaluated at the thumb (rather than at the fifth 
finger). Direct stimulation of the muscle often causes 
subtle movement of the fifth finger when no response is 
present at the thumb. Finally, the different sensitivities of 
various muscle groups to neuromuscular blocking drugs 
should always be kept in mind.

USE OF A NERVE STIMULATOR  
DURING SURGERY

If tracheal intubation is facilitated by the administration 
of succinylcholine, no more muscle relaxant should be 
given until the response to nerve stimulation reappears or 
the patient shows other signs of returning neuromuscu-
lar function. If plasma cholinesterase activity is normal, 
the muscle response to TOF nerve stimulation reappears 
within 4 to 8 minutes.

When a nondepolarizing neuromuscular drug is used 
for tracheal intubation, a longer-lasting period of intense 
block usually follows. During this period of no response 
to TOF and single-twitch stimulation, the time until the 
return of response to TOF stimulation can be evaluated by 
PTC (see Fig. 53-5 and Fig. 53-21).

For most surgical procedures requiring muscle relax-
ation, it is not necessary to have an intense block, pro-
vided that the patient is adequately anesthetized. If a 
nondepolarizing relaxant is used, a moderate level of 
neuromuscular block with one or two of the responses to 
TOF stimulation is sufficient. However, because the respi-
ratory muscles (including the diaphragm) are less sensi-
tive to neuromuscular blocking drugs than the peripheral 
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Figure 53-21. Diagram showing when the different modes of electrical nerve stimulation can be used during clinical anesthesia. Dark areas 
indicate appropriate use and light areas, less effective use. Modes of nerve stimulation are train-of-four (TOF) stimulation; posttetanic count (PTC); 
double-burst stimulation (DBS); and the question mark (?), indicating that TOF is less useful in the recovery room unless measured with mecha-
nomyography, electromyography, or acceleromyography. (See text for further explanation.)
muscles are, the patient may breathe, hiccup, or even 
cough at this depth of block. Moreover, tonus of the dia-
phragm might impede the surgical conditions. To ensure 
paralysis of the diaphragm, neuromuscular block of the 
peripheral muscles must be so intense that the PTC is zero 
at the thumb.

The disadvantages of sustaining a deep or intense 
neuromuscular block is that the risk of awareness most 
probably is increased (see Chapters 13 and 50). When 
muscles are completely paralyzed, the patient cannot sig-
nal awareness with voluntary or involuntary movements. 
Another disadvantage of a deep or intense block is that 
the neuromuscular block cannot readily be reversed by 
neostigmine. Only sugammadex can reverse a deep or 
intense neuromuscular block (if caused by rocuronium or 
vecuronium; see Chapter 35).

USE OF A NERVE STIMULATOR DURING 
REVERSAL OF NEUROMUSCULAR BLOCK

Antagonism of nondepolarizing neuromuscular block 
is most often facilitated with a cholinesterase inhibitor, 
such as neostigmine, or with the selective relaxant bind-
ing agent sugammadex when the neuromuscular block is 
achieved using rocuronium or vecuronium.

Antagonism with neostigmine should not be initiated 
before at least two to four responses to TOF stimulation are 
present or before there are obvious clinical signs of return-
ing neuromuscular function. Reversal of neuromuscular 
block will not be hastened and can possibly be delayed 
by giving neostigmine when no response to peripheral 
nerve stimulation is present. Moreover, even when there 
are two to four responses to TOF stimulation, the rever-
sal is slow and insufficient in some patients. With a large 
dose of neostigmine (e.g., 5 mg/70 kg) the median time to 
achieve a TOF ratio of 0.90 is 15 to 20 minutes, and it will 
take approximately 90 to 120 minutes to achieve a TOF 
ratio of 0.90 in 95% of the patients after an intermediate-
acting neuromuscular blocking drug (e.g., rocuronium). 
Conversely, a large dose of neostigmine after full recov-
ery might give a paradoxical block with decreasing TOF 
ratio.127-131
When rocuronium or vecuronium is used, the selec-
tive relaxant binding drug, sugammadex can be used for 
reversal102,103 (see Chapter 35). Sugammadex encapsu-
lates rocuronium and vecuronium with a high affinity, 
thereby antagonizing the neuromuscular blocking effect. 
Three different doses of sugammadex are recommended 
according to the level of block. A large dose (16 mg/kg) is 
given during intense block (no response to PTC stimula-
tion),92,93 a medium dose (4 mg/kg) during deep block 
(two or more responses to PTC),94-96 and a low dose  
(2 mg/kg) during moderate block (two or more responses 
to TOF stimulation).102-104 In most patients, all levels of 
neuromuscular block are reversed within 2 to 5 minutes. 
However, residual neuromuscular block can be excluded 
only with objective monitoring (TOF ratio, 0.9 to 1.0).132

As previously described, a recent observational study 
from Japan also placed emphasis on the relative relation-
ship between a dose of sugammadex and monitoring of 
neuromuscular blockade.105 Basically, Kotake and col-
leagues105 observed reappearance of neuromuscular block 
after administration of an average dose of 2.7 mg/kg of 
sugammadex. The accompanying editorial by Naguib 
and colleagues106 placed prime importance on the lack 
of monitoring as the problem. They also lamented the 
frequent incidence of not using neuromuscular monitor-
ing during anesthesia. The emphasis on monitoring is 
important and correct, but incomplete. In this editor’s  
(R. D. Miller) opinion, a larger dose of sugammadex 
should be given. However, Naguib and colleagues106 
state that this recommendation would double the cost of 
the reversal drug. Should we not give a proper dose of 
sugammadex in the interest of decreasing the incidence 
of residual neuromuscular block? The fact that these two 
publications are being referenced twice within this chap-
ter indicates their importance.

During recovery of neuromuscular function, when all 
four responses to TOF stimulation can be felt, an estima-
tion of the TOF ratio can be attempted. However, manual 
(tactile) evaluation of the response to TOF stimulation (see 
Fig. 53-8) is not sensitive enough to exclude the possibility 
of residual neuromuscular block.22,29,119,133 Greater sensi-
tivity is achieved with DBS3,3, but even absence of manual 
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fade in the DBS3,3 response does not exclude clinically 
significant residual block.22,32 Moreover, some patients 
might suffer from residual block, even after recovery to a 
TOF ratio of 0.9 to 1.0.76,80 Therefore, manual evaluation 
of responses to nerve stimulation should always be con-
sidered in relation to reliable clinical signs and symptoms 
of residual neuromuscular block (Box 53-1).

WHEN TO USE A PERIPHERAL NERVE 
STIMULATOR

In clinical practice, significant residual block can be 
excluded with certainty only if an objective method of 
neuromuscular monitoring is used.77,78 Therefore, good 
evidence-based practice dictates that clinicians should 
always quantitate the extent of neuromuscular recovery 
by objective monitoring.3-9 Only a TOF ratio of 0.90 to 
1.00 that is measured by objective monitoring ensures a 
low risk of clinically significant residual block.

Unreliable

 •  Sustained eye opening
 •  Protrusion of the tongue
 •  Arm lift to the opposite shoulder
 •  Normal tidal volume
 •  Normal or nearly normal vital capacity
 •  Maximum inspiratory pressure less than 40 to 50 cm H2O

More reliable, bUt still not exclUding residUal  
neUroMUscUlar block

 •  Sustained head lift for 5 seconds
 •  Sustained leg lift for 5 seconds
 •  Sustained handgrip for 5 seconds
 •  Sustained “tongue depressor test”
 •  Maximum inspiratory pressure 40 to 50 cm H2O or greater  

BOX 53-1 Clinical Tests of Postoperative 
Neuromuscular Recovery
However, in many departments clinicians do not 
have access to equipment for measuring the degree of 
block.134 How then to evaluate and, as far as possible, 
exclude a clinically significant postoperative block? 
First, long-acting neuromuscular blocking drugs should 
not be used. Second, the tactile response to TOF nerve 
stimulation should be evaluated during surgery. Third, 
if possible, total twitch suppression should be avoided. 
The neuromuscular block should be managed so that 
there are always one or two tactile TOF responses. Fourth, 
the block should be antagonized at the end of the pro-
cedure, preferably with sugammadex if rocuronium or 
vecuronium have been used. When using neostigmine, 
reversal should not be initiated before at least two to four 
responses to TOF stimulation are present. Fifth, during 
recovery, tactile evaluation of the response to DBS is pref-
erable to tactile evaluation of the response to TOF stimu-
lation because it is easier to manually assess fade in the 
DBS than in the TOF response. Sixth, the clinician should 
recognize that the absence of tactile fade in both the TOF 
and DBS responses does not exclude significant residual 
block. Finally, reliable clinical signs and symptoms of 
residual block (see Box 53-1) should be considered in rela-
tion to the response to nerve stimulation. Figure 53-22 
shows how to minimize the risk of residual block with or 
without objective monitoring.135

In view of the uncertainty connected with the use of 
clinical tests of postoperative neuromuscular recovery 
and tactile evaluation of the response to nerve stimula-
tion, all patients receiving neuromuscular blocking drugs 
should be monitored with an objective monitor (also see 
Chapter 35). Whether the functioning of such a neuro-
muscular transmission analyzer is based on EMG, MMG, 
AMG, PZEMG, or PMG is not crucial, as long as the appa-
ratus is used appropriately.

Complete references available online at expertconsult.com

http://expertconsult.com
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Figure 53-22. Suggestion to diminish the incidence of residual curarization by neostigmine or sugammadex according to the level of block, 
determined with a nerve stimulator (quantitative or peripheral). Note that only a quantitative measured TOF ratio of 0.90 to 1.00 ensures low 
risk of clinically significant residual block. PTC, Posttetanic count; TOF, train-of-four. (Modified from Kopman AF, Eikermann M: Antagonism of non-
depolarising neuromuscular block: current practice, Anaesthesia 64[Suppl 1]:22-30, 2009.)
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Temperature Regulation  
and Monitoring
DANIEL I. SESSLER

K e y  P o i n t s

 •  General anesthetics decrease the thresholds (triggering core temperatures) for 
vasoconstriction and shivering by 2° C to 3° C.

 •  Anesthetic-induced impairment of thermoregulatory control, combined with a 
cool operating room environment, makes most patients hypothermic.

 •  The major initial cause of hypothermia in most patients is core-to-peripheral 
redistribution of body heat.

 •  Neuraxial anesthesia impairs both central and peripheral thermoregulatory 
control and is associated with substantial hypothermia.

 •  Large randomized trials have proved that even mild hypothermia (i.e., 1.5° C 
to 2.0° C) causes adverse outcomes, including a threefold increase in morbid 
myocardial outcomes, a threefold increase in wound infection risk, coagulopathy 
and need for allogeneic transfusion, prolonged recovery, and prolonged 
hospitalization.

 •  Body temperature should be monitored in patients having surgery lasting more 
than 30 minutes, and core temperature should be maintained at 36° C or higher 
whenever possible. Forced-air warming currently offers the best combination of 
high efficacy, low cost, and remarkable safety.
1622

Mammals and birds are homeothermic, requiring a 
nearly constant internal body temperature. When inter-
nal temperature deviates significantly from normal, 
metabolic functions usually deteriorate, and death may 
result. The thermoregulatory system usually maintains 
core body temperature within a few tenths of a degree 
centigrade of “normal,” which is approximately 37° C 
in humans. Anesthetic-induced inhibition of thermo-
regulation combines with exposure to a cold operating 
room environment to make most unwarmed patients 
hypothermic.

Major outcome studies have shown that mild hypo-
thermia (≈1° C to 2° C) (1) triples the incidence of mor-
bid cardiac outcomes, (2) triples the incidence of surgical 
wound infections, (3) increases surgical blood loss and 
the need for allogeneic transfusions by approximately 
20%, and (4) prolongs postanesthesia recovery and the 
duration of hospitalization. An understanding of normal 
and anesthetic-influenced thermoregulation will facili-
tate prevention and management of these and numerous 
other temperature-related complications.
NORMAL THERMOREGULATION

Thermoregulation is similar to many other physiologic 
control systems in that the brain uses negative and posi-
tive feedback to minimize perturbations from preset, 
“normal” values. Since 1912, animals have been known 
to regulate body temperature poorly when the hypothal-
amus is destroyed. The importance of thermal input from 
the skin surface was recognized in the late 1950s, when 
investigators observed that mice placed in a cold envi-
ronment shivered before decreasing their hypothalamic 
temperatures.

In the early 1960s, physiologists reported active ther-
moregulation in response to isolated warming and cool-
ing at sites other than the hypothalamus or skin surface, 
including extrahypothalamic portions of the brain, deep 
abdominal tissues, and the spinal cord. Thus, thermo-
regulation is based on multiple, redundant signals from 
nearly every type of tissue. The processing of thermoregu-
latory information occurs in three phases: afferent thermal 
sensing, central regulation, and efferent responses.



Chapter 54: Temperature Regulation and Monitoring 1623
AFFERENT INPUT

Temperature information is obtained from thermally sen-
sitive cells throughout the body. Cold-sensitive cells are 
anatomically and physiologically distinct from those that 
detect warmth. Warm receptors increase their firing rates 
when temperature increases, whereas cold receptors do so 
when temperature decreases. Cutaneous warm receptors 
rarely depolarize at normal skin temperatures and prob-
ably are important only during heat stress. The actual 
sensors appear to be a class of transient receptor potential 
(TRP) protein receptors.1

Cold signals travel primarily via Aδ nerve fibers and 
warm information by unmyelinated C fibers, although 
some overlap occurs.2 The C fibers also detect and con-
vey pain sensation, and that is why intense heat cannot 
be distinguished from sharp pain. Most ascending ther-
mal information traverses the spinothalamic tracts in the 
anterior spinal cord, but no single spinal tract is critical 
for conveying thermal information. Consequently, the 
entire anterior cord must be destroyed to ablate thermo-
regulatory responses.

The hypothalamus, other parts of the brain, the spi-
nal cord, the deep abdominal and thoracic tissues, and 
the skin surface each contribute roughly 20% of the total 
thermal input to the central regulatory system.3

CENTRAL CONTROL

Temperature is regulated by central structures (primar-
ily the hypothalamus) that compare integrated thermal 
inputs from the skin surface, neuraxis, and deep tissues 
with threshold temperatures for each thermoregulatory 
response. Although integrated by the hypothalamus, 
most thermal information is “preprocessed” in the spinal 
cord and other parts of the central nervous system. This 
hierarchic arrangement presumably developed when the 
evolving thermoregulatory control system co-opted previ-
ously existing mechanisms (e.g., shivering from muscles 
previously used for posture and locomotion). It is likely 
that some thermoregulatory responses can be mounted by 
the spinal cord alone.4 For example, animals and patients 
with high spinal cord transections regulate temperature 
better than would be expected.

The slope of response intensity versus core temperature 
defines the gain of a thermoregulatory response. Response 
intensity no longer increasing with further deviation in 
core temperature identifies the maximum intensity. This 
system of thresholds and gains is a model for a thermo-
regulatory system that is further complicated by interac-
tions between other regulatory responses (i.e., vascular 
volume control) and time-dependent effects.

How the body determines absolute threshold tempera-
tures is unknown, but the mechanism appears to be medi-
ated by norepinephrine, dopamine, 5-hydroxytryptamine, 
acetylcholine, prostaglandin E1, and neuropeptides. The 
thresholds vary daily in both sexes (circadian rhythm) and 
monthly in women by approximately 0.5° C. Exercise, 
food intake, infection, hypothyroidism and hyperthyroid-
ism, anesthetic and other drugs (including alcohol, seda-
tives, and nicotine), and cold and warm adaptation alter 
threshold temperatures.
Control of autonomic responses is approximately 80% 
determined by thermal input from core structures (Fig. 
54-1).5,6 In contrast, a large fraction of the input control-
ling behavioral responses is derived from the skin surface. 
The interthreshold range (core temperatures not triggering 
autonomic thermoregulatory responses) is a few tenths of 
a degree centigrade.7 This range is bounded by the sweat-
ing threshold at its upper end and by vasoconstriction 
at the lower end. Because energy cost and nutrients are 
conserved without excessive autonomic control within 
this range, some animals such as camels and desert rats 
use this strategy extensively, thus allowing core tem-
perature changes up to 10° C each day. However, most 
mammals—including humans—normally regulate core 
temperature tightly.

Both sweating and vasoconstriction thresholds are 0.3° 
C to 0.5° C higher in women than in men, even during 
the follicular phase of the monthly cycle (first 10 days).8 
Differences are even greater during the luteal phase.9 
Although central thermoregulatory control is apparently 
intact even in premature infants,10 thermoregulatory 
control may be impaired in older adults.11

EFFERENT RESPONSES

The body responds to thermal perturbations (body tem-
peratures differing from the appropriate threshold) via 
effector mechanisms that increase metabolic heat pro-
duction or alter environmental heat loss. Each thermo-
regulatory effector has its own threshold and gain, so an 
orderly progression of responses and response intensities 
occurs in proportion to need. In general, energy-efficient 
effectors such as vasoconstriction are maximized before 
metabolically costly responses such as shivering are initi-
ated. Figure 54-2 shows the normal values for the major 
autonomic response thresholds.
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Figure 54-1. A linear relationship exists between mean skin tempera-
ture and the core temperature triggering vasoconstriction and shiver-
ing. Skin temperature contributes approximately 20% to control of 
each thermoregulatory defense. (From Cheng C, Matsukawa T, Sessler 
DI, et al: Increasing mean skin temperature linearly reduces the core-tem-
perature thresholds for vasoconstriction and shivering in humans, Anes-
thesiology 82:1160-1168, 1995.)
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Effectors determine the ambient temperature range 
that the body will tolerate while maintaining a normal 
core temperature. When specific effector mechanisms are 
inhibited (e.g., when shivering is prevented by admin-
istration of muscle relaxants), the tolerable range is 
decreased. Still, temperature will remain normal unless 
other effectors cannot compensate for the imposed stress. 
Quantitatively, behavioral regulation is the most important 
effector mechanism. Behavioral compensations include 
dressing appropriately, modifying environmental tem-
perature, assuming positions that appose skin surfaces, 
and moving voluntarily.

Infants regulate their temperatures remarkably well. 
In contrast, advanced age, infirmity, or medications can 
diminish the efficacy of thermoregulatory responses and 
increase the risk of hypothermia. For example, decreased 
muscle mass, neuromuscular diseases, and muscle 
relaxants all inhibit shivering and thereby increase the 
minimum tolerable ambient temperature. Similarly, anti-
cholinergic drugs inhibit sweating,12 and this decreases 
the maximum tolerable temperature.

Cutaneous vasoconstriction is the most consistently 
used autonomic effector mechanism. Metabolic heat is 
lost primarily via convection and radiation from the skin 
surface, and vasoconstriction reduces this loss. Total digi-
tal skin blood flow is divided into nutritional (mostly cap-
illary) and thermoregulatory (mostly arteriovenous shunt) 
components.13 The arteriovenous shunts are anatomically 
and functionally distinct from the capillaries supplying 
nutritional blood to the skin (hence vasoconstriction does 
not compromise the needs of peripheral tissues). Shunts 
are typically 100 μm in diameter, which means that one 
shunt can convey 10,000-fold as much blood as a compa-
rable length of capillary 10 μm in diameter.

Control of blood flow through the arteriovenous shunts 
tends to be “on” or “off.” In other words, the gain of this 
response is high with digital flow increasing from trivial 
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Figure 54-2. A core temperature lower than the thresholds for 
response to cold provokes vasoconstriction, nonshivering thermogen-
esis, and shivering. Core temperature exceeding the hyperthermic 
thresholds produces active vasodilation and sweating. No thermoreg-
ulatory responses are initiated when core temperature is between the 
sweating and vasoconstriction thresholds; these temperatures identify 
the interthreshold range. The interthreshold range in humans is usu-
ally only approximately 0.2° C. (Threshold data from Lopez M, Sessler 
DI, Walter K, et al: Rate and gender dependence of the sweating, vasocon-
striction, and shivering thresholds in humans, Anesthesiology 80:780-
788, 1994.)
to maximal levels over core temperature changes of only 
a few tenths of a degree centigrade. Local α-adrenergic 
sympathetic nerves mediate constriction in the thermo-
regulatory arteriovenous shunts, and flow is minimally 
affected by circulating catecholamines. Roughly 10% of 
cardiac output traverses arteriovenous shunts; conse-
quently, shunt vasoconstriction increases mean arterial 
pressure approximately 15 mm Hg.14

Nonshivering thermogenesis increases metabolic heat 
production (measured as whole-body oxygen consump-
tion) without producing mechanical work. It doubles 
heat production in infants,15 but increases it only slightly 
in adults.16 The intensity of nonshivering thermogenesis 
increases in linear proportion to the difference between 
mean body temperature and its threshold. Skeletal mus-
cle and brown fat tissue are the major sources of nonshiv-
ering heat in adults. The metabolic rate in both tissues 
is controlled primarily by norepinephrine release from 
adrenergic nerve terminals and is further mediated locally 
by an uncoupling protein.17

Sustained shivering augments metabolic heat produc-
tion by 50% to 100% in adults. This increase is small 
compared with that produced by exercise (which can, at 
least briefly, increase metabolism by 500%) and is thus 
surprisingly ineffective. Shivering does not occur in new-
born infants and probably is not fully effective until chil-
dren are several years old. The rapid tremor (≤250 Hz) and 
unsynchronized muscular activity of thermogenic shiver-
ing suggest no central oscillator. However, superimposed 
on the fast activity is usually a slow (four to eight cycles/
minute), synchronous “waxing-and-waning” pattern that 
presumably is centrally mediated.18

Sweating is mediated by postganglionic, cholinergic 
nerves.19 It thus is an active process that is prevented by 
nerve block or atropine administration.20 Even untrained 
individuals can sweat up to 1 L/hour, and athletes can sweat 
at twice that rate. Sweating is the only mechanism by which 
the body can dissipate heat in an environment exceeding 
core temperature. Fortunately, the process is remarkably 
effective, dissipating 0.58 kcal/g of evaporated sweat.

Active vasodilation is apparently mediated by nitric 
oxide.21,22 Because active vasodilation requires intact sweat 
gland function, it also is largely inhibited by nerve block. 
During extreme heat stress, blood flow through the top 
millimeter of skin can reach 7.5 L/minute—equaling the 
entire resting cardiac output.23 The threshold for active 
vasodilation usually is similar to the sweating threshold, 
but the gain may be less. Consequently, maximum cutane-
ous vasodilation usually is delayed until core temperature 
is clearly higher than that provoking maximum sweating 
intensity.

THERMOREGULATION DURING GENERAL 
ANESTHESIA

Behavioral regulation is not relevant during general anes-
thesia because patients are unconscious and frequently para-
lyzed. All general anesthetics tested thus far markedly impair 
normal autonomic thermoregulatory control. Anesthetic-
induced impairment has a specific form: warm-response 
thresholds are elevated slightly, whereas cold-response 
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Figure 54-3. The major autonomic thermo-
regulatory response thresholds in volunteers 
given desflurane, alfentanil, dexmedetomidine, 
or propofol. All the anesthetics slightly increase 
the sweating threshold (triggering core tem-
perature) while markedly and synchronously 
decreasing the vasoconstriction and shivering 
thresholds. Standard deviation bars smaller than 
the data markers have been deleted. (Data from 
references 24 to 27.)
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thresholds are markedly reduced. Consequently, the inter-
threshold range is increased from its normal values near  
0.3° C to approximately 2° C to 4° C.24-28 The gain and maxi-
mum intensity of some responses remain normal, 8 whereas 
other responses are reduced by general anesthesia.29,30

RESPONSE THRESHOLDS

Propofol,24 alfentanil,25 and dexmedetomidine26 all pro-
duce a slight, linear increase in the sweating threshold 
combined with a marked and linear decrease in the vaso-
constriction and shivering thresholds. Isoflurane28 and 
desflurane27 also slightly increase the sweating threshold; 
however, they decrease the cold-response thresholds non-
linearly. Consequently, the volatile anesthetics inhibit 
vasoconstriction and shivering less than propofol at low 
concentrations, but more than propofol at typical anes-
thetic doses. In all cases (except after meperidine31 and 
nefopam32 administration), vasoconstriction and shiver-
ing decrease synchronously and maintain their normal 
approximate 1° C difference.

The dose-dependent response thresholds for four anes-
thetic drugs are shown in Figure 54-3. The combination 
of increased sweating thresholds and reduced vasocon-
striction thresholds increases the interthreshold range 
approximately 20-fold, from its normal value near 0.2° C to 
approximately 2° C to 4° C. Temperatures within this range 
do not trigger thermoregulatory defenses; by definition, 
patients are poikilothermic within this temperature range.

Isoflurane,28 desflurane,27,29 enflurane,33 halothane,34 
and the combination of nitrous oxide and fentanyl35 
decrease the vasoconstriction threshold 2° C to 4° C from 
its normal value near approximately 37° C. The dose 
dependence is nonlinear (i.e., greater concentrations pro-
duce disproportionate threshold reductions). The shiver-
ing thresholds decrease synchronously. In contrast, these 
drugs increase the sweating threshold only slightly.
Clonidine synchronously decreases cold-response 
thresholds,36 while slightly increasing the sweating thresh-
old.37 Nitrous oxide decreases the vasoconstriction38 and 
shivering39 thresholds less than equipotent concentra-
tions of volatile anesthetics. In contrast, midazolam only 
slightly impairs thermoregulatory control.40,41 Painful 
stimulation slightly increases vasoconstriction thresh-
olds33; consequently, thresholds are somewhat lower 
when surgical pain is prevented by simultaneous local or 
regional anesthesia.

RESPONSES IN INFANTS AND OLDER 
ADULTS

Thermoregulatory vasoconstriction is comparably impaired  
in infants, children, and adults given isoflurane42 or 
halothane43 (Fig. 54-4). In contrast, the vasoconstriction 
threshold is approximately 1° C less in patients 60 to  
80 years old than in those between 30 and 50 years old 
(Fig. 54-5).44,45

Nonshivering thermogenesis does not occur in anes-
thetized adults.46 This finding is unsurprising because this 
response is not particularly important in unanesthetized 
adults.16 In contrast to adult humans, nonshivering ther-
mogenesis is an important thermoregulatory response in 
animals and human infants. However, nonshivering ther-
mogenesis in animals is inhibited by volatile anesthet-
ics,47 and it fails to increase the metabolic rate in infants 
anesthetized with propofol (Fig. 54-6).48

GAIN AND MAXIMUM RESPONSE 
INTENSITY

Both the gain and maximum intensity of sweating remain 
normal during isoflurane8 and enflurane anesthesia.49 
However, the gain of arteriovenous shunt vasoconstric-
tion is reduced threefold during desflurane anesthesia 
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(Fig. 54-7),29 even though the maximum vasoconstriction 
intensity remains normal.50

Shivering is rare during surgical doses of general 
anesthesia. This finding is consistent with the shivering 
threshold being roughly 1° C less than the vasoconstric-
tion threshold.24-28 (Vasoconstriction usually prevents 
additional hypothermia,51 so even unwarmed patients 
rarely become cold enough to shiver.) Nonetheless, shiv-
ering can be induced by sufficient active cooling.

Gain and maximum shivering intensity remain normal 
during both meperidine and alfentanil administration.52 
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Figure 54-4. The core thermoregulatory threshold in 23 healthy 
children and infants undergoing abdominal surgery with halothane 
anesthesia. Differences among the groups are not statistically sig-
nificant. Results are presented as means ± SDs. (From Bissonnette B, 
Sessler DI: Thermoregulatory thresholds for vasoconstriction in pediatric 
patients anesthetized with halothane or halothane and caudal bupiva-
caine, Anesthesiology 76:387-392, 1992.)
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Figure 54-5. The vasoconstriction threshold was significantly less in 
the older adults (33.9 ± 0.6° C) than in younger patients (35.1 ± 0.3° 
C) during 60% nitrous oxide and isoflurane (0.75% end-tidal concen-
tration). Filled squares indicate the vasoconstriction threshold in each 
patient; open circles show the mean and standard deviation in each 
group. (From Kurz A, Plattner O, Sessler DI, et al: The threshold for ther-
moregulatory vasoconstriction during nitrous oxide/isoflurane anesthesia is 
lower in elderly than young patients, Anesthesiology 79:465-469, 1993.)
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Figure 54-6. Progressive reduction in core temperature did not 
trigger an increase in oxygen consumption (V̇ o2) that may indi-
cate nonshivering thermogenesis. Instead, hypothermia decreased 
systemic Vo2: V̇ o2 = 0.83 (Core Temperature) − 23.3; r2 = 0.92.  
Intraoperative plasma norepinephrine (NE) concentrations were vari-
able, but they did not change significantly as a function of core tem-
perature (squares). Data are presented as means ± SD. (From Plattner 
O, Semsroth M, Sessler DI, et al: Lack of nonshivering thermogenesis 
in infants anesthetized with fentanyl and propofol, Anesthesiology 86: 
772-777, 1997.)
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Figure 54-7. Finger blood flow without (circles) and with (squares) 
desflurane administration. Values were computed relative to the 
thresholds (finger flow = 1.0 mL/min) in each subject. Flows of exactly 
1.0 mL/min are not shown because flows in each individual were aver-
aged over 0.1° C or 0.05° C increments; each data point thus includes 
both higher and lower flows. The horizontal standard deviation bars 
indicate variability in the thresholds among the volunteers; although 
errors bars are shown only at a flow near 1.0 mL/min, the same tem-
perature variability applies to each data point. The slopes of the flow 
versus core temperature relationships (1.0 to ≈0.15 mL/min) were 
determined using linear regression. These slopes defined the gain of 
vasoconstriction with and without desflurane anesthesia. Gain was 
reduced by a factor of three, from 2.4 to 0.8 mL/min/°C–1 (P < 0.01). 
(From Kurz A, Xiong J, Sessler DI, et al: Desflurane reduces the gain of 
thermoregulatory arterio-venous shunt vasoconstriction in humans, Anes-
thesiology 83:1212-1219, 1995.)
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Gain also remains nearly intact during nitrous oxide 
administration, although maximum intensity is reduced.53 
Isoflurane changes the macroscopic pattern of shivering 
to such an extent that it is no longer possible to determine 
gain easily. The drug does, however, reduce maximum 
shivering intensity.30

Sweating is the best preserved major thermoregulatory 
defense during anesthesia. Not only is the threshold only 
slightly increased, but the gain and maximum intensity 
remain normal. In contrast, the thresholds for vasocon-
striction and shivering are markedly reduced, and fur-
thermore, the efficacy of these responses is diminished 
even after being activated.

DEVELOPMENT OF HYPOTHERMIA 
DURING GENERAL ANESTHESIA

Inadvertent hypothermia is by far the most common peri-
operative thermal disturbance during anesthesia. Hypo-
thermia results from a combination of anesthetic-impaired 
thermoregulation and exposure to a cold operating room 
environment. Of these two causes, however, impaired 
thermoregulation is much more important.

HEAT TRANSFER

Heat can be transferred from a patient to the environment 
four ways: (1) radiation, (2) conduction, (3) convection, 
and (4) evaporation. Among these, radiation and convec-
tion contribute most to perioperative heat loss.

All surfaces with a temperature higher than absolute 
zero radiate heat; similarly, all surfaces absorb radiative 
heat from surrounding surfaces. Heat transfer via this 
mechanism is proportional to the difference of the fourth 
power of the absolute temperature difference between the 
surfaces. It is likely that radiation is the major type of heat 
loss in most surgical patients.54

Conductive heat loss is proportional to the tempera-
ture difference between two adjacent surfaces and the 
strength of the thermal insulation separating them. In 
general, conductive losses are negligible during surgery 
because patients usually directly contact only the foam 
pad (an excellent thermal insulator) covering most oper-
ating room tables.

Conductive loss of heat directly to air molecules is 
limited by development of a layer of still air adjacent 
to the skin that serves as an insulator. When this layer 
is disturbed by air currents, the insulative properties 
diminish substantially, thereby increasing heat loss. This 
increase is termed convection and is proportional to the 
square root of air speed; this is the basis of the famil-
iar “wind chill” factor. Air speed in operating rooms—
even those with high rates of air turnover—typically is 
only approximately 20 cm/second, which only slightly 
increases loss compared with still air. Nonetheless, con-
vective loss usually is the second most important mech-
anism by which heat is transferred from patients to the 
environment. Presumably, convective loss increases 
substantially in operating rooms equipped to provide 
laminar flow. However, the actual augmentation has 
not been quantified and may be less than expected from 
the increase in air speed because surgical draping pro-
vides considerable thermal insulation.

Sweating increases cutaneous evaporative loss 
immensely, but is rare during anesthesia. In the absence 
of sweating, evaporative loss from the skin surface is 
less than 10% of metabolic heat production in adults. 
In contrast, infants lose a higher fraction of their meta-
bolic heat from transpiration of water through thin 
skin. The problem becomes especially acute in prema-
ture infants, who may lose one fifth of their metabolic 
heat production via transcutaneous evaporation.55 
Simple thermodynamic calculations and clinical mea-
surements indicate that only trivial amounts of heat 
are lost from the respiratory system.56 Evaporation 
inside surgical wounds may contribute substantially to 
total heat loss,57 but this has never been quantified in  
humans.

PATTERNS OF INTRAOPERATIVE 
HYPOTHERMIA

Hypothermia during general anesthesia develops with a 
characteristic pattern. An initial rapid decrease in core 
temperature is followed by a slow, linear reduction in core 
temperature. Finally, core temperature stabilizes and sub-
sequently remains virtually unchanged (Fig. 54-8). Each 
section of this typical pattern has a different etiology.

Volatile anesthetics cause vasodilation via a direct 
peripheral action.58 More importantly, they also inhibit 
tonic thermoregulatory vasoconstriction, resulting in 
arteriovenous shunt dilation.24-28 Nonetheless, anesthetic-
induced vasodilation increases cutaneous heat loss only 
slightly.59 Anesthetics reduce the metabolic rate 20% 
to 30%.60 However, even the combination of increased 
heat loss and reduced heat production is insufficient to 
explain the 0.5° C to 1.5° C decrease in core temperature 
usually observed during the first hour of anesthesia.
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Figure 54-8. Hypothermia during general anesthesia develops with 
a characteristic pattern. An initial rapid decrease in core temperature 
results from a core-to-peripheral redistribution of body heat. This is 
followed by a slow, linear reduction in core temperature that results 
simply from heat loss exceeding heat production. Finally, core tem-
perature stabilizes and subsequently remains virtually unchanged. This 
plateau phase may be a passive thermal steady state, or it may result 
when sufficient hypothermia triggers thermoregulatory vasoconstric-
tion. Results are presented as means ± SDs.
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Figure 54-9. A drawing illustrating internal redistribution of 
body heat following induction of general anesthesia. Hypo-
thermia following induction of spinal or epidural anesthesia 
results similarly, but redistribution is restricted to the legs.
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The key to understanding the initial decrease in core 
temperature is to appreciate that body heat is not nor-
mally evenly distributed. Core temperature represents 
only approximately half the body mass (mostly the 
trunk and head); the remaining mass is typically 2° C to 
4° C cooler than the core. This core-to-peripheral tissue 
temperature gradient is normally maintained by tonic 
thermoregulatory vasoconstriction. Anesthetic-induced 
vasodilation, however, allows core heat to flow peripher-
ally. This flow warms the arms and legs, but it does so 
at the expense of the core (Figs. 54-9 and 54-10).61 The 
extent to which redistribution reduces core temperature 
depends on the core-to-peripheral tissue temperature 
gradient at the time of induction. This gradient, in turn, 
depends on the patient’s prior thermal environment and 
thermoregulatory status, both of which are difficult to 
determine clinically.

Following initial redistribution hypothermia, core 
temperature usually decreases in a slow, linear fashion for 
2 to 4 hours. This reduction results simply from heat loss 
exceeding metabolic heat production,62 and the rate at 
which core temperature decreases depends on the differ-
ence and size of the patient. After 3 to 4 hours of anes-
thesia, core temperature usually reaches a plateau and 
remains virtually constant for the duration of surgery.35 
The core temperature plateau may simply represent a 
thermal steady state (heat production equaling heat loss) 
in patients who remain relatively warm.63 In others, 
however, the plateau phase is associated with peripheral 
thermoregulatory vasoconstriction triggered by core tem-
peratures of 33° C to 35° C.64

Thermoregulatory vasoconstriction during anesthesia 
decreases cutaneous heat loss,50 but this decrease alone 
is usually insufficient to produce a thermal steady state. 
Furthermore, neither adults46 nor infants48 appear able 
to increase intraoperative heat production in response to 
hypothermia. An additional mechanism must therefore 
contribute to the core temperature plateau. Evidence 
suggests that a primary factor is constraint of metabolic 
heat to the core thermal compartment. In this situation, 
distribution of metabolic heat (which largely is pro-
duced centrally) is restricted to the core compartment, 
thus maintaining its temperature. Peripheral tissue 
temperature, in contrast, continues to decrease because 
it is no longer being supplied with sufficient heat 
from the core.51 A core temperature plateau resulting 
from thermoregulatory vasoconstriction is not a ther-
mal steady state, and body heat content continues to 
decrease even though core temperature remains nearly  
constant.

NEURAXIAL ANESTHESIA

Autonomic thermoregulation is impaired during regional 
anesthesia, and the result typically is intraoperative core 
hypothermia. This hypothermia often is not consciously 
perceived by patients, but nonetheless triggers shivering. 
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The result, frequently, is a potentially dangerous clinical 
paradox: a hypothermic patient who denies feeling cold.

THERMOREGULATION

Epidural65,66 and spinal66,67 anesthesia each decrease 
the thresholds triggering vasoconstriction and shiver-
ing (above the level of the block) approximately 0.6° C 
(Fig. 54-11). Presumably, this decrease does not result 
from recirculation of neuraxially administered local 
anesthetic because impairment is similar during epi-
dural and spinal anesthesia,65-67 although the amount 
and location of administered local anesthetic differ sub-
stantially. Furthermore, lidocaine administered intra-
venously in doses producing plasma concentrations 
similar to those occurring during epidural anesthesia has 
no thermoregulatory effect.68 Finally, neuraxial admin-
istration of 2-chloroprocaine, a local anesthetic with a 
plasma half-life of only approximately 20 seconds, also 
impairs thermoregulatory control.69

The vasoconstriction and shivering thresholds are 
comparably decreased during regional anesthesia,67 a 
finding suggesting an alteration in central, rather than 
peripheral, control. The mechanism by which periph-
eral administration of local anesthesia impairs centrally 
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Figure 54-10. Changes in body heat content and distribution  
of heat within the body during induction of general anesthesia  
(at elapsed time zero). The change in mean body temperature was sub-
tracted from the change in core (tympanic membrane) temperature, 
thereby leaving the core hypothermia specifically resulting from redis-
tribution. Redistribution hypothermia was thus not a measured value; 
instead, it is defined by the decrease in core temperature not explained 
by the relatively small decrease in systemic heat content. After 1 hour of 
anesthesia, core temperature had decreased 1.6 ± 0.3° C, with redistri-
bution contributing 81% to the decrease. Even after 3 hours of anesthe-
sia, redistribution contributed 65% to the entire 2.8 ± 0.5° C decrease in 
core temperature. Results are presented as means ± SD. (Modified from 
Matsukawa T, Sessler DI, Sessler AM, et al: Heat flow and distribution dur-
ing induction of general anesthesia, Anesthesiology 82:662-673, 1995.)
mediated thermoregulation may involve alteration of 
afferent thermal input from the legs. The key factor here 
is that tonic cold signals dominate thermal input at leg 
skin temperatures in typical operating room environ-
ments.2,70 Regional anesthesia blocks all thermal input 
from blocked regions, which in the typical case is pri-
marily cold information. The brain may then interpret 
decreased cold information as relative leg warming. This 
appears to be an unconscious process because perceived 
temperature does not increase.71 Given that skin tem-
perature is an important input to the thermoregulatory 
control system, leg warming proportionately reduces 
the vasoconstriction and shivering thresholds. Consis-
tent with this theory, a leg skin temperature near 38° C 
is required to produce the reduction in cold-response 
thresholds in an unanesthetized subject that is produced 
by regional anesthesia.72 Furthermore, reduction in the 
thresholds is proportional to the number of spinal seg-
ments blocked (Fig. 54-12). 73 Major conduction anesthe-
sia may thus reduce the vasoconstriction and shivering 
thresholds by producing an abnormal elevation of appar-
ent (as opposed to actual) leg temperature. However, this 
explanation remains speculative.

Because neuraxial anesthesia prevents vasoconstric-
tion and shivering in blocked regions, it is not surpris-
ing that epidural anesthesia decreases the maximum 
intensity of shivering. However, epidural anesthesia also 
reduces the gain of shivering, a finding that suggests that 
the regulatory system is unable to compensate for lower 
body paralysis (Fig. 54-13).30 Thermoregulatory defenses, 
once triggered, are thus less effective than usual during 
regional anesthesia.

Neuraxial anesthesia is frequently supplemented with 
sedative and analgesic medications. Most of these drugs 
significantly impair thermoregulatory control.25,31,74 
Such inhibition may be severe when combined with the 
intrinsic impairment produced by regional anesthesia 
and other factors, including advanced age or preexisting 
illness.11 Core hypothermia during regional anesthesia 
may not trigger a perception of cold.65,75 The reason is 
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Figure 54-11. Spinal anesthesia increased the sweating threshold 
but reduced the thresholds for vasoconstriction and shivering. Con-
sequently, the interthreshold range increased substantially. The vaso-
constriction-to-shivering range, however, remained normal during 
spinal anesthesia. Results are presented as means ± SDs. (From Kurz A, 
Sessler DI, Schroeder M, Kurz M: Thermoregulatory response thresholds 
during spinal anesthesia, Anesth Analg 77:721-726, 1993.)
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Figure 54-12. The number of dermatomes blocked (sacral segments 
= 5; lumbar segments = 5; thoracic segments = 12) versus reduction 
in the shivering threshold (difference between the control shivering 
threshold and spinal shivering threshold). The shivering threshold 
was reduced more by extensive spinal blocks than by less extensive 
ones (Δ threshold = 0.74 − 0.06 (dermatomes blocked); r2 = 0.58,  
P <.006). The dashed lines indicate the 95% confidence intervals for 
the slope. (From Leslie K, Sessler DI: Reduction in the shivering threshold 
is proportional to spinal block height, Anesthesiology 84:1327-1331, 
1996.)
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Figure 54-13. Systemic oxygen consumption (V̇ o2) without (circles) 
and with (squares) epidural anesthesia. The horizontal standard devia-
tion bars indicate variability in the thresholds among the volunteers; 
although errors bars are shown only once in each series, the same 
temperature variability applies to each data point. The slopes of the  
V̇ o2 versus core temperature relationships (solid lines) were deter-
mined using linear regression. These slopes defined the gain of shiver-
ing with and without epidural anesthesia. Gain was reduced 3.7-fold, 
from −412 mL/min/°C (r2 = 0.99) to −112 mL/min/°C (r2 = 0.96). 
(From Kim J-S, Ikeda T, Sessler D, et al: Epidural anesthesia reduces the 
gain and maximum intensity of shivering, Anesthesiology 88:851-857, 
1998.)
that thermal perception (behavioral regulation) is largely 
determined by skin temperature, rather than core tem-
perature. During regional anesthesia, core hypothermia is 
accompanied by a real increase in skin temperature. The 
result typically is a perception of continued or increased 
warmth accompanied by autonomic thermoregulatory 
responses including shivering (Fig. 54-14).65,75 Taken 
together, these data indicate that neuraxial anesthesia 
inhibits numerous aspects of thermoregulatory con-
trol. The vasoconstriction and shivering thresholds are 
reduced by regional anesthesia,65-67,72,73 and they are fur-
ther reduced by adjuvant drugs25,40 and advanced age.11 
Even once triggered, the gain and maximum response 
intensity of shivering are approximately half normal.76 
Finally, behavioral thermoregulation is impaired.75 The 
result is that cold defenses are triggered at a lower temper-
ature than normal during regional anesthesia, defenses 
are less effective once triggered, and patients frequently 
do not recognize that they are hypothermic. Because core 
temperature monitoring remains rare during regional 
anesthesia, substantial hypothermia often goes unde-
tected in these patients.77

HEAT BALANCE

Hypothermia is common during regional anesthesia 
and may be nearly as severe as during general anes-
thesia.78 Core temperature typically decreases 0.5° C to  
1.0° C shortly after induction of anesthesia. However, 
vasodilation induced by regional anesthesia only slightly 
increases cutaneous heat loss. Furthermore, metabolic 
heat production remains constant or increases because 
of shivering thermogenesis. This rapid decrease in core 
temperature, similar to the one that follows induc-
tion of general anesthesia, also results from an internal 
core-to-peripheral redistribution of body heat.79 As dur-
ing general anesthesia,80,81 redistribution hypothermia 
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Figure 54-14. Induction of epidural anesthesia at elapsed time  
15 minutes decreased core temperature and increased thermal com-
fort as determined by a 100–mm visual analog scale (VAS). However, 
maximal thermal comfort coincided with minimum core temperature. 
Results are presented as means ± SDs. TM, Tympanic membrane. 
(Modified from Sessler DI, Ponte J: Shivering during epidural anesthesia, 
Anesthesiology 72:816-821, 1990.)
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during regional anesthesia can be minimized by cutane-
ous warming before induction.82

Subsequent hypothermia results simply from heat loss 
exceeding metabolic heat production. Unlike patients 
given general anesthesia, however, core temperature does 
not necessarily plateau after several hours of surgery. Not 
only is the vasoconstriction threshold centrally impaired 
by regional anesthesia,66,67 but more importantly, vaso-
constriction in the legs is directly prevented by nerve 
block.83,84 Because the legs constitute the bulk of the 
peripheral thermal compartment, an effective plateau 
cannot develop without vasoconstriction in the legs and 
the resulting decrease in cutaneous heat loss and con-
straint of metabolic heat to the core.

The importance of intraoperative leg vasoconstric-
tion is illustrated during combined regional and general 
anesthesia. Consistent with the impairment of thermo-
regulatory responses with regional anesthesia alone,66,67 
vasoconstriction during combined regional and general 
anesthesia is triggered at a core temperature approxi-
mately 1° C less than during general anesthesia alone. 
Furthermore, vasoconstriction, once triggered, produces a 
core temperature plateau during general anesthesia alone 
but not during combined regional and general anesthe-
sia. The result is that core temperature during combined 
regional and general anesthesia continues to decrease 
throughout surgery.85 Consequently, core temperature 
monitoring and thermal management are especially 
important in patients given simultaneous regional and 
general anesthesia.

SHIVERING

Shivering-like tremor, so typical in neuraxial anesthesia, is 
preceded by core hypothermia and vasoconstriction (above 
the level of the block).65 Furthermore, electromyographic 
analysis indicates that the tremor has the waxing-and-
waning pattern of four to eight cycles/minute that charac-
terizes normal shivering.69 The tremor thus apparently is 
normal thermoregulatory shivering, triggered when redis-
tribution hypothermia decreases core temperature.

Spinal thermal receptors have been detected in every 
mammal and bird tested. Experimental stimulation of 
these receptors reliably produces shivering in animals. 
Stimulation in humans of these putative receptors by epi-
dural anesthetic injection theoretically could initiate ther-
moregulatory responses, including shivering. However, 
epidural administration of large amounts of ice-cold saline 
does not trigger shivering in volunteers.86 Furthermore, 
the incidence of shivering is comparable in volunteers65 
and patients87 given warm or cold epidural anesthetic 
injections. These data indicate that temperature of 
injected local anesthetic does not influence the incidence 
of shivering during major conduction anesthesia.

The risk of shivering during neuraxial anesthesia is 
markedly diminished by maintaining strict normother-
mia.65 However, a distinct incidence of low-intensity, 
shivering-like tremor occurs in normothermic patients 
and is not thermoregulatory.88 The cause of this muscular 
activity remains unknown. However, it is associated with 
pain,89 and it may thus result from sympathetic nervous 
system activation (Fig. 54-15).
Shivering during neuraxial anesthesia can sometimes 
be treated by warming sentient skin. This approach aug-
ments cutaneous thermal input to the central regulatory 
system and thus increases the degree of tolerated core 
hypothermia.90 Because the entire skin surface contrib-
utes 20% to thermoregulatory control,5 and the lower 
body contributes approximately 10%,72 sentient skin 
warming is likely to compensate for only small reductions 
in core temperature. The same drugs that are effective for 
postanesthetic tremor also are useful for shivering dur-
ing regional anesthesia: these include meperidine (25 mg 
intravenously [IV] or epidurally),91 clonidine (75 μg IV),92 
dexmedetomine,93 ketanserin (10 mg IV),92 and magne-
sium sulfate (30 mg/kg IV).94

CONSEQUENCES OF MILD 
INTRAOPERATIVE HYPOTHERMIA

Perianesthetic hypothermia produces potentially severe 
complications, as well as distinct benefits. Thermal man-
agement thus deserves the same thoughtful analysis of 
potential risks and benefits as other therapeutic decisions.

BENEFITS

Substantial protection against cerebral ischemia and 
hypoxia is provided by just 1° C to 3° C of hypothermia in 
animals.95,96 Protection initially was thought to result from 
the approximate 8%/°C linear reduction in tissue metabolic 
rate. However, the efficacy of mild hypothermia far exceeds 
that of treatments such as high-dose isoflurane or barbitu-
rate coma, which comparably reduce the metabolic rate.97 
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Figure 54-15. Visual analog pain scores (VAS) in normothermic 
patients given intraarticular lidocaine or saline after knee surgery. Pain 
was assessed postoperatively by an investigator blinded to the group 
assignment. Time zero indicates discontinuation of anesthesia. Data 
are presented as mean ± SD. Patients receiving a local anesthetic block 
(lidocaine) had significantly less postoperative pain than did those 
given saline; all values after 10 elapsed minutes differed significantly 
in the two groups. Shivering-like tremor was observed in 43% more 
of the patients given saline than those given lidocaine, a finding indi-
cating that the tremor is related to pain. (From Horn E-P, Schroeder F,  
Wilhelm S, et al: Postoperative pain facilitates non-thermoregulatory 
tremor, Anesthesiology 91:979-984, 1999.)
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These data suggest that other actions (e.g., decreased release 
of excitatory amino acids) explain the protective action of 
hypothermia.98 As such, no reason exists to expect protec-
tion to decrease linearly with temperature, and in animals, 
it appears that much of the total benefit from moderate 
hypothermia occurs within the first couple of degrees.

As could be expected from in vitro and animal studies, 
therapeutic hypothermia has twice been shown to improve 
outcomes from out-of-hospital cardiac arrest.99,100 Rapid 
induction of hypothermia is thus becoming routine for 
patients after recovery from cardiac arrest. The other situ-
ation in which therapeutic hypothermia appears benefi-
cial is in asphyxiated neonates.101-103

The potential protection afforded by mild hypother-
mia is so great that reduced core temperature (i.e., ≈34° 
C) is sometimes used during neurosurgery and other pro-
cedures in which tissue ischemia can be anticipated. The 
difficulty is that few outcome data are available to sub-
stantiate extrapolation from animal data to clinical prac-
tice. Furthermore, the appropriate target temperature for 
therapeutic hypothermia has yet to be established.

The Brain
Hypothermia for brain trauma was initially claimed to 
be therapeutic based on a post hoc subgroup analysis of 
a study that overall showed no benefit.104 A subsequent 
large randomized trial was unable to demonstrate any ben-
efit overall or in subgroups, although interpretation of the 
study was limited by violations in the fluid administration 
protocol in some patients.105 More recently, hypothermia 
was shown to be beneficial in a nonrandomized study 
in which patients with brain trauma who had elevated 
intracranial pressure refractory to conventional treatment 
were assigned to therapeutic hypothermia. Despite being 
sicker than the comparison patients (who had low intra-
cranial pressure), the hypothermic patients demonstrated 
improved outcome.106 Small nonrandomized series sug-
gested that mild hypothermia could improve the out-
come from stroke.107 A small feasibility trial for treatment 
of stroke with hypothermia has been published,108 but 
no large trial is currently even in progress. Although ini-
tial feasibility trials were encouraging,108,109 a subsequent 
large outcome trial failed to demonstrate any improve-
ment caused by therapeutic hypothermia in patients hav-
ing surgery for subarachnoid hemorrhage.110 This result 
was especially disappointing because surgery is one of the 
few circumstances in humans when hypothermia can be 
instituted before the onset of ischemia.

The Heart and Other Organs
Hypothermic protection against ischemia may extend 
to other organs. For example, mild hypothermia mark-
edly reduced infarct size in experimental acute myocar-
dial infarction in human-sized pigs,111 and a preliminary 
study in patients was encouraging.112 However, a subse-
quent major outcome trial in humans failed to demon-
strate convincing benefit (unpublished).

Acute malignant hyperthermia is more difficult to trig-
ger in mildly hypothermic swine than in those kept nor-
mothermic. Furthermore, once triggered, the syndrome is 
less severe.113,114 These data suggest that active warming 
should be avoided in patients known to be susceptible to 
malignant hyperthermia; instead, these patients should be 
allowed to become slightly hypothermic during surgery.

Limitations of most therapeutic hypothermia stud-
ies are that cooling began well after the ischemic insult, 
and patients typically took many hours to cool. It thus 
remains possible that benefit will yet be identified in 
future studies that initiate hypothermia earlier and use 
more recently developed systems to cool patients faster. 
Table 54-1 lists selected major studies that evaluated the 
potential benefits of mild perioperative hypothermia.
TABLE 54-1 POTENTIAL BENEFITS OF MILD PERIOPERATIVE HYPOTHERMIA IN HUMANS*

Consequence First Author Yr N ΔTcore (° C) Normothermic Hypothermic P

Mortality after brain trauma Clifton105 2001 392 4.2 27% 28% NS
Favorable Glasgow outcome score 

at 3 mo after brain trauma
Shiozaki256 2001 91 4 59% 47% NS

Glasgow outcome score at 12 mo 
after brain trauma (1-3/4-5)

Marion104 1997 81 ≈4 62%/38% 39%/61% NS

Neurologic outcome after cardiac 
arrest (good)

Bernard99 2002 77 ≈4 26% 49% .01

Neurologic outcome 6 mo after 
cardiac arrest (good recovery 
or moderate disability)

Hypothermia Group100 2002 273 ≈4.5 55% 39% .009

Mortality at 6 mo Hypothermia Group100 2002 273 ≈4.5 55% 41% .02
Neurologic outcome of neonatal 

hypoxia (death or moderate-
severe disability)

Gluckman101 2005 218 ≈2 66% 59% .1

Neurologic outcome of neonatal 
hypoxia (death or moderate-
severe disability)

Shankaran102 2005 208 3.8 62% 44% .01

Good neurologic outcome after 
intracranial aneurysm surgery

Todd110 2005 1,001 3.5 63 66 NS

*Only prospective, randomized human trials are included; subjective responses were evaluated by observers blinded to treatment group and core 
temperature. Different outcomes of some studies are shown in separate rows. Results are presented as means ± SDs or median (interquartile range) 
unless otherwise specified. For the effects of mild hypothermia on neonatal asphyxia, see the Cochrane meta-analysis by Jacobs and associates.257

ΔTcore, Difference in core temperature between the treatment groups; N, total number of subjects; NS, not significant.
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ADVERSE EFFECTS OF HYPOTHERMIA

Coagulation is impaired by mild hypothermia. The most 
important factor appears to be a cold-induced defect in 
platelet function.115 The defect in platelet function is 
related to local temperature, not core temperature.116 
Wound temperature, however, is largely determined by 
core temperature and is distinctly higher in normothermic 
patients. Perhaps as importantly, hypothermia directly 
impairs enzymes of the coagulation cascade. This is not 
apparent during routine coagulation screening because 
the tests are performed at 37° C. When these tests are per-
formed at hypothermic temperatures, however, the defect 
becomes apparent.117

Consistent with these in vitro defects, nearly all ran-
domized trials indicate that mild hypothermia increases 
blood loss during hip arthroplasty and increases alloge-
neic transfusion requirements.118-131 Similarly, nearly 
all randomized trials report an increased transfusion 
requirement in hypothermic patients.118-120,122-125,130-132 
Meta-analyses indicate that both blood loss (Fig. 54-16) 
and transfusion requirement (Fig. 54-17) are significantly 
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Figure 54-16. Total blood loss meta-analysis and forest plot. Treatment effect expressed as ratio of geometric means of blood loss for normo-
thermic (N) versus hypothermic (H) patients. Results indicate an estimated 16% (95% confidence interval [CI], 4%, 26%) lower average blood 
loss in normothermic versus hypothermic (P = .009). (From Rajagopalan S, Mascha E, Na J, Sessler DI: The effects of mild perioperative hypothermia 
on blood loss and transfusion requirement: a meta-analysis, Anesthesiology 108:71-77, 2008.)

Figure 54-17. Transfusion meta- 
analysis and forest plot. Treatment effect 
expressed as the relative risk of transfu-
sion in normothermic versus hypother-
mic patients. Normothermia is associated 
with 22% less risk of transfusion than 
hypothermia (95% confidence interval 
[CI], 3%, 37%; P = .027). (From Rajago-
palan S, Mascha E, Na J, Sessler DI: The 
effects of mild perioperative hypothermia on 
blood loss and transfusion requirement: a 
meta-analysis, Anesthesiology 108:71-77, 
2008.)
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increased by hypothermia.133 The treatment effect is sub-
stantial with just 1° C of core hypothermia increasing 
each complication by approximately 20%.

Drug metabolism is markedly decreased by periopera-
tive hypothermia. The duration of action of vecuronium 
is more than doubled by a 2° C reduction in core tempera-
ture (Fig. 54-18), and the prolongation is a pharmacoki-
netic effect, not a pharmacodynamic one.134 Atracurium 
duration is less dependent on core temperature: a 3° C 
reduction in core temperature increases the duration of 
muscle relaxation only by 60%.135 With each drug, the 
recovery index (time for 25% to 75% twitch recovery) 
remains normal during hypothermia. Core hypothermia 
per se decreases twitch strength 10% to 15%, even with-
out muscle relaxants.136 The efficacy of neostigmine as an 
antagonist of vecuronium-induced neuromuscular block 
is not altered by mild hypothermia, although onset time 
is approximately 20% longer.137 The effects of tempera-
ture on muscle relaxants and antagonism of neuromuscu-
lar blocks was reviewed by Heier and Caldwell.138

During a constant infusion of propofol, plasma concen-
tration is approximately 30% greater than normal when 
individuals are 3° C hypothermic.135 The effects of mild 
hypothermia on the metabolism and pharmacodynamics 
of most other drugs has yet to be reported. However, the 
results for muscle relaxants and propofol suggest that the 
effects are substantial. Hypothermia also alters the phar-
macodynamics of the volatile anesthetics, thus reducing 
minimum alveolar concentration (MAC) approximately 
5%/°C.139 Consequently, no anesthesia whatsoever is 
required to prevent movement in response to skin inci-
sion at core temperatures lower than 20° C.140 As could 
be expected from the pharmacokinetic and pharmaco-
dynamic effects of hypothermia, the duration of postan-
esthetic recovery is significantly prolonged—even when 
temperature is not a discharge criterion. When “fitness 
for discharge” and a core temperature exceeding 36° C are 
required (as in many postanesthesia care units), recovery 
duration is prolonged by several hours.141
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Figure 54-18. Just 2° C reduction in core temperature more than 
doubled the duration of action of vecuronium. (From Heier T, Caldwell 
JE, Sessler DI, Miller RD: Mild intraoperative hypothermia increases duration 
of action and spontaneous recovery of vecuronium blockade during nitrous 
oxide-isoflurane anesthesia in humans, Anesthesiology 74:815-819, 1991.)
Wound infections are among the most common seri-
ous complications of anesthesia and surgery, and they 
probably cause more morbidity than all other anesthetic 
complications combined.142 Hypothermia can con-
tribute to wound infections both by directly impairing 
immune function143 and by triggering thermoregulatory 
vasoconstriction that, in turn, decreases wound oxygen 
delivery.144 It is well established that fever is protective 
and that infections are aggravated when naturally occur-
ring fever is prevented.145 Similarly, mild hypothermia, 
maintained only during anesthesia, impairs subsequent 
resistance to both Escherichia coli and Staphylococcus 
aureus dermal infections in guinea pigs.146,147 As could be 
expected from these in vitro and animal data, a prospec-
tive, randomized clinical trial indicated that mild intra-
operative hypothermia tripled the incidence of surgical 
wound infection in patients undergoing colon surgery. 
Furthermore, hypothermia delayed wound healing and 
prolonged the duration of hospitalization 20% even 
in patients without infection.132 Consistent with poor 
wound healing, urinary nitrogen excretion remains ele-
vated for several postoperative days in patients allowed to 
become hypothermic during surgery.148

Thermal comfort is markedly impaired by postopera-
tive hypothermia; this feeling persists for several hours 
in patients who are several degrees centigrade hypother-
mic at the beginning of recovery (Fig. 54-19).149 Patients, 
asked years after surgery, often identify feeling cold in the 
immediate postoperative period as the worst part of their 
hospitalization—sometimes rating it worse than surgi-
cal pain. Postoperative thermal discomfort is also physi-
ologically stressful, by elevating blood pressure, heart 
rate, and plasma catecholamine concentrations.150,151 
These factors presumably contribute to what may be the 
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Figure 54-19. Patients who started recovery approximately 2° C 
hypothermic reported feeling unpleasantly cold, and the sensation 
persisted for more than 2 hours. Only a few of the warmed patients 
shivered at any time during the recovery period. In contrast, most of 
the hypothermic patients demonstrated grades 2 or 3 tremor dur-
ing the first postoperative hour. By the end of the first elapsed hour, 
however, shivering was rare, even in the hypothermic patients. Error 
bars indicate standard deviations. Thermal comfort is shown on a 
100-mm visual analog scale where 0 mm is the worst possible cold 
sensation, 50 mm is neutral, and 100 mm is extreme heat. (From 
Kurz A, Sessler DI, Narzt E, et al: Postoperative hemodynamic and ther-
moregulatory consequences of intraoperative core hypothermia, J Clin 
Anesth 7:359-366, 1995.)
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most important consequence of mild perioperative hypo-
thermia: a threefold increase in morbid myocardial out-
comes.126 Given that myocardial ischemia is among the 
leading causes of unanticipated perioperative death, the 
results of this prospective randomized trial must be taken 
extremely seriously.

Table 54-2 lists the major studies that evaluated com-
plications caused by mild perioperative hypothermia.

POSTANESTHETIC SHIVERING

The incidence of postoperative shivering-like tremor 
reportedly is approximately 40%, but it now appears 
to be less as more patients are kept normothermic and 
opioids are administered more frequently and in larger 
doses than in the past. This potentially serious compli-
cation increases oxygen consumption roughly 100%, 
in proportion to intraoperative heat loss.152 However, 
myocardial ischemia is poorly correlated with shivering, 
a finding suggesting that increased metabolic rate is not 
the primary etiology of this complication.126 In addition 
to increasing intraocular and intracranial pressures, post-
operative shivering possibly aggravates wound pain by 
stretching incisions. The most important determinants of 
shivering risk are young age and core temperature.153

Over the years, postanesthetic tremor has been attrib-
uted to uninhibited spinal reflexes, pain, decreased sym-
pathetic activity, pyrogen release, adrenal suppression, 
respiratory alkalosis, and, most commonly, simple thermo-
regulatory shivering in response to intraoperative hypo-
thermia. Unfortunately, the etiologies of postanesthetic, 
shivering-like tremor remain unclear. Certainly, much 
postoperative tremor is simply normal shivering. As early 
as 1972, however, investigators recognized the existence 
of at least two distinct tremor patterns.154 That perceptive 
observation subsequently was confirmed in a study that 
used electromyography to demonstrate that postopera-
tive tremor has the following patterns: (1) a tonic pattern 
resembling normal shivering, typically having a waxing-
and-waning component of four to eight cycles/minute; 
and (2) a phasic, 5- to 7-Hz bursting pattern resembling 
pathologic clonus.155 The clonic pattern was consistent 
with the previous observation that pathologic spinal cord 
responses, including clonus, nystagmus, and exaggerated 
deep tendon reflexes, were common during recovery from 
general anesthesia.156

Not until 1991 did a triple crossover study in volun-
teers establish that the tonic and clonic patterns were 
both thermoregulatory (i.e., always preceded by core 
hypothermia and arteriovenous shunt vasoconstric-
tion).157 The tonic pattern consistently demonstrated 
the waxing-and-waning pattern of four to eight cycles/
minute that characterizes normal shivering,18 and appar-
ently it is a simple thermoregulatory response to intra-
operative hypothermia. In contrast, the clonic pattern is 
not a normal component of thermoregulatory shivering 
and appears specific to recovery from volatile anesthet-
ics. Although the precise etiology of this tremor pattern 
remains unknown, the cause may be anesthetic-induced 
disinhibition of normal descending control over spinal 
reflexes. More recent data in surgical patients, however, 
belies the simple conclusion from the volunteer study157 
that all postanesthetic tremor is thermoregulatory. 
Instead, there appears to be a distinct incidence of non-
thermoregulatory tremor in normothermic postoperative 
patients.158 A similar nonthermoregulatory tremor has 
been observed in women during labor.88 The etiology of 
this tremor and the reason that volunteers and patients 
should respond differently remain unknown; however, 
surgical pain appears to be a key factor.89

Postanesthetic shivering can be treated by skin surface 
warming because the regulatory system tolerates more 
core hypothermia when cutaneous warm input is aug-
mented.90 However, the skin surface contributes only 20% 
to control of shivering,5,6 and available skin surface warm-
ers increase mean skin temperature only a few degrees 
TABLE 54-2 MAJOR COMPLICATIONS OF MILD PERIOPERATIVE HYPOTHERMIA IN HUMANS*

Consequence First Author Yr N ΔTcore (° C) Normothermic Hypothermic P

Surgical wound infection Kurz132 1996 200 1.9 6% 19% <.01
Duration of hospitalization Kurz132 1996 200 1.9 12.1 ± 4.4 days 14.7 ± 6.5 days <.01
Duration of hospitalization Frank126 1997 300 1.3 8 (5-13, range) 8 (5-11) NS
Postoperative troponin I Nesher253 2003 60 1.0 22 ± 9 ng/mL 8 ± 5 ng/mL <.001
Morbid cardiac events Frank126 1997 300 1.3 1% 6% <.05
Myocardial damage Nesher253 2003 60 1.0 8 ± 5 ng/mL 22 ± 9 ng/mL <.01
Urinary excretion of nitrogen Carli148 1989 12 1.5 982 mmol/day 1,798 mmol/day <.05
Duration of vecuronium Heier134 1991 20 2.0 28 ± 4 min 62 ± 8 min <.001
Duration of atracurium Leslie135 1995 6 3.0 44 ± 4 min 68 ± 7 min <.05
Postoperative shivering Just254 1992 14 2.3 141 ± 9 mL/min/m2 269 ± 60 mL/min/m2 <.001
Duration of postanesthetic 

recovery
Lenhardt141 1997 150 1.9 53 ± 36 min 94 ± 65 min <.001

Adrenergic activation Frank151 1995 74 1.5 330 ± 30 pg/mL 480 ± 70 pg/mL <.05
Thermal discomfort Kurz149 1995 74 2.6 50 ± 10 mm VAS 18 ± 9 mm VAS <.001
Mortality after major trauma Gentillo255 1997 57 ≈1.5 2 / 29 (7%) 12 / 28 (43%) <.05

*Only prospective, randomized human trials are included; subjective responses were evaluated by observers blinded to treatment group and core 
temperature. Different outcomes of some studies are shown in separate rows. The study by Just et al is but one of dozens of studies showing that 
hypothermia provokes shivering. Results are presented as means ± SDs or median (interquartile range) unless otherwise specified. For the effects of 
hypothermia on perioperative blood loss and transfusion requirement, see the meta-analysis by Rajagopalan and colleagues.133

ΔTcore, Difference in core temperature between the treatment groups; N, total number of subjects; NS, not significant; VAS, a 100-mm visual analog scale 
(0 mm, intense cold; 100 mm, intense heat).
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centigrade.159,160 Consequently, cutaneous warming com-
pensates for only small amounts of core hypothermia and 
does not usually prove effective in most patients with core 
temperatures much lower than 35° C.161

Postanesthetic shivering also can be treated using a 
variety of drugs, including clonidine (75 μg IV),92 ketanse-
rin (10 mg IV),92 tramadol,162 physostigmine (0.04 mg/kg 
IV),163 nefopam (0.15 mg/kg),164 dexmedetomidine, and 
magnesium sulfate (30 mg/kg IV).94 The specific mecha-
nisms by which ketanserin, tramadol, physostigmine, 
and magnesium sulfate stop shivering remain unknown. 
Similarly, how clonidine arrests shivering also remains 
unknown. However, clonidine36 and dexmedetomidine26 
comparably reduce the vasoconstriction and shivering 
thresholds, a finding suggesting that they act on the 
central thermoregulatory system, rather than preventing 
shivering peripherally. Postoperative shivering has been 
reviewed in detail,165 and treatment options have been 
subjected to a systematic review.166

Alfentanil, a pure μ-receptor agonist, significantly 
impairs thermoregulatory control.25 However, meperidine 
is considerably more effective in treating shivering than 
are equianalgesic doses of other μ agonists.167 Clinically, 
this efficacy is manifested as a shivering threshold that is 
reduced twice as much as the vasoconstriction threshold,31 
without a decrease in the gain or maximum intensity of 
shivering.52 The efficacy of meperidine is at least partially 
preserved during administration of moderate doses of nal-
oxone (0.5 μg/kg/minute) but is virtually obliterated by 
larger doses (5.0 μg/kg/minute).168 These data suggest that 
action of this drug is in part mediated by non–μ opioid 
receptors. Meperidine possesses considerable κ activity,169 
and it also has central anticholinergic activity, although 
neither mechanism appears to mediate the special anti-
shivering activity of meperidine.12 Instead, it may result 
from agonist activity at central α adrenoceptors.170 What-
ever the mechanism, however, meperidine appears to be 
a considerably more effective treatment for postoperative 
shivering than the other opioids.

PERIOPERATIVE THERMAL 
MANIPULATIONS

Intraoperative thermoregulatory vasoconstriction, once 
triggered, is remarkably effective in preventing further 
core hypothermia.43,51 Nonetheless, most patients are poi-
kilothermic during surgery because they do not become 
sufficiently hypothermic to trigger thermoregulatory 
responses.24,25,27,28 Therefore, intraoperative hypother-
mia can be minimized by any technique that limits cuta-
neous heat loss to the environment resulting from cold 
operating rooms, evaporation from surgical incisions, or 
conductive cooling produced by administration of cold 
intravenous fluids. The efficacy of various approaches dif-
fers enormously, however.

Mean body temperature decreases when heat loss to 
the environment exceeds metabolic heat production. 
Heat production during anesthesia is approximately 0.8 
kcal/kg/hour. Because the specific heat of the human 
body is approximately 0.83 kcal/kg,171 body temperature 
decreases approximately 1° C/hour when heat lost to the 
environment is twice metabolic production. Normally, 
approximately 90% of metabolic heat is lost through the 
skin surface. During anesthesia, additional heat is also 
lost directly from surgical incisions and by administra-
tion of cold intravenous fluids.

EFFECTS OF VASOMOTOR TONE  
ON HEAT TRANSFER

Thermoregulatory vasodilation causes the initial core-to-
peripheral redistribution of body heat61; similarly, reemer-
gence of vasoconstriction in patients becoming sufficiently 
hypothermic produces a core temperature plateau.51 It is 
thus evident that vasomotor tone alters intercompartmen-
tal heat transfer. In addition to thermoregulatory arterio-
venous shunt status, arteriolar tone is directly modulated 
by anesthetics per se.58 Both factors potentially influence 
the speed with which peripherally applied heat reaches 
the core thermal compartment.

Thermoregulatory vasoconstriction slightly impairs 
induction of therapeutic hypothermia during neurosur-
gery.172 However, arteriovenous shunt tone has little effect 
on intraoperative cooling173 or heating.174 Intraoperative 
vasoconstriction thus only slightly impedes peripheral-
to-core transfer of cutaneous heating and cooling. Little 
clinical effect presumably results because intraoperative 
thermoregulatory vasoconstriction is opposed by direct 
anesthetic-induced peripheral vasodilation.

During postanesthetic recovery, however, the situation 
differs markedly. Here, anesthetic-induced peripheral dila-
tion58,175 dissipates, leaving unopposed thermoregulatory 
vasoconstriction. As could be expected, this vasoconstric-
tion then becomes an important factor and significantly 
impairs transfer of peripherally applied heat to the core 
thermal compartment. Patients having a residual spi-
nal anesthetic block thus warm considerably faster than  
do those recovering from general anesthesia alone  
(Fig. 54-20).176 Heat balance studies indicate that core 
warming is slowed because vasoconstriction constrains 
up to 30 kcal in peripheral tissues.177

Because postoperative thermoregulatory vasoconstric-
tion decreases peripheral-to-core transfer of heat, applied 
warming is most effective during surgery when patients 
are vasodilated. From a practical perspective, this means 
that it is easier to maintain intraoperative normothermia 
(when most patients are vasodilated) than to rewarm them 
postoperatively (when virtually all hypothermic patients 
are vasoconstricted). In addition to being more effective, 
intraoperative warming is more appropriate than post-
operative treatment of hypothermia because it prevents 
the complications resulting from hypothermia.118,126,132 
Patients who unavoidably become hypothermic during 
surgery nonetheless should be actively heated postoper-
atively to increase thermal comfort, decrease shivering, 
and hasten rewarming.

PREVENTING REDISTRIBUTION 
HYPOTHERMIA

The initial 0.5° C to 1.5° C reduction in core temperature 
is difficult to prevent because it results from redistribution 
of heat from the central thermal compartment to cooler 
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peripheral tissues.61 Consequently, surface warming usu-
ally fails to prevent hypothermia during the first hour of 
anesthesia.62,132 Lack of efficacy during this period results 
both because the central-to-peripheral flow of heat is mas-
sive and because transfer of applied cutaneous heat to the 
core requires nearly an hour, even in vasodilated patients.

Although redistribution is difficult to treat,62,132 it can 
be prevented. Redistribution results when anesthetic-
induced vasodilation allows heat to flow peripherally 
down the normal temperature gradient. Skin surface warm-
ing before induction of anesthesia does not much increase 
core temperature (which remains well regulated), but it 
does increase body heat content. Most of the increase is 
in the legs, the most important component of the periph-
eral thermal compartment. When peripheral tissue tem-
perature is sufficiently increased, subsequent inhibition 
of normal tonic thermoregulatory vasoconstriction pro-
duces little redistribution hypothermia because heat can 
flow only down a temperature gradient (Fig. 54-21).80,81 
Although substantial amounts of heat must be transferred 
across the skin surface, active prewarming for as little as 
30 minutes likely prevents considerable redistribution.178

The “afterdrop” associated with discontinuation of 
cardiopulmonary bypass is a type of redistribution hypo-
thermia that results from a substantial core-to-peripheral 
tissue temperature gradient. As could be expected, it is 
more impressive after bypass at 17° C179 than at 27° C 
to 31° C.180 Cutaneous warming during and after bypass 
reduces core temperature afterdrop by 60%. However, 
heat balance data indicate that this reduction results pri-
marily because cutaneous warming prevents the typical 
decrease in body heat content after discontinuation of 
bypass, rather than by reducing redistribution.181
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Figure 54-20. Intraoperative and postoperative core temperatures  
in patients assigned to general anesthesia (n = 20) and spinal anesthe-
sia (n = 20). All patients were warmed with forced air during the post-
operative period. Core temperature did not differ significantly during 
surgery, but it increased significantly faster postoperatively in patients 
given spinal anesthesia (1.2 ± 0.1° C/hour versus 0.7 ± 0.2° C/hour; 
means ± SDs). (From Szmuk P, Ezri T, Sessler DI, et al: Spinal anesthesia 
only minimally increases the efficacy of postoperative forced-air rewarm-
ing, Anesthesiology 87:1050-1054, 1997.)
AIRWAY HEATING AND HUMIDIFICATION

Simple thermodynamic calculations indicate that less than 
10% of metabolic heat production is lost via the respiratory 
tract. The loss results both from heating and humidifying 
inspiratory gases, but humidification requires two thirds of 
the heat.56 Because little heat is lost via respiration, even 
active airway heating and humidification minimally influ-
ence core temperature.62,182 The apparent clinical efficacy of 
these methods probably results from artifactual warming of 
proximally positioned esophageal stethoscopes.183 Because 
respiratory heat loss remains virtually constant during anes-
thesia, the fraction of total heat lost via the respiratory tract 
decreases dramatically during large operations in which 
substantial heat is lost from evaporation within surgical 
incisions.57 Consequently, airway heating and humidifica-
tion are even less effective than usual in patients most in 
need of effective warming. Cutaneous warming maintains 
normothermia so much better than does respiratory gas 
conditioning that intraoperative active airway heating and 
humidification are rarely, if ever, indicated.

Airway heating and humidification are more effective 
in infants and children than in adults.184 However, cuta-
neous warming also is more effective in these patients and 
transfers more than 10 times as much heat. Hygroscopic 
condenser humidifiers and heat-and-moisture exchang-
ing filters (“artificial noses”) retain substantial amounts of 
moisture and heat within the respiratory system. In terms 
of preventing heat loss, these passive devices are approxi-
mately half as good as active systems,184 but they cost 
only a fraction as much. Heat retention is comparable in 
all clinically available heat-and-moisture exchangers.56
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Figure 54-21. During the preinduction period (−120 to 0 minutes), 
volunteers were either actively warmed or passively cooled (no 
warming). At induction of anesthesia (time = 0 minutes), active warm-
ing was discontinued, and volunteers were exposed to the ambient 
environment. Initial tympanic membrane (TM) temperatures were 
similar before each preinduction treatment. During the 60 minutes 
following induction of anesthesia, core temperature decreased less 
when volunteers were prewarmed: (ΔT = −1.1 ± 0.3° C) compared 
with when the same volunteers were not warmed (ΔT = −1.9 ± 0.3° 
C). Data are presented as means ± SDs. (From Hynson JM, Sessler DI, 
Moayeri A, et al: The effects of pre-induction warming on temperature and 
blood pressure during propofol/nitrous oxide anesthesia, Anesthesiology 
79:219-228, 1993.)



PART IV: Anesthesia Management1638
INTRAVENOUS FLUIDS

It is not possible to warm patients by administering heated 
fluids because the fluids cannot greatly exceed body tem-
perature. Conversely, heat loss resulting from cold intra-
venous fluids becomes substantial when large amounts of 
crystalloid solution or blood are administered. One unit 
of refrigerated blood or 1 L of crystalloid solution admin-
istered at room temperature each decreases mean body 
temperature approximately 0.25° C. (The blood is twice 
as cold, but it has only half the volume.) Fluid warmers 
minimize these losses and should be used when large 
amounts of intravenous fluid or blood are administered. 
In smaller cases, however, they contribute little.

For routine cases, no clinically important differences 
are noted among the available fluid warmers. Although 
most warmers allow fluid to cool in the tubing between 
the heater and the patient, this cooling is of little conse-
quence in adults. At high flows, little cooling occurs, and 
at low flows, the amount of fluid given is trivial.185 Spe-
cial high-volume systems with powerful heaters and little 
resistance to flow facilitate care of trauma victims and are 
useful in other cases in which large amounts of fluid must 
be administered quickly.

CUTANEOUS WARMING

Operating room temperature is the most critical factor 
influencing heat loss because it determines the rate at 
which metabolic heat is lost by radiation and convection 
from the skin and by evaporation from within surgical 
incisions. Consequently, increasing room temperature is 
one way to minimize heat loss. However, room tempera-
tures exceeding 23° C are generally required to maintain 
normothermia in patients undergoing all but the smallest 
procedures.186 Most operating room personnel find such 
temperatures uncomfortably warm. Infants may require 
ambient temperatures exceeding 26° C to maintain nor-
mothermia. Such temperatures are sufficiently high to 
impair performance of operating room personnel and 
decrease their vigilance.

The easiest method of decreasing cutaneous heat loss 
is to apply passive insulation to the skin surface. Insula-
tors readily available in most operating rooms include 
cotton blankets, surgical drapes, plastic sheeting, and 
reflective composites (“space blankets”). A single layer 
of each reduces heat loss approximately 30%, and no 
clinically important differences exist among insulation 
types (Fig. 54-22).187 Insulators therefore should be cho-
sen strictly based on cost; paying a premium to purchase 
reflective composites, for example, is not justified.

The reduction in heat loss from all the commonly used 
passive insulators is similar because most of the insula-
tion is provided by the layer of still air trapped beneath 
the covering. Consequently, adding additional layers 
of insulation further reduces heat loss only slightly. For 
example, one cotton blanket reduces heat loss by approx-
imately 30%, but three cotton blankets reduce heat loss 
only by 50%. Furthermore, warming the cotton blankets 
provides little benefit, and the benefit is short-lived.188 
These data indicate that simply adding additional layers 
of passive insulation, or warming the insulation before 
application, usually will be insufficient in patients who 
become hypothermic while covered with a single layer of 
insulation.

Cutaneous heat loss is roughly proportional to surface 
area throughout the body.189 (The popular perception 
that a large fraction of metabolic heat is lost from the 
head is false in adults. Loss from the head can be substan-
tial in small infants,190 but loss is high mostly because 
the head represents a large fraction of the total surface 
area.) Consequently, the amount of skin covered is more 
important than which surfaces are insulated. It does not 
make sense, for example, to cover the head and leave the 
arms exposed because the arms have more surface area 
than the head and account for more heat loss.

Passive insulation alone rarely is sufficient to main-
tain normothermia in patients undergoing large opera-
tions; active warming is required in those cases. Because 
approximately 90% of metabolic heat is lost via the skin 
surface, only cutaneous warming will transfer sufficient 
heat to prevent hypothermia. Consequently, for intraop-
erative use, circulating water and forced air are the two 
major systems requiring consideration.

Studies consistently report that circulating-water mat-
tresses are nearly ineffective.191 Presumably, they are 
unable to maintain normothermia because little heat is 
lost from the back into the 5 cm of foam insulation cov-
ering most operating room tables. Furthermore, the com-
bination of heat and decreased local perfusion (resulting 
when the patient’s weight reduces capillary blood flow) 
increases the propensity for pressure and heat necro-
sis (“burns”). Such tissue injury can occur even when 
water temperature does not exceed 40° C.192 Circulating 
water is more effective—and safer—when it is placed over 
patients rather than under them and, in that position, 
can almost completely eliminate metabolic heat loss.159 
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Figure 54-22. Insulators readily available in most operating rooms 
include cotton blankets, surgical drapes, plastic sheeting, and reflec-
tive composites (“space blankets”). A single layer of each reduces total 
cutaneous heat loss approximately 30%, and no clinically important 
differences exist among the insulation types. Data are presented as 
means ± SDs. (From Sessler DI, McGuire J, Sessler AM: Perioperative ther-
mal insulation, Anesthesiology 74:875-879, 1991.)
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Metabolic heat production increases mean body tempera-
ture approximately 1° C/hour when cutaneous heat loss 
is eliminated. Circulating-water garments transfer large 
amounts of heat by increasing the warmed surface area or 
by using materials that facilitate conduction.193,194

The most common perianesthetic warming system is 
forced air. The best forced-air systems completely elimi-
nate heat loss from the skin surface.159,160 Forced air usu-
ally maintains normothermia even during the largest 
operations,62,132 and it is superior to circulating-water 
mattresses.195 It is also remarkably safe, with few if any 
injuries reported with proper use. The hospital cost 
of forced-air warming in the United States is now only 
approximately $10, and it is justifiably by far the most 
common warming method.

INDUCTION OF MILD THERAPEUTIC 
HYPOTHERMIA

A paucity of evidence supports the application of thera-
peutic hypothermia for indications other than out-of- 
hospital cardiac arrest and asphyxiated neonates. None-
theless, hypothermia is occasionally used during neuro-
surgery or acute myocardial infarction. Typically, target 
core temperatures are 32° C to 34° C, and it is thought to 
be important to reach the target temperature quickly.

Passive cooling is far too slow for induction of ther-
apeutic hypothermia. Immersion in cold water is the 
quickest noninvasive method of actively cooling patients. 
However, immersion is difficult under clinical conditions 
and poses a substantial electrical safety risk. Administra-
tion of refrigerated intravenous fluids also is effective and 
reduces mean body temperature 0.5° C/L.196 However, 
this method may be impractical in neurosurgical patients 
in whom fluids must be restricted.

Forced-air cooling is easy to implement, but it is 
relatively slow, taking approximately 2.5 hours to cool 
neurosurgical patients to 33° C.172 Conventional circulat-
ing-water mattresses are unlikely to be efficient because 
relatively little skin surface contacts the mattress, and the 
patient’s own body weight reduces bloodborne convec-
tion of heat to the back (i.e., circulating water probably 
does not cool well, for the same reason it heats poorly).159 
Newer circulating-water systems include garment-like 
covers or “energy exchange pads” that cover far more 
skin surface and transfer large amounts of heat and are 
fairly effective.197,198

The best way to induce therapeutic hypothermia rap-
idly is probably endovascular cooling. These systems con-
sist of a heat-exchanging catheter, usually inserted into 
the inferior vena cava via the femoral artery, and a servo-
controller. They can decrease core temperatures at rates 
approaching 4° C/hour (Fig. 54-23).199

Inducing therapeutic hypothermia during surgery is 
relatively easy because anesthetics profoundly impair 
thermoregulatory responses. In contrast, unanesthe-
tized patients—even those who have suffered a stroke—
vigorously defend core temperature by vasoconstricting 
and shivering.200 It is thus necessary to induce tol-
erance to hypothermia pharmacologically. The best 
method so far identified is the combination of buspi-
rone and meperidine, drugs that synergistically reduce 
the shivering threshold to approximately 34° C without 
provoking excessive sedation or respiratory toxicity.201 
The combination of dexmedetomidine and meperidine 
may also be helpful, although the interaction is sim-
ply additive in this case.93 In contrast, ondansetron,202 
doxapram,203 and magnesium sulfate204 only slightly 
reduce the shivering threshold in humans. Although 
initially reported to be effective,205 neither arm warm-
ing nor face warming reduces the shivering threshold by 
clinically important amounts.206

DELIBERATE SEVERE INTRAOPERATIVE 
HYPOTHERMIA

Severe hypothermia may be induced deliberately to con-
fer protection against tissue ischemia, specifically during 
cardiac surgery and, occasionally, neurosurgery. Drugs 
such as barbiturates and volatile anesthetics provide con-
siderably less protection than even mild hypothermia.97 
Because many organs compensate poorly for hypother-
mia, temperatures as low as those deliberately induced 
are usually lethal when unintentional. Deliberate hypo-
thermia is safe only because anesthesiologists understand 
and treat the physiologic changes caused by core temper-
atures 10° C to 15° C lower than normal.

Although deep hypothermia (i.e., 28° C) has been used 
to facilitate cardiopulmonary bypass for decades, more 
recent evidence suggests that this degree of hypothermia 
is either unhelpful or simply harmful. For example, hypo-
thermia may be associated with prolonged ventricular 
dysfunction,207 and it does not limit cognitive impair-
ment after bypass.208 Furthermore, normothermia appears 
to improve major outcomes after bypass surgery.209 Con-
sequently, cardiac surgery is increasingly performed at 
either “tepid” temperatures (i.e., 33° C) or normothermia. 
Increasing evidence indicates that outcomes of bypass 
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Figure 54-23. Average (± SDs) intraoperative esophageal tem-
peratures (Tesoph) during the cooling (yellow circles), temperature 
maintenance (green circles), and rewarming (blue circles) periods in 
eight neurosurgical patients who were cooled with endovascular 
heat-exchanging catheters in the vena cava. Time zero identified the 
beginning of each thermal management period; the duration of these 
periods differed in individual patients depending on the duration of sur-
gery and other factors. The regression lines are shown for the cooling 
(yellow line) and rewarming (blue line) periods. (From Doufas AG, Akça 
O, Barry A, et al: Initial experience with a novel heat-exchanging catheter in 
neurosurgical patients, Anesth Analg 95:1752-1756, 2002.)
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surgery, whether on or off pump, are improved by main-
taining normothermia or near normothermia.210,211 Deep 
hypothermia (i.e., 18° C) remains routine for cases of 
intentional circulatory arrest.179

ORGAN FUNCTION

Ischemia damages tissues because oxygen deprivation 
forces cells to obtain energy anaerobically. Given that 
this mechanism is inefficient, it may not provide ade-
quate energy. Anaerobic metabolism also produces more 
toxic metabolic waste products (e.g., lactate and superox-
ide radicals) than does the Krebs cycle; this is particularly 
serious when these waste products are not removed by 
circulating blood.

Hypothermia decreases whole-body metabolic rate by 
approximately 8%/°C,46 to approximately half the normal 
rate at 28° C.212 Whole-body oxygen demand diminishes, 
and oxygen consumption in tissues that have higher than 
normal metabolic rates, such as the brain, is especially 
reduced. Brain oxygenation is thus improved by hypo-
thermia.213 Low metabolic rates allow aerobic metabo-
lism to continue during periods of compromised oxygen 
supply; toxic waste production declines in proportion to 
the metabolic rate. Although decreased metabolic rate 
certainly contributes to the observed protection against 
tissue ischemia, other effects of hypothermia, including 
“membrane stabilization” and decreased release of toxic 
metabolites and excitatory amino acids, appear to be 
most important.98

Cerebral blood flow also decreases in proportion to meta-
bolic rate during hypothermia because of an autoregulatory 
increase in cerebrovascular resistance.98 The arteriovenous 
oxygen tension (Pao2−Pvo2) difference thus remains con-
stant, and venous lactate concentration does not increase. 
Cerebral function is well maintained until core tempera-
tures reach approximately 33° C, but consciousness is lost 
at temperatures lower than 28° C. Primitive reflexes such 
as gag, pupillary constriction, and monosynaptic spinal 
reflexes remain intact until approximately 25° C. Nerve 
conduction decreases, but peripheral muscle tone increases, 
resulting in rigidity and myoclonus at temperatures near 
26° C. Somatosensory- and auditory-evoked potentials 
are temperature dependent, but they are not significantly 
modified at core temperatures of 33° C or higher.

Hypothermic effects on the heart include a decrease 
in heart rate, increased contractility, and well-maintained 
stroke volume.214 Cardiac output and blood pressure 
both decrease. At temperatures lower than 28° C, sino-
atrial pacing becomes erratic, and ventricular irritability 
increases. Fibrillation usually occurs between 25° C and 
30° C, and electrical defibrillation is usually ineffective at 
these temperatures. Because coronary artery blood flow 
decreases in proportion to cardiac work, hypothermia per 
se does not cause myocardial ischemia. However, even 
mild hypothermia decreases tissue damage in response to 
experimental cardiac ischemia.111

Hypothermia decreases blood flow to the kidneys by 
increasing renovascular resistance. Inhibition of tubular 
absorption maintains normal urinary volume. As tem-
perature decreases, reabsorption of sodium and potas-
sium is progressively inhibited, causing antidiuretic 
hormone–mediated “cold diuresis.” Despite increased 
excretion of these ions, plasma electrolyte concentra-
tions usually remain normal. Kidney functions return 
to normal when patients are rewarmed. Respiratory 
strength is diminished at core temperatures less than 
33° C, but the ventilatory CO2 response is minimally 
affected. Hepatic blood flow and function also decrease, 
thus significantly inhibiting metabolism of some drugs.

ACID-BASE CHANGES

The pH of neutral water ([OH−] = [H+]) increases 0.017 
units for each 1° C reduction in temperature.215 The pH of 
blood in a closed system (e.g., test tube or artery) changes 
similarly. Cold-blooded animals allow pH to vary with 
body temperature as it would in vitro (i.e., blood becomes 
more alkalotic as temperature decreases); in contrast, 
homeotherms, which decrease body temperature dur-
ing hibernation, maintain a pHa near 7.4 that is known 
as pH-stat management. Interpretation of arterial pH in 
hypothermic humans is difficult because it is unclear 
which strategy is optimal.216

To mimic the compensatory mechanisms used by 
hibernating homeotherms, blood pH (which is measured 
by electrodes at 37° C) traditionally has been “corrected” 
to the patient’s actual body temperature. Without correc-
tion, tissue oxygen availability decreases because hemo-
globin’s affinity for oxygen increases approximately 
1.7%/°C. This effect is small compared with the 5.7%/°C 
increase in oxyhemoglobin affinity caused by hypother-
mia itself. Fortunately, the combined increases in affin-
ity are offset by the 8%/°C reduction in metabolic rate 
caused by hypothermia. Tissue hypoxia is thus unlikely, 
with or without correction, and it has not been demon-
strated experimentally.

Ectothermic strategy also is known as alpha stat because 
the dissociation constant of the α-imidazole group in his-
tidine changes parallel to those of water. Maintaining 
constant imidazole ionization results in optimal enzyme 
function as temperature changes. In contrast, homeother-
mic dynamics significantly decrease metabolic function, 
and animals are essentially anesthetized by cold. Constant 
relative alkalinity also maintains a stable intracellular-to-
extracellular gradient that promotes removal of acidic 
products of intracellular metabolism, a process that may 
be salutary.217

Both alpha-stat and pH-stat management strategies 
appear to work well, and physiologic differences between 
them appear to be subtle. However, increasing evidence 
indicates that pH-stat management better preserves neu-
rons in the context of ischemic stress.218-220 Furthermore, 
clinical outcomes appear to be improved by pH-stat man-
agement221—or at least not worsened.222 Nonetheless, 
alpha-stat management remains common, and no con-
sensus indicates that either strategy markedly influences 
the outcome of cardiac surgery.

HYPERTHERMIA AND FEVER

Hypothermia is by far the most common perianesthetic 
thermal perturbation. However, hyperthermia is probably 
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more dangerous than a comparable degree of hypother-
mia, and hyperthermia is certainly more dangerous when 
perturbations exceed a few degrees centigrade. Hyper-
thermia is a generic term simply indicating a core body 
temperature exceeding normal values. In contrast, fever 
is a regulated increase in the core temperature targeted 
by the thermoregulatory system. Hyperthermia can result 
from a variety of causes and usually indicates a problem 
of sufficient severity that intervention by the physician 
is required.

PASSIVE HYPERTHERMIA AND MALIGNANT 
HYPERTHERMIA

Passive intraoperative hyperthermia results from exces-
sive patient heating and is most common in infants and 
children. It is especially frequent when effective active 
warming is used without adequate core temperature 
monitoring. Passive hyperthermia, by definition, does 
not result from thermoregulatory intervention. Conse-
quently, it can easily be treated by discontinuing active 
warming and removing excessive insulation.

The increase in body temperature during malignant 
hyperthermia results from an enormous increase in met-
abolic heat produced by both internal organs and skel-
etal muscles.223 Central thermoregulation presumably 
remains intact during acute crises, but efferent heat loss 
mechanisms may be compromised by intense peripheral 
vasoconstriction resulting from circulating catecholamine 
concentrations 20 times normal.224 For comprehensive 
information on malignant hyperthermia, see Chapter 43.

FEVER

Normal body temperature is neither set nor maintained 
by circulating factors. In contrast, fever results when 
endogenous pyrogens increase the thermoregulatory 
target temperature (“setpoint”). Identified endogenous 
pyrogens include interleukin-1, tumor necrosis factor, 
interferon-α, and macrophage inflammatory protein-1.225 
Although it was initially believed that these factors acted 
directly on hypothalamic thermoregulatory centers,226 
increasing evidence indicates a more complicated system 
involving vagal afferents.227 Most endogenous pyrogens 
have peripheral actions (e.g., immune system activation) 
in addition to their central generating capabilities.

Fever is relatively rare during general anesthesia, con-
sidering how often febrile stimuli are likely to be present. 
It is rare because volatile anesthetics per se inhibit expres-
sion of fever (Fig. 54-24),228 as do opioids.229 Infection 
is by far the most common cause of fever. Such fevers 
may reflect preexisting infection or may result, for exam-
ple, from urologic manipulations. However, periopera-
tive fever also occurs in response to mismatched blood 
transfusions, blood in the fourth cerebral ventricle, and 
allergic reactions. Some degree of fever is also typical after 
surgery.230 The causes of fever are sufficiently diverse—
and potentially serious—that a search for a specific etiol-
ogy usually is warranted.

Treatment of hyperthermia depends on the etiology, 
with the critical distinction being between fever and the 
other causes of hyperthermia. (In general, patients with 
fever and increasing core temperature have constricted 
fingertips whereas those with other types of hyperthermia 
are vasodilated.) It is always appropriate to treat underly-
ing causes, but nonfebrile hyperthermia also improves 
with cooling.

The first- and second-line treatments for fever are ame-
lioration of the underlying cause and administration of 
antipyretic medications. The first treatment strategy often 
fails because the etiology of fever remains unknown; 
alternatively, the source may be known but unrespon-
sive. The second strategy also often fails or is only par-
tially effective, perhaps because some fever is mediated 
by mechanisms that bypass conventional antipyretics.225 
In these patients, third-line treatment is most likely to be 
implemented: active cooling (Table 54-3). Active cooling 
of febrile patients is intuitive. However, it often fails to 
reduce core temperature while simultaneously worsening 
the situation by triggering thermoregulatory defenses, 
including intense discomfort, shivering, and autonomic 
nervous system activation.231 Active cooling of febrile 
patients should thus be instituted with considerable care, 
to be sure that the putative benefits outweigh the stress 
induced by activation of thermoregulatory defenses.

HYPERTHERMIA DURING EPIDURAL 
ANALGESIA

Hyperthermia frequently complicates epidural analge-
sia for labor and delivery,232 as well as in nonpregnant 
postoperative patients.233 This is especially the case when 
labor is long, more than 8 hours. A clinical consequence of 
this hyperthermia is that women given epidural analgesia 

37

36

39

38

35

34
420 8 106

Elapsed time (hr)

Anesthesia

IL-2 IL-2

1.0 MAC

0.6 MAC

0.0 MAC

C
or

e 
te

m
pe

ra
tu

re
 (

°C
)

Figure 54-24. Change in core temperature after administration of 
50,000 IU/kg of interleukin-2 (IL-2) followed by a second dose of 
100,000 IU/kg 2 hours later. The first dose of IL-2 defined elapsed time 
zero; anesthesia was started after 3 elapsed hours and continued for 
5 hours. Data are presented as means ± SDs. MAC, Minimum alveolar 
concentration. (From Negishi C, Lenhardt R, Sessler DI, et al: Desflurane 
reduces the febrile response to interleukin-2 administration, Anesthesiol-
ogy 88:1162-1169, 1998.)
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TABLE 54-3 ACTIVE CUTANEOUS COOLING AS A TREATMENT FOR FEVER* 

Control Cooling Warming

Integrated core temperature (°C/hr) 6.0 ± 1.6 5.7 ± 2.2 6.4 ± 1.2
Oxygen consumption (mL/min) 330 ± 50 430 ± 40† 310 ± 30
Duration of shivering (min) 33 ±11 229 ± 35 20 ± 0
Mean arterial pressure (mm Hg) 90 ± 4 98 ± 6† 86 ± 6‡

Mean norepinephrine (nM) 1.0 ± 0.4 1.4 ± 0.7† 1.1 ± 0.5‡

Baseline epinephrine (nM) 0.3 ± 0.1 0.3 ± 0.1 0.3 ± 0.1
Mean epinephrine during treatment (nM) 0.3 ± 0.1 0.5 ± 0.1† 0.4 ± 0.1
Severe cold sensation (% of time) 27 89† 11

*Volunteers were given 30,000 IU/kg of interleukin-2 (IL-2), followed 2 hours later by an additional dose of 70,000 IU/kg. The first dose of IL-2 defined 
elapsed time zero; thermal management started after 3 elapsed hours and continued for 5 hours. Each volunteer participated on 3 separate days: no 
warming or cooling, active cooling, and active warming. Mean and integrated values are presented over the treatment period, from 3 to 8 elapsed 
hours. Times are presented in terms of hours elapsed since the first injection of IL-2. Data are presented as means ± SDs.

†Statistically significant differences from control.
‡Statistically significant differences from the cooling day.
Modified from Lenhardt R, Negishi C, Sessler DI, et al: The effects of physical treatment on induced fever in humans, Am J Med 106:550-555, 1999.
are more often given antibiotics than are women treated 
conventionally, and their infants are more commonly 
treated for sepsis.234

Because passive hyperthermia and excessive heat pro-
duction are unlikely etiologies, elevated body tempera-
ture in laboring and postoperative patients is presumably 
true fever (i.e., a regulated increase in core temperature) 
resulting from infection or inflammation.235 For example, 
Dashe and co-workers concluded: “Epidural analgesia is 
associated with intrapartum fever, but only in the pres-
ence of placental inflammation. This suggests that the 
fever reported with epidural analgesia is due to infection 
rather than the analgesia itself.”

The conventional assumption is that hyperthermia 
is caused by the technique, although no convincing 
mechanism has been proposed. It is worth remember-
ing, however, that pain in “control” patients is usu-
ally treated with opioids—which themselves attenuate 
fever.229 Fever associated with infection or tissue injury 
could then be suppressed by low doses of opioids, which 
are usually given to “control” patients, while being 
expressed normally in patients given epidural analge-
sia (Fig. 54-25).236 The extent to which this mechanism 
contributes remains to be determined and has been dis-
puted,237 but no convincing alternative explanation has 
been advanced.

TEMPERATURE MONITORING

Core temperature measurements (e.g., tympanic mem-
brane as measured with a thermocouple, pulmonary 
artery, distal esophagus, and nasopharynx) are used to 
monitor intraoperative hypothermia, prevent overheat-
ing, and facilitate detection of malignant hyperthermia. 
Muscle or skin surface temperatures may be used to eval-
uate vasomotion,238 as well as to ensure the validity of 
peripheral neuromuscular monitoring.239

Both core and skin surface temperature measure-
ments are required to determine the thermoregulatory 
effects of different anesthetic drugs. The combination 
of core and mean skin temperature can be used to esti-
mate mean body temperature, and therefore body heat 
content, with remarkable accuracy.240 Temperatures are 
not uniform within the body; consequently, tempera-
tures measured at each site have different physiologic 
and practical significance.

THERMOMETERS

Mercury-in-glass thermometers are slow and cumber-
some and thus have universally been replaced with 
electronic systems. The most common electronic ther-
mometers are thermistors and thermocouples. Both 
devices are sufficiently accurate for clinical use and 
inexpensive enough to be disposable. Also sufficiently 
accurate for clinical use are “deep tissue” thermometers 
that are based on actively reducing cutaneous heat flux 
to zero241. Infrared monitors that extrapolate tympanic 
membrane temperature from outer ear temperature are 
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Figure 54-25. Core temperatures after administration of 50 IU/g of 
interleukin-2 (IL-2) followed by a second dose of 100 IU/g 2 hours later. 
The first dose of IL-2 defined elapsed time zero. Data are presented as 
means ± SDs. Error bars for the epidural days are omitted for clarity, 
but they were similar to those shown for control and intravenous fen-
tanyl. (From Negishi C, Lenhardt R, Ozaki M, et al: Opioids inhibit febrile 
responses in humans, whereas epidural analgesia does not: an explanation 
for hyperthermia during epidural analgesia, Anesthesiology 94:218-222, 
2001.)
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unreliable,242 as are infrared systems that scan forehead 
skin.243

TEMPERATURE MONITORING SITES

The core thermal compartment is composed of highly 
perfused tissues whose temperature is uniform and high 
compared with the rest of the body. Temperature in this 
compartment can be evaluated in the pulmonary artery, 
distal esophagus, tympanic membrane, or nasophar-
ynx.244,245 Temperature probes incorporated into esoph-
ageal stethoscopes must be positioned at the point of 
maximal heart sounds, or even more distally, to provide 
accurate readings. Even during rapid thermal perturba-
tions, such as cardiopulmonary bypass, these tempera-
ture-monitoring sites remain reliable. Core temperature 
can be estimated with reasonable accuracy using oral, 
axillary, rectal, and bladder temperatures, except during 
extreme thermal perturbations.244,245

Skin surface temperatures are considerably lower than 
core temperature. Skin surface temperatures—when adjusted  
with an appropriate offset—nonetheless reflect core tem-
perature reasonably well.246 However, skin temperatures 
fail to confirm the clinical signs of malignant hyperther-
mia (tachycardia and hypercarbia) reliably in swine,247 
and they have not been evaluated for this purpose in 
humans (Fig. 54-26). Rectal temperature also normally 
correlates well with core temperature,244,245 but it fails to 
increase appropriately during malignant hyperthermia 
crises247 and under other documented situations.248 Con-
sequently, rectal and skin surface temperatures must be 
used with considerable caution.

Even during cardiopulmonary bypass, the core tem-
perature monitoring sites (e.g., tympanic membrane, 
nasopharynx, pulmonary artery, and esophagus) remain 
useful. In contrast, rectal temperatures lag behind those 
measured in core sites. Consequently, rectal temperature 
is considered an “intermediate” temperature in deliber-
ately cooled patients. During cardiac surgery, bladder 
temperature is equal to rectal temperature (and there-
fore intermediate) when urine flow is low, but it is equal 
to pulmonary artery temperature (and thus core) when 
flow is high.249 Because bladder temperature is strongly 
influenced by urine flow, it may be difficult to interpret 
in these patients. The adequacy of rewarming is best 
evaluated by considering both “core” and “intermedi-
ate” temperatures.

WHEN TEMPERATURE MONITORING  
IS REQUIRED

Core temperature monitoring is appropriate during most 
general anesthetic cases both to facilitate detection of 
malignant hyperthermia and to quantify hyperther-
mia and hypothermia. Malignant hyperthermia is best 
detected by tachycardia and an increase in end-tidal CO2 
tension (Pco2) out of proportion to minute ventilation.250 
Although increasing core temperature is not the first sign 
of acute malignant hyperthermia, it certainly helps con-
firm the diagnosis. More common than malignant hyper-
thermia is intraoperative hyperthermia, which has other 
causes, including excessive warming, infectious fever, 
blood in the fourth cerebral ventricle, and mismatched 
blood transfusions. By far the most common periop-
erative thermal disturbance is inadvertent hypothermia. 
Core temperature usually decreases 0.5° C to 1.5° C in the 
first 30 minutes following induction of anesthesia. Hypo-
thermia results from internal redistribution of heat and a 
variety of other factors whose importance in individual 
patients is difficult to predict.61,79 Core temperature per-
turbations during the first 30 minutes of anesthesia thus 
are difficult to interpret, and measurement is not usually 
required. Body temperature should, however, be moni-
tored in patients undergoing general anesthesia exceed-
ing 30 minutes in duration and in all patients whose 
surgery lasts longer than 1 hour.

Local anesthetics (including amides), which are used 
to produce regional blocks, and sedatives, which are used 
during monitored anesthesia care, do not trigger malig-
nant hyperthermia.251 Nonetheless, core hypothermia is 
as common during epidural and spinal anesthesia as dur-
ing general anesthesia, and it can be nearly as severe.77 
Therefore, core temperature should be measured during 
regional anesthesia in patients likely to become hypo-
thermic, which at the very least includes those undergo-
ing body cavity surgery.

TEMPERATURE MONITORING AND 
THERMAL MANAGEMENT GUIDELINES

The objectives of temperature monitoring and perioperative 
thermal management are to detect thermal disturbances 
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Figure 54-26. Axillary and esophageal temperatures correlated well 
during acute malignant hyperthermia in swine, but forehead and neck 
skin temperatures did not. Rectal temperature also failed to identify 
the onset of malignant hyperthermia promptly. Elapsed time zero indi-
cates an end-tidal Pco2 of 70 mm Hg. These data indicate that fore-
head and neck skin surface temperatures do not adequately confirm 
other clinical signs of malignant hyperthermia. Valid core temperature 
monitoring sites include the distal esophagus, pulmonary artery, naso-
pharynx, and tympanic membrane. Except during cardiopulmonary 
bypass, body temperature also can be measured in the mouth, axilla, 
and bladder. Data are presented as means ± SDs. (Modified from Iaizzo 
PA, Kehler CH, Zink RS, et al: Thermal response in acute porcine malig-
nant hyperthermia, Anesth Analg 82:803-809, 1996.)
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and to maintain appropriate body temperature during 
anesthesia. Available data suggest the following guidelines:

 1.  Core body temperature should be measured in most 
patients given general anesthesia for longer than 30 
minutes.

 2.  Temperature should also be measured during regional 
anesthesia when changes in body temperature are 
intended, anticipated, or suspected.

 3.  Unless hypothermia is specifically indicated (e.g., for 
protection against ischemia), efforts should be made to 
maintain intraoperative core temperature higher than 
36° C.

  

Various organizations have also proposed temperature 
monitoring and thermal management strategies. The 
American Society of Anesthesiologists (ASA) standards 
require only that “every patient receiving anesthesia shall 
have temperature monitored when clinically significant 
changes in body temperature are intended, anticipated or 
suspected.” For office-based sedation, regional anesthe-
sia, or general anesthesia, the ASA also requires that “the 
body temperature of pediatric patient shall be measured 
continuously.”

The State of New Jersey has stronger requirements, spe-
cifically that the body temperature of each patient under 
general or regional anesthesia shall be continuously mon-
itored. Italy probably has one of the strongest local stan-
dards, which require, among other things, that (1) core 
temperature is measured in adults undergoing general 
anesthesia for more than 30 minutes (and all children), 
(2) ambient operating room temperature exceeds 21° C, 
(3) patients are kept normothermic, and (4) patients who 
become hypothermic remain in the postanesthesia care 
unit until normothermia is restored.

In 2007, the American College of Cardiology and Amer-
ican Heart Association published guidelines for the care 
of patients undergoing noncardiac surgery. They include 
a class 1 recommendation that “maintenance of body 
temperature in a normothermic range is recommended 
for most procedures other than during periods in which 
mild hypothermia is intended to provide organ protec-
tion (e.g., during high aortic cross-clamping).”252 Based 
on overwhelming evidence of hypothermia-induced 
complications, maintaining perioperative normothermia 
became one of the first anesthetic “pay-for-performance” 
measures.

SUMMARY

Body temperature normally is controlled by a negative-
feedback system in the hypothalamus, which integrates 
thermal information from most tissues. Approximately 
80% of this thermal input is derived from core body tem-
perature, which can be measured using distal esophageal, 
nasopharyngeal, or tympanic membrane thermometer 
probes. The hypothalamus coordinates increases in heat 
production (nonshivering thermogenesis and shivering), 
increases in environmental heat loss (sweating), and/or  
decreases in heat loss (vasoconstriction) as needed to 
maintain normothermia.

Thermal steady state requires that heat loss to the envi-
ronment equals metabolic heat production; hypothermia 
occurs when heat loss exceeds production. Mild core 
hypothermia is common during surgery and anesthesia. 
It results initially from redistribution of body heat from 
the core to peripheral tissues and subsequently from heat 
loss exceeding metabolic heat production. Clinical doses 
of general anesthetics decrease the threshold for response 
to hypothermia from approximately 37° C (normal) to 33° 
C to 35° C. Anesthetized patients whose core temperatures 
exceed these values usually are poikilothermic and do not 
actively respond to thermal perturbations. Patients who 
become sufficiently hypothermic do trigger thermoregula-
tory vasoconstriction, and the vasoconstriction is remark-
ably effective in minimizing further core hypothermia.

Mild intraoperative hypothermia provides significant 
protection against tissue ischemia and hypoxia in animals. 
However, the only situations in which improved outcome 
has been demonstrated with therapeutic hypothermia in 
humans are out-of-hospital cardiac arrest and neonatal 
asphyxia. Hypothermia also decreases triggering of malig-
nant hyperthermia, and it reduces the severity of the syn-
drome, once triggered. However, most consequences of 
inadvertent hypothermia are harmful. Major adverse effects 
include morbid myocardial outcomes, reduced resistance to 
surgical wound infections, increased blood loss and trans-
fusion requirement, prolonged duration of drug action, 
shivering, and decreased postoperative thermal comfort.

Little metabolic heat is lost via the respiratory tract. 
Consequently, even active airway heating and humidi-
fication are of little benefit. Administration of sufficient 
volumes of cold intravenous fluid can produce substan-
tial hypothermia. Fluids therefore should be warmed in 
patients requiring intravenous administration of more 
than several liters per hour; however, fluid warming 
should always be secondary to active cutaneous warming. 
Among the clinically available active systems, forced air 
offers the best combination of efficacy, safety, and price. 
Forced air can usually maintain normothermia even dur-
ing the largest operations.

Regional anesthesia produces both peripheral and cen-
tral inhibition of thermoregulatory control. Peripheral 
inhibition results when local anesthetics block nerves 
that are required for thermoregulatory defenses. Hypo-
thermia during neuraxial anesthesia results initially from 
core-to-peripheral redistribution of body heat and subse-
quently from heat loss exceeding heat production. Hypo-
thermia during major conduction anesthesia may be as 
severe as that during general anesthesia.

Increased core temperature can result from augmented 
thermogenesis (malignant hyperthermia), excessive heat-
ing (passive hyperthermia), or a specific increase in the 
thermoregulatory target temperature (fever). Because 
the causes of hyperthermia are varied and often serious,  
the etiology of observed increases in core temperature 
should be sought and appropriate treatments instituted.

A reasonable strategy for detecting and preventing 
thermal disturbances is to monitor core temperature in 
patients having general anesthesia lasting longer than 
30 minutes and in those undergoing major surgery with 
regional anesthesia. Unless hypothermia is specifically 
indicated (i.e., for protection against cerebral ischemia), 
core temperature should be maintained higher than 36° C.
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Airway Management in the Adult
CARIN A. HAGBERG • CARLOS A. ARTIME 

K e y  P o i n t s

 •  One of the fundamental responsibilities of the anesthesiologist is to mitigate 
the adverse effects of anesthesia on the respiratory system by maintaining airway 
patency and ensuring adequate ventilation and oxygenation. The term airway 
management refers to this practice and is a cornerstone of anesthesia.

 •  Successful airway management requires a range of knowledge and skill sets—
specifically, the ability to predict difficulty with airway management and to 
formulate an airway management plan, as well as have the skills necessary to 
execute that plan using the wide array of airway devices available.

 •  The American Society of Anesthesiologists’ Practice Guidelines for Management of 
the Difficult Airway and the accompanying “Difficult Airway Algorithm” provide 
guidelines for the evaluation of the airway and preparation for difficult airway 
management and can guide clinical decision making when an anesthesiologist is 
faced with a known or potentially difficult airway.

 •  A detailed understanding of airway anatomy is essential for the anesthesia 
provider.

 •  A complete evaluation of the airway and knowledge of difficult airway predictors 
can alert the anesthesiologist to the potential for difficulty with airway 
management and allow for appropriate planning.

 •  To facilitate airway management, some form of anesthesia is usually required 
to provide comfort for the patient, to blunt airway reflexes, and to blunt the 
hemodynamic response to airway instrumentation, which may be accomplished 
with the induction of general anesthesia or by the application of local anesthesia to 
the airway.

 •  Over the past 25 years, the laryngeal mask airway (LMA) has emerged as one of 
the most important developments in airway devices.

 •  Endotracheal intubation establishes a definitive airway, provides maximal 
protection against the aspiration of gastric contents, and allows for positive-
pressure ventilation with higher airway pressures than via a facemask or 
supraglottic airway.

 •  Flexible scope intubation of the trachea in an awake, spontaneously ventilating 
patient is the gold standard for the management of the difficult airway.

 •  Percutaneous (invasive) airways are indicated as a rescue technique when 
attempts at establishing a noninvasive airway fail. The anesthesia practitioner 
should become proficient with techniques for transtracheal jet ventilation and 
cricothyrotomy.

 •  Extubation is a critical component of airway management with the potential 
for significant complications. The plan for an extubation of the trachea must be 
preemptively formulated and includes a strategy for reintubation of the trachea 
should the patient be unable to maintain an adequate airway after extubation.

C h a p t e r  5 5
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INTRODUCTION

General anesthesia is associated with various effects on the 
respiratory system, including the loss of airway patency, 
loss of protective airway reflexes, and hypoventilation or 
apnea. Therefore one of the fundamental responsibili-
ties of the anesthesiologist is to establish airway patency 
and to ensure adequate ventilation and oxygenation. The 
term airway management refers to the practice of establish-
ing and securing a patent airway and is a cornerstone of 
anesthetic practice. Traditionally, ventilation via a mask 
and endotracheal intubation has been the foundation of 
airway management; in the past 25 years, however, the 
laryngeal mask airway (LMA) has emerged as one of the 
most important developments in airway devices.

Because failure to secure a patent airway can result in 
hypoxic brain injury or death in only a few minutes, dif-
ficulty with airway management has potentially grave 
implications. Analysis of the American Society of Anes-
thesiologists (ASA) “Closed Claims Project” database has 
shown that the development of an airway emergency 
increases the odds of death or brain damage by 15-fold.1 
Although the proportion of claims attributable to air-
way-related complications has decreased over the past 3 
decades, airway complications are still the second-most 
common cause of claims.2 In 1993, the ASA published 
the first Practice Guidelines for Management of the Difficult 
Airway, which was written with the intent to “facilitate 
the management of the difficult airway and to reduce the 
likelihood of adverse outcomes.”3 The most recent update 
to this report, published in 2013, defines the difficult air-
way as “the clinical situation in which a conventionally 
trained anesthesiologist experiences difficulty with ven-
tilation of the upper airway via a mask, difficulty with 
tracheal intubation, or both” and provides guidelines for 
the evaluation of the airway and preparation for difficult 
airway management, including a “Difficult Airway Algo-
rithm” intended to guide clinical decision making when 
an anesthesiologist is faced with a known or potential dif-
ficult airway (Figure 55-1).4

Successful airway management requires a range of 
knowledge and skill sets—specifically, the ability to pre-
dict difficulty with airway management, to formulate an 
airway management plan, and to have the skills neces-
sary to execute that plan using the wide array of available 
airway devices.5 Development of these skills should be an 
ongoing endeavor for all anesthesiologists. As with any 
manual skill, continued practice improves performance 
and may reduce the likelihood of complications. New 
airway devices are continually being introduced into the 
clinical arena, each with unique properties that may be 
advantageous in certain situations. Becoming familiar 
with new devices under controlled conditions is impor-
tant for the anesthesia practitioner—the difficult airway 
is not an appropriate setting during which to experiment 
with a new technique.

FUNCTIONAL AIRWAY ANATOMY

A detailed understanding of airway anatomy is essen-
tial for the anesthesiologist. Various aspects of airway 
management depend on a working knowledge of the 
anatomy involved, including airway assessment, prepara-
tion of the airway for awake intubation, and the proper 
use of airway devices. Knowledge of normal anatomy and 
anatomic variations that may render airway management 
more difficult helps with the formulation of an airway 
management plan. Because some critical anatomic struc-
tures may be obscured during airway management, the 
anesthesiologist must be familiar with the interrelation-
ship between different airway structures.

The airway can be divided into the upper airway, 
which includes the nasal cavity, the oral cavity, the phar-
ynx, and the larynx; and the lower airway, which consists 
of the tracheobronchial tree.

NASAL CAVITY

The airway begins functionally at the naris (pl. nares), the 
external opening of the nasal passages. The nasal cavity 
is divided into the right and left nasal passages (or fos-
sae) by the nasal septum, which forms the medial wall 
of each passage. The septum is formed by the septal car-
tilage anteriorly and by two bones posteriorly—the eth-
moid (superiorly) and the vomer (inferiorly). Nasal septal 
deviation is common in the adult population6; therefore 
the more patent side should be determined before passing 
instrumentation through the nasal passages. The lateral 
wall of the nasal passages is characterized by the presence 
of three turbinates (or conchae) that divide the nasal 
passage into three scroll-shaped meatuses (Figure 55-2). 
The inferior meatus, between the inferior turbinate and 
the floor of the nasal cavity, is the preferred pathway for 
passage of nasal airway devices7; improper placement of 
objects in the nose can result in avulsion of a turbinate.8,9 
The roof of the nasal cavity is formed by the cribriform 
plate, part of the ethmoid bone. This fragile structure, 
if fractured, can result in communication between the 
nasal and intracranial cavities and a resultant leakage of 
cerebrospinal fluid. Because the mucosal lining of the 
nasal cavity is highly vascular, vasoconstrictor should 
be applied, usually topically, before instrumentation of 
the nose to avoid epistaxis. The posterior openings of 
the nasal passages are the choanae, which lead into the 
nasopharynx.

ORAL CAVITY

Because of the relatively small size of the nasal passages 
and the significant risk of trauma, the mouth is often 
used as a conduit for airway devices. Many airway proce-
dures require adequate mouth opening, which is accom-
plished by rotation within the temporomandibular joint 
(TMJ) and subsequent opening by sliding (also known as 
protrusion or subluxation) of the condyles of the mandible 
within the TMJ.10

The oral cavity leads to the oropharynx and is inferi-
orly bounded by the tongue and superiorly by the hard 
and soft palates. The hard palate, formed by parts of the 
maxilla and the palatine bone, makes up the anterior two 
thirds of the roof of the mouth; the soft palate (velum 
palatinum), a fibromuscular fold of tissue attached to the 
hard palate, forms the posterior one third of the roof of 
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Consider feasibility of 
other options(a)Cancel case Invasive airway 

access(b)*

Successful
intubation*

Fail after
multiple attempts

Invasive airway 
access(b)*

Consider feasibility of 
other options(a) Awaken patient(d) Emergency invasive 

airway access(b)*

Successful
ventilation* Fail

Emergency noninvasive 
airway ventilation(e)

Alternative approaches
to intubation(c)

If both facemask and 
SGA ventilation 

become inadequate

SGA adequate* SGA not adequate or 
not feasible

Airway approached by
noninvasive intubation

Invasive airway 
access(b)*

Intubation after induction of general anesthesiaAwake intubation 

Nonemergency pathway
Ventilation adequate, intubation unsuccessful

Emergency pathway
Ventilation not adequate, intubation unsuccessful

Succeed* Fail

Facemask ventilation adequate Facemask ventilation not adequate

Consider/attempt SGA

Call for help

Initial intubation
attempts successful*

Initial intubation
attempts unsuccessful

From this point
onward, consider:
1. Calling for help
2. Returning to 

spontaneous 
ventilation

3. Awakening the patient

1. Assess the likelihood and clinical impact of basic management problems:
• Difficulty with patient cooperation or consent
• Difficult mask ventilation
• Difficult supraglottic airway placement
• Difficult laryngoscopy
• Difficult intubation
• Difficult surgical airway access

2. Actively pursue opportunities to deliver supplemental oxygen throughout the process of difficult airway management.

3. Consider the relative merits and feasibility of basic management choices:
• Awake intubation vs. intubation after induction of general anesthesia
• Noninvasive technique vs. invasive techniques for the initial approach to intubation
• Video-assisted laryngoscopy as an initial approach to intubation
• Preservation vs. ablation of spontaneous ventilation

4. Develop primary and alternative strategies:

a. Other options include (but are not limited to): surgery using face- 
mask or supraglottic airway (SGA) anesthesia (e.g., LMA, ILMA, 
laryngeal tube), local anesthesia infiltration, or regional nerve 
blockade. Pursuit of these options usually implies that mask ventila-
tion will not be problematic. Therefore these options may be of 
limited value if this step in the algorithm has been reached via the 
Emergency Pathway.

b. Invasive airway access includes surgical or percutaneous airway, 
jet ventilation, and retrograde intubation.

c. Alternative difficult intubation approaches include (but are not limited 
to): video-assisted laryngoscopy, alternative laryngoscope blades, 
SGA (e.g., LMA or ILMA) as an intubation conduit (with or without 
fiberoptic guidance), fiberoptic intubation, intubating stylet or tube 
changer, light wand, and blind oral or nasal intubation.

d. Consider re-preparation of the patient for awake intubation or 
cancelling surgery.

e. Emergency noninvasive airway ventilation consists of a SGA.

*Confirm ventilation, tracheal intubation, or SGA placement with exhaled CO2.

Figure 55-1. The American Society of Anesthesiologists’ “Difficult Airway Algorithm.” (From Apfelbaum JL, Hagberg CA, Caplan RA, et al: Practice 
guidelines for management of the difficult airway: an updated report by the American Society of Anesthesiologists Task Force on Management of the 
Difficult Airway, Anesthesiology 118:251-270, 2013.)
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the mouth. The tongue is anchored to various structures 
by its extrinsic musculature; of these, the most clinically 
relevant to the anesthesiologist is the genioglossus, which 
connects the tongue to the mandible. The jaw-thrust 
maneuver uses the sliding component of the TMJ to move 
the mandible and the attached tongue anteriorly, thereby 
relieving airway obstruction caused by the posterior dis-
placement of the tongue into the oropharynx.10 Beneath 
the tongue, the mylohyoid muscles separate the floor of 
the mouth into the sublingual space superiorly and the 
submental space inferiorly. Cellulitis (Ludwig angina) or 
hematoma formation in these spaces can cause elevation 
and posterior displacement of the tongue and resultant 
airway obstruction.11

PHARYNX

The pharynx is a muscular tube that extends from the 
base of the skull down to the level of the cricoid cartilage 
and connects the nasal and oral cavities with the larynx 
and esophagus. The posterior wall of the pharynx is made 
up of the buccopharyngeal fascia, which separates the 
pharynx from the retropharyngeal space. Improper place-
ment of a gastric or tracheal tube can result in laceration 
of this fascia and the formation of a retropharyngeal dis-
section.12,13 The pharyngeal musculature in the awake 
patient helps maintain airway patency; loss of pharyngeal 
muscle tone is one of the primary causes of upper airway 
obstruction during anesthesia.14,15 A chin lift with mouth 
closure increases longitudinal tension in the pharyngeal 
muscles, counteracting the tendency of the pharyngeal 
airway to collapse.16

The pharynx can be divided into the nasopharynx, the 
oropharynx, and the hypopharynx (Figure 55-3). Along 
the superior and posterior walls of the nasopharynx 
are the adenoid tonsils, which can cause chronic nasal 
obstruction and, when enlarged, can cause difficulty 
passaging airway devices. The nasopharynx ends at the 
soft palate; this region is termed the velopharynx and is 
a common site of airway obstruction in both awake and 
anesthetized patients.14 The oropharynx begins at the 
soft palate and inferiorly extends to the level of the epi-
glottis. The lateral walls contain the palatoglossal folds 
and the palatopharyngeal folds, also termed the anterior 
and posterior faucial (tonsillar) pillars, respectively; these 

Supreme
turbinate

Superior
turbinate

Middle
turbinate

Inferior
turbinate

Figure 55-2. Lateral wall of the nasal cavity. (From Redden RJ: Ana-
tomic considerations in anesthesia. In Hagberg CA, editor: Handbook of 
difficult airway management, Philadelphia, 2000, Churchill Livingstone, 
p. 3, Figure 1-2.)
folds contain the palatine tonsils, which can hypertro-
phy and cause airway obstruction (Figure 55-4). The base 
of the tongue lies in the anterior aspect of the orophar-
ynx, connected to the epiglottis by the glossoepiglottic 
folds, which bound paired spaces known as the valleculae 
(although these are frequently referred to as a single space 
called the vallecula). The hypopharynx begins at the level 
of the epiglottis and terminates at the level of the cri-
coid cartilage, where it is continuous with the esophagus. 
The larynx protrudes into the hypopharynx, creating two 
piriform recesses on either side (Figure 55-5).

LARYNX

The larynx is a complex structure of cartilage, muscles, 
and ligaments that serves as the inlet to the trachea and 

Hypopharynx

Nasopharynx

Oropharynx

Figure 55-3. Sagittal section through the head and neck showing the 
subdivisions of the pharynx. (From Redden RJ: Anatomic  considerations 
in anesthesia. In Hagberg CA, editor: Handbook of difficult airway man-
agement, Philadelphia, 2000, Churchill Livingstone, p. 7, Figure 1-6.)

Hard
palate

Soft
palate

Uvula

Palatopharyngeal fold
(posterior pillar)

Palatoglossal fold
(anterior pillar)

Tonsil

Figure 55-4. Oral cavity and oropharynx. (From Redden RJ: Anatomic 
considerations in anesthesia. In Hagberg CA, editor: Handbook of dif-
ficult airway management, Philadelphia, 2000, Churchill Livingstone,  
p. 8, Figure 1-7.)
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performs various functions, including phonation and air-
way protection. The cartilaginous framework of the lar-
ynx is made up of nine separate cartilages: the thyroid 
and cricoid cartilages; the paired arytenoid, corniculate, 
and cuneiform cartilages; and the epiglottis. They are 
joined by ligaments, membranes, and synovial joints, 
and are suspended by the hyoid bone via the thyrohyoid 
ligaments and membrane (Figure 55-6).

The thyroid cartilage is the largest of these cartilages 
and supports most of the soft tissues of the larynx. The 
superior thyroid notch and the associated laryngeal prom-
inence (Adam’s apple) are appreciable from the anterior 
neck and serve as important landmarks for percutaneous 
airway techniques and laryngeal nerve blocks. The cricoid 
cartilage, at the level of the sixth cervical vertebra, is the 
inferior limit of the larynx and is anteriorly connected 
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Figure 55-5. Larynx as visualized from the hypopharynx. (From 
Redden RJ: Anatomic considerations in anesthesia. In Hagberg CA, edi-
tor: Handbook of difficult airway management, Philadelphia, 2000, 
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to the thyroid cartilage by the cricothyroid membrane 
(CTM). It is the only complete cartilaginous ring in the 
airway. The arytenoid cartilages articulate with the pos-
terior cricoid and are the posterior attachments for the 
vocal cords.

When viewed from the pharynx, as during direct laryn-
goscopy (DL), the larynx begins at the epiglottis, which is 
a cartilaginous flap that serves as the anterior border of 
the laryngeal inlet. It functions to divert food away from 
the larynx during the act of swallowing, although its role 
in this regard is not essential to prevent tracheal aspira-
tion.17 The anterior surface of the epiglottis is attached 
to the upper border of the hyoid bone by the hyoepiglot-
tic ligament. The laryngeal inlet is bound laterally by the 
aryepiglottic folds, and posteriorly by the corniculate car-
tilages and the interarytenoid notch (see Figure 55-5).

The space inferior to the laryngeal inlet down to the 
inferior border of the cricoid cartilage is the laryngeal 
cavity. The ventricular folds (also referred to as the ves-
tibular folds or false vocal cords) are the most superior 
structure within the laryngeal cavity. Beneath these are 
the true vocal cords, which attach to the arytenoids pos-
teriorly and the thyroid cartilage anteriorly, where they 
join together to form the anterior commissure. The space 
between the vocal cords is termed the glottis; the portion 
of the laryngeal cavity above the glottis is known as the 
vestibule, and the portion inferior to the vocal cords is 
known as the subglottis.

TRACHEA AND BRONCHI

The trachea begins at the level of the cricoid cartilage 
and extends to the carina at the level of the fifth tho-
racic vertebra; this length is 10 to 15 cm in the adult. 
It consists of 16 to 20 C-shaped cartilaginous rings that 
open posteriorly and are joined by fibroelastic tissue; the 
trachealis muscle forms the posterior wall of the trachea. 
At the carina, the trachea bifurcates into the right and 
left mainstem bronchi. In the adult, the right mainstem 
bronchus branches off at a more vertical angle than the 
left mainstem bronchus, resulting in a greater likelihood 
of foreign bodies and endotracheal tubes (ETTs) entering 
the right bronchial lumen.18

AIRWAY ASSESSMENT

Although the anesthesia provider should always be pre-
pared for potential difficulty with airway management, 
the ability to predict the difficult airway in advance is 
obviously desirable. Certain physical findings or details 
from the patient’s history can be prognostic of diffi-
culty with mask ventilation, supraglottic airway place-
ment, laryngoscopy, endotracheal intubation, or the 
performance of a surgical airway. No single test has been 
devised to predict a difficult airway accurately 100% of 
the time; however, a complete evaluation of the airway 
and knowledge of the difficult airway predictors can alert 
the anesthesiologist to the potential for difficulty and 
allow for appropriate planning.

Airway assessment should begin with a directed 
patient history whenever possible.4 One of the most 
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predictive factors for difficult intubation is a history of 
previous difficulty with intubation.19 On the other hand, 
a history of a previously easy airway does not rule out 
the possibility of difficulty with ventilation or intuba-
tion. In either case, the patient interview should specifi-
cally address changes in weight, symptomatology, and 
pathologic conditions since the last induction of an anes-
thetic (if there was one), and attempts should be made at 
obtaining prior anesthetic records; they may yield useful 
information concerning airway management. The pres-
ence of pathologic states that increase the risk of a dif-
ficult airway should be elicited by performing a medical 
history. A focused review of systems can alert the anes-
thesiologist to other potential factors that may predict 
difficult airway management; for example, a history of 
snoring has been shown to be predictive of difficult mask 
ventilation.20,21

A physical examination of the airway should be preop-
eratively performed, when possible, to detect any physi-
cal characteristics that may suggest a difficult airway.4 
The specific characteristics that should be evaluated in 
this examination are listed in Box 55-1.

The visual inspection of the face and neck should 
focus on any physical characteristics that may indicate 
the potential for difficulty with airway management. 
These include obvious facial deformities, neoplasms 
involving the face or neck, facial burns, a large goiter, 
a short or thick neck, or a receding mandible. The pres-
ence of a beard has been shown to be associated with 
difficult ventilation attributable to the difficulty in 
obtaining a mask seal.20,21 Cervical collars or cervical 
traction devices can interfere with both mask ventila-
tion and DL. A neck circumference greater than 43 cm 
(17 inches) is associated with difficulty with tracheal 
intubation22 (also see Chapter 71); Brodsky showed that 
a large neck circumference is, in fact, more predictive 
of difficulty with endotracheal intubation than a high 
body mass index (BMI).23

Assessment of the mouth opening and inspection of 
the oropharyngeal anatomy is achieved by instructing 
the patient to open his or her mouth as wide as possible. 
An interincisor distance of less than 3 cm (or two fin-
gerbreadths), as measured from the upper to the lower 
incisors with maximal mouth opening, can suggest the 
possibility of difficult intubation24; some studies have 
used 4 or 4.5 cm as the cutoff.25 A thorough inspection of 
the oropharynx can help identify pathologic character-
istics that may result in difficulty with intubation, such 
as neoplasm, a high arched palate, or macroglossia. In 

 •  Visual inspection of the face and neck
 •  Assessment of mouth opening
 •  Evaluation of oropharyngeal anatomy and dentition
 •  Assessment of neck range of motion (ability of the patient to 

assume the sniffing position)
 •  Assessment of the submandibular space
 •  Assessment of the patient’s ability to slide the mandible 

 anteriorly (test of mandibular prognathism)

BOX 55-1 Components of the Physical 
Examination of the Airway
1983, Mallampati and associates described a clinical sign 
to predict difficult tracheal intubation based on the size 
of the base of the tongue.26 A Mallampati classification 
of I to III is assigned, based on the visibility of the faucial 
pillars, uvula, and soft palate when the patient is seated 
upright with the head neutral, the mouth open, the 
tongue protruded, and no phonation.27 Higher scores 
on the Mallampati classification indicate poor visibility 
of the oropharyngeal structures attributable to a large 
tongue relative to the size of the oropharyngeal space, 
and, subsequently, a more difficult laryngoscopy. The 
modified Mallampati classification described by Sam-
soon and Young,28 which adds a fourth classification, is 
the most commonly used airway assessment test in cur-
rent anesthesia practice and is defined as follows (Figure 
55-7):

 •  Class I: Faucial pillars, uvula, and soft palate are 
visualized.

 •  Class II: Base of the uvula and soft palate are visualized.
 •  Class III: Soft palate only is visualized.
 •  Class IV: Hard palate only is visualized.
  

As a stand-alone test, the modified Mallampati classi-
fication is insufficient for accurate prediction of difficult 
intubation; however, it may have clinical utility in com-
bination with other difficult airway predictors.29 Some 
studies support obtaining a Mallampati score with the 
head in full extension to improve the predictive value 
of the test.27,30 A Mallampati zero classification has been 
proposed when the epiglottis can be visualized during 
examination of the oropharynx; this finding is usually 
associated with easy laryngoscopy,31,32 although dif-
ficulty with airway management attributable to a large, 
floppy epiglottis in patients with a Mallampati zero clas-
sification can occur.33,34

An examination of dentition should be performed 
when the oropharyngeal anatomy is being evaluated.24 
Relatively long upper incisors can impair DL. Poor denti-
tion and loose teeth increase the risk of dental trauma 
and present a risk of tooth dislodgment with subsequent 
aspiration; very loose teeth should be removed before 
laryngoscopy. Cosmetic dental work, such as veneers, 
caps, crowns, and bridges, are particularly susceptible to 

Class I Class II Class III Class IV

Figure 55-7. Modified Mallampati classification as described by 
Samsoon and Young. Classes are differentiated on the basis of the 
structures visualized: class I—soft palate, fauces, uvula, tonsillar pillars; 
class II—soft palate, fauces, uvula; class III—soft palate, base of the 
uvula; class IV—soft palate not visible. (From Mallampati SR: Recogni-
tion of the difficult airway. In Benumof JL, editor: Airway management 
principles and practice, St Louis, 1996, Mosby, p. 132.)
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damage during airway management. Edentulousness is 
predictive of easy tracheal intubation but potentially dif-
ficult mask ventilation.35

The ideal positioning for DL is achieved by cervical 
flexion and atlantooccipital extension and is most com-
monly referred to as the sniffing position36 (see Prepara-
tion and Positioning). Assessment of a patient’s ability 
to assume this position should be included in the air-
way examination; an inability to extend the neck at the 
atlantooccipital joint is associated with difficult laryngos-
copy.37 Head and neck mobility can also be quantitatively 
assessed by measuring the sternomental distance between 
the sternal notch and the point of the chin with the head 
in full extension and the mouth closed. Distances less 
than 12.5 cm are associated with difficult intubation.38 
An assessment of overall neck range of motion can be per-
formed by measuring the angle created by the forehead 
when the neck is fully flexed and then fully extended; a 
measurement of less than 80 degrees is predictive of dif-
ficult intubation.39

During DL, the tongue is displaced into the subman-
dibular space; glottic visualization may be inadequate 
if this space is diminished because of a small mandible. 
This scenario is frequently referred to as an anterior lar-
ynx. A thyromental distance of less than 6.5 cm (three 
fingerbreadths), as measured from the thyroid notch to 
the lower border of the mentum, is indicative of reduced 
mandibular space and may predict difficulty with intu-
bation.25,38 Compliance of this space should also be 
assessed; a lack of compliance or the presence of a mass is 
a nonreassuring finding.24

Tests of the ability for mandibular protrusion (progna-
thism) have predictive value and should be included in 
the airway assessment. The inability to extend the lower 
incisors beyond the upper incisors may be indicative of 
difficult laryngoscopy.40 A similar evaluation, the upper 
lip bite test (ULBT) described by Khan and colleagues, has 
been shown to predict difficult laryngoscopy with higher 
specificity and less interobserver variability than the Mal-
lampati classification; an inability of the lower incisors 
to bite the upper lip is associated with more difficult 
laryngoscopy.41,42

Although individual airway tests are limited by low 
sensitivity and positive predictive value, multivariable 
assessments have been shown to have higher predictive 
power. The Mallampati score has been shown to have 
improved predictive value when combined with thyro-
mental, sternomental, and/or interincisor distances.38,43 
Models that use several risk factors, such as the Wilson 
risk sum score (weight, head and neck movement, jaw 
movement, receding mandible, and buck teeth) and 
the El-Ganzouri risk index (mouth opening, thyromen-
tal  distance, Mallampati class, neck movement, progna-
thism, weight, and history of difficult intubation) have 
been developed in an attempt to improve the predictive 
value of airway assessment.39,44 Langeron and associates 
developed a computer-assisted model that uses complex 
interactions among several risk factors (BMI, mouth 
opening, thyromental distance, Mallampati class, and 
receding mandible) to predict difficult intubation more 
accurately than other models based on simpler statistical 
analyses.45
PHYSIOLOGIC CONCEPTS FOR AIRWAY 
MANAGEMENT

PREOXYGENATION

With the induction of anesthesia, hypoxemia can quickly 
develop as a result of hypoventilation or apnea in com-
bination with decreases in functional residual capacity 
(FRC) attributable to the supine position, muscle paraly-
sis, and the direct effects of the anesthetic agents them-
selves. Preoxygenation, the process of replacing nitrogen 
in the lungs with oxygen, provides an increased length 
of time before hemoglobin desaturation occurs in a 
patient with apnea. This lengthened apnea time provides 
an improved margin of safety while the anesthesiologist 
secures the airway and resumes ventilation. Adequate pre-
oxygenation is essential when mask ventilation after the 
induction of anesthesia is contraindicated or anticipated 
to be difficult, when intubation is anticipated to be diffi-
cult, and in patients with a smaller FRC (i.e., patients who 
are obese or pregnant)46 (also see Chapters 71 and 77). 
Because difficulty with airway management can unex-
pectedly occur, routine preoxygenation before induction 
of general anesthesia is recommended.47

Preoxygenation is typically performed via a facemask 
attached to either the anesthesia machine or a Mapleson 
circuit. To ensure adequate preoxygenation, 100% oxy-
gen must be provided at a flow rate high enough to pre-
vent rebreathing (10 to 12 L/min), and no leaks around 
the facemask must be present. An end-tidal concentration 
of oxygen greater than 90% is considered to maximize 
apnea time. Two primary methods are used to accom-
plish preoxygenation. The first method uses tidal volume 
ventilation through the facemask for 3 minutes, which 
allows the exchange of 95% of the gas in the lungs.46 
The second method uses vital capacity breaths to achieve 
adequate preoxygenation more rapidly. Four breaths over 
30 seconds is not as effective as the tidal volume method 
but may be acceptable in certain clinical situations; eight 
breaths over 60 seconds has been shown to be more effec-
tive.46 Head-up positioning has been shown to improve 
the quality of preoxygenation in both obese48 and non-
obese patients.49 The use of noninvasive positive-pressure 
ventilation (PPV) for preoxygenation also prolongs apnea 
time.50,51

PULMONARY ASPIRATION OF GASTRIC 
CONTENTS

In 1946, Mendelson was the first to describe aspiration 
pneumonitis attributable to the pulmonary aspiration 
of acidic gastric secretions in pregnant women under-
going anesthesia.52 This potentially fatal complica-
tion, occasionally referred to as Mendelson syndrome, 
has since been the intense focus of preventive efforts 
among the anesthesia community. Prevention of aspi-
ration of gastric contents is primarily accomplished by 
adherence to established preoperative fasting guidelines, 
 premedication with drugs that may decrease the risk of 
 aspiration pneumonitis, and specialized induction tech-
niques, which are discussed later in this chapter (also see 
Chapter 77).
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Traditionally, patients who were scheduled for elec-
tive procedures requiring sedation, regional anesthesia, 
or general anesthesia were instructed to remain NPO 
(Latin for nulla per os or nothing by mouth) after midnight 
to ensure an empty stomach to decrease the risk of regur-
gitation. Based on evidence that allowing ingestion of 
clear liquids 2 to 4 hours before surgery resulted in lower 
gastric volumes and higher gastric pH, the ASA published 
Practice Guidelines for Preoperative Fasting and the Use of 
Pharmacologic Agents to Reduce the Risk of Pulmonary Aspi-
ration in 1999 that liberalized the traditional NPO policy 
and allowed clear liquids up to 2 hours before beginning 
elective procedures requiring anesthesia. The guidelines, 
updated in 2011, recommend 4 hours of fasting from 
breast milk and 6 hours of fasting from solid foods, infant 
formula, and nonhuman milk. Fried or fatty foods may 
require longer fasting times (e.g., 8 hours or more).53 
Although the ASA guidelines do not specifically address 
chewing gum, hard candies, or smoking, guidelines pub-
lished by the European Society of Anaesthesiology on the 
topic do not recommend delaying the start of anesthe-
sia if a patient has consumed any of these immediately 
before the induction of anesthesia.54

The routine use of drugs as prophylaxis against aspira-
tion pneumonitis is not recommended by the ASA guide-
lines53 but may be beneficial in patients with specific 
risk factors for aspiration, such as a full stomach, symp-
tomatic gastroesophageal reflux disease (GERD), hiatal 
hernia, presence of a nasogastric tube, morbid obesity, 
diabetic gastroparesis, or pregnancy. The goal of aspira-
tion prophylaxis is twofold: to decrease gastric volume 
and to increase gastric fluid pH. Commonly used agents 
include nonparticulate antacids (e.g., Bicitra), promotil-
ity drugs (e.g., metoclopramide), and H2-receptor antago-
nists. These drugs may be used alone or in combination.55

AIRWAY REFLEXES AND THE PHYSIOLOGIC 
RESPONSE TO INTUBATION OF THE 
TRACHEA

One of the most important teleologic functions of the lar-
ynx is that of airway protection, which is primarily pro-
vided by the glottic closure reflex. This reflex is triggered 
by sensory receptors in the glottic and subglottic mucosa 
and results in strong adduction of the vocal cords.56 An 
exaggerated, maladaptive manifestation of this reflex, 
referred to as laryngospasm, is a potential complication of 
airway management. Laryngospasm is usually provoked 
by glossopharyngeal or vagal stimulation attributable 
to airway instrumentation or vocal cord irritation (e.g., 
from blood or vomitus) in the setting of a light plane of 
anesthesia (stage II of the Guedel classification), but it 
can also be precipitated by other noxious stimuli and can 
persist well after the removal of the stimulus. Treatment 
of laryngospasm includes removal of airway irritants, 
deepening of the anesthetic, and the administration of a 
rapid-onset neuromuscular blocking drug (NMBD), such 
as succinylcholine.57 Continuous positive airway pressure 
with 100% oxygen is commonly cited as a therapeutic 
maneuver, although the pressure may push the aryepi-
glottic folds closer together and may actually promote 
laryngospasm by acting as a mechanical stimulus.58,59 
Bilateral pressure at the laryngospasm notch between the 
condyle of the mandible and the mastoid process can be 
effective at treating laryngospasm by causing an intense, 
painful stimulus, which may function to terminate laryn-
gospasm by arousing a semiconscious patient or by acti-
vating autonomic pathways.57

The tracheobronchial tree also possesses reflexes to 
protect the lungs from noxious substances. Irritation of 
the lower airway by a foreign substance activates a vagal 
reflex–mediated constriction of bronchial smooth muscle, 
resulting in bronchospasm. Untreated bronchospasm can 
result in an inability to ventilate because of an extremely 
elevated airway resistance. Treatment includes a deepen-
ing of anesthetic with propofol or a volatile agent and 
the administration of inhaled β2-agonist or anticholiner-
gic medications. Administration of intravenous (IV) lido-
caine has been studied, but the evidence does not support 
its use for treatment of bronchospasm.60

Endotracheal intubation, as well as laryngoscopy and 
other airway instrumentation, provides an intense nox-
ious stimulus via vagal and glossopharyngeal afferents 
that results in a reflex autonomic activation, which is 
usually manifested as hypertension and tachycardia in 
adults and adolescents; in infants and small children, 
autonomic activation may result in bradycardia. Hyper-
tension and tachycardia are usually of short duration; 
however, they may have consequences in patients with 
significant cardiac disease. Central nervous system activa-
tion as a result of airway management results in increases 
in electroencephalographic (EEG) activity, cerebral met-
abolic rate, and cerebral blood flow, which may result 
in an increase in intracranial pressure in patients with 
decreased intracranial compliance.60

ANESTHESIA FOR AIRWAY MANAGEMENT

To facilitate airway management, some form of anesthe-
sia is usually required to provide comfort for the patient, 
to blunt airway reflexes, and to blunt the hemodynamic 
response to airway instrumentation. Most commonly, 
airway management is performed after induction of gen-
eral anesthesia. Alternatively, an awake technique, which 
means establishing an airway (including endotracheal 
intubation) by using local anesthesia of the airway and/
or sedation, can be used to meet these goals when clini-
cally indicated. In emergency scenarios where the patient 
is obtunded or comatose, such as in the event of acute 
respiratory or cardiac arrest, anesthetic drugs may not be 
required.

AIRWAY MANAGEMENT AFTER THE 
INDUCTION OF GENERAL ANESTHESIA

Airway management is usually performed after the induc-
tion of general anesthesia if the anesthesiologist deter-
mines that it is safe to do so. Several pharmacologic 
techniques are used for the induction of anesthesia, each 
with its own implications for airway management. The 
decision of which induction technique to use should be 
made with careful consideration of the specific clinical 
circumstances at hand.
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Standard Intravenous Induction  
With Neuromuscular Blockade
The most common technique for induction of general 
anesthesia is the standard IV induction, which entails the 
administration of a rapid-acting IV anesthetic, followed 
by a NMBD. Muscle relaxation achieved by the admin-
istration of NMBDs improves intubating conditions by 
facilitating laryngoscopy, preventing both reflex laryn-
geal closure and coughing after intubation.10,61

Propofol is the most frequently used IV anesthetic drug; 
other options include etomidate, ketamine, thiopental, 
and midazolam (also see Chapter 30). The choice of drug 
depends on a variety of factors including the patient’s 
hemodynamic status, comorbidities, and allergies, as well 
as drug pharmacokinetics, side effects, physician prefer-
ence, and availability.62 Whether the choice of an anes-
thetic drug has any effect on the quality of intubating 
conditions when NMBDs are also administered is not 
well-established. Studies comparing propofol, etomidate, 
and thiopental in combination with NMBDs showed no 
difference in intubating conditions between the differ-
ent anesthetics.63,64 On the other hand, one study, dur-
ing which patients received cisatracurium, showed that 
larger doses of propofol were associated with improved 
intubating conditions, as compared with smaller doses.65

For many years, succinylcholine was the most fre-
quently used NMBD for routine IV induction62; recently, 
however, nondepolarizing NMBDs have gained greater 
popularity attributable to the risk of adverse effects from 
succinylcholine administration, including bradycardia, 
myalgia, hyperkalemia, increased intracranial pressure, 
and increased intragastric pressure66 (also see Chapter 
34). Succinylcholine, the only depolarizing NMBD in 
clinical use, has the benefit of a rapid onset, combined 
with a short duration of action, and it is currently used 
most often when those properties are desired. Most nota-
bly, succinylcholine is still commonly used in the setting 
of a suspected difficult airway; its short duration of action 
theoretically allows for the resumption of spontaneous 
ventilation before severe hypoxia develops in a preoxy-
genated patient, although evidence suggests that this 
may not predictably occur in vivo.67

Nondepolarizing NMBDs are the more frequently used 
relaxants for routine IV induction of anesthesia.66 The 
most commonly used nondepolarizing NMBDs in cur-
rent practice—rocuronium, vecuronium, and cisatracu-
rium—are notable for having a favorable safety profile 
with relatively few side effects. The primary limitation of 
these drugs is a significantly longer duration of action; 
once administered, a functional airway must be estab-
lished within minutes to avoid life-threatening hypoxia. 
Sugammadex is a selective relaxant-binding agent for 
rocuronium that has the ability to reverse profound neu-
romuscular blockade rapidly in a time comparable with 
spontaneous recovery from succinylcholine.68 The intro-
duction of sugammadex, which is currently unavailable 
in the United States, may result in a further reduction in 
the use of succinylcholine for routine induction of gen-
eral anesthesia (also see Chapter 35).

Traditional teaching has advocated withholding NMBDs 
until the ability to mask ventilate has been established. If 
ventilation via a mask cannot be achieved, a patient who 
has been breathing oxygen can then resume spontaneous 
ventilation or be awakened before the onset of hypoxia.69 
This practice has been increasingly questioned in the lit-
erature due, in part, to a number of studies demonstrating 
that ventilation via a mask is not rendered more difficult 
by muscle relaxation70,71; rather, mask ventilation is, in 
fact, facilitated by muscle relaxation.72 One issue with the 
traditional paradigm is that the theoretic advantage of the 
practice—the ability to awaken the patient if ventilation 
via a mask fails—is rarely used.73 The desire to preserve 
that ability may, in fact, result in giving an inadequate 
dose of anesthetic during induction, resulting in a dif-
ficult mask ventilation situation when one would not 
have otherwise occurred.73 Delaying the administration 
of NMBDs can result in the onset of hypoxia before spon-
taneous recovery (with succinylcholine) or reversal (with 
rocuronium and sugammadex) is possible.

Proponents of traditional teaching point to the fact 
that the effect of muscle relaxation on the ability to venti-
late via a mask has only been studied in patients with nor-
mal airways. In patients with predicted or known difficult 
airways, checking the ability to mask ventilate allows for 
the formulation of the best airway management plan. In 
the authors’ opinions, in patients with normal airways in 
whom difficulty with mask ventilation is often a result of 
glottic closure attributable to opioid-mediated rigidity or 
airway irritation, withholding an NMBD is not likely to be 
of benefit. In patients with a potentially difficult airway, 
the ability to ventilate via a mask should be confirmed 
before administering long-acting NMBDs when the abil-
ity to reverse quickly with sugammadex is not an option.

Rapid-Sequence Induction of Anesthesia 
and Intubation of the Trachea
Rapid-sequence induction of anesthesia and intubation 
(RSII) of the trachea (frequently referred to as simply 
rapid sequence induction [RSI] in the anesthesia literature) 
is a specialized method of IV induction commonly used 
when a frequent risk for gastric regurgitation and pul-
monary aspiration of gastric contents is present. After 
adequate preoxygenation and while cricoid pressure is 
applied, an induction dose of IV anesthetic is rapidly fol-
lowed by 1 to 1.5 mg/kg of IV succinylcholine, and the 
trachea is intubated without attempts at PPV, all while 
cricoid pressure is applied. The goal is to achieve optimal 
intubating conditions rapidly to minimize the length of 
time between the loss of consciousness (LOC) and secur-
ing of the airway with a cuffed ETT. Cricoid pressure, 
eponymously referred to as the Sellick maneuver after 
the physician who first described it, involves the applica-
tion of pressure at the cricoid ring to occlude the upper 
esophagus, thereby preventing the regurgitation of gastric 
contents into the pharynx.74 The recommended force to 
be applied is 10 Newtons (N) while the patient is awake, 
increased to 30 N after LOC. These values are based on 
esophageal manometry on patients undergoing induc-
tion of anesthesia and cadaver studies of safe amounts of 
pressure.75 RSII is widely practiced and approaches a stan-
dard of care in patients with a full stomach (i.e., when 
NPO guidelines have not been observed) and in the set-
ting of bowel obstruction.76,77 RSII has historically been 
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recommended for patients who are pregnant, starting  
in the second trimester,78 but this dogma has recently 
been called into question79,80 (also see Chapter 77). Other 
clinical situations for which RSII may be considered due 
to a higher than normal risk for aspiration of gastric 
contents, include poorly controlled GERD, presence of a 
nasogastric tube, morbid obesity, and diabetic gastropare-
sis. RSII is also a useful induction technique when ventila-
tion via a mask is predicted to be difficult, but intubation 
is not, such as with an edentulous, bearded patient with 
an otherwise reassuring airway examination.

Some common variations to RSII have developed from 
the technique first described in 1970.81 When succinyl-
choline is contraindicated or its side effects are unde-
sired, RSII can be accomplished using nondepolarizing 
NMBDs (rocuronium 1.0 to 1.2 mg/kg or vecuronium 
0.3 mg/kg); these doses provide adequate intubating 
conditions in less than 90 seconds.82,83 The primary dis-
advantage with these drugs is the prolonged duration 
of neuromuscular blockade; however, the introduction 
of sugammadex may result in their increased use (also 
see Chapters 34 and 35). Although traditional RSII calls 
for induction with a fixed dose of thiopental, the use 
of other anesthetics such as propofol, etomidate, or ket-
amine is common. Some advocate for the titration of the 
chosen anesthetic agent to LOC rather than the delivery 
of a fixed, predetermined dose.77

The application of cricoid pressure is the most contro-
versial aspect of RSII.77 Opponents point to studies show-
ing that cricoid pressure results in a decrease in lower 
esophageal sphincter tone, potentially increasing the risk 
for regurgitation,84 and to magnetic resonance imaging 
(MRI) studies showing that cricoid pressure does not, in 
fact, result in compression of the esophagus, but rather 
a lateral displacement.85 Cricoid pressure also worsens 
laryngeal visualization during DL, potentially length-
ening the time to intubation and increasing the risk of 
pulmonary aspiration, and can result in occlusion of the 
subglottic airway, resulting in difficulty with intubation 
of the trachea or ventilation via a mask.86 On the other 
hand, advocates argue that properly applied cricoid pres-
sure is effective in reducing the risk of aspiration and that 
reports of problems are due to incorrect application. The 
authors of a recent MRI study of cricoid pressure argue 
that the position of the esophagus is irrelevant because 
the effectiveness of cricoid pressure is due to occlusion of 
the hypopharynx.87 In general, because of the relatively 
infrequent risk of application of cricoid pressure, its use 
is encouraged for RSII unless glottic visualization proves 
difficult, in which case it can be easily released.

The term modified RSII is frequently used, but no 
standardized definition exists. A survey of anesthesia 
residents and attending anesthesiologists in the United 
States showed that the term was most commonly used to 
refer to the use of mask ventilation in conjunction with 
cricoid pressure.88 Indications for this technique include 
patients at risk for rapid development of hypoxemia (e.g., 
patients who are obese, pregnant, or critically ill; pediatric 
patients) in emergent situations during which preoxygen-
ation cannot be satisfactorily completed or when a lon-
ger time to acceptable intubating conditions is required 
because of the use of standard doses of nondepolarizing 
NMBDs. Although the effect of PPV with cricoid pressure 
applied in terms of gastric insufflation of air is not defini-
tively known, gentle PPV (inspiratory pressure <20 cm 
water [H2O]) in conjunction with cricoid pressure may be 
acceptable in these clinical scenarios.89

Inhalational Induction of Anesthesia
Another option for the induction of general anesthesia 
is an inhaled induction with volatile anesthetic. This 
technique is commonly used in pediatric anesthesia to 
provide a painless, needle-free experience for the child 
(also see Chapter 93). In adults, an inhaled induction 
of anesthesia is used when IV access is not available or 
when the specific advantages of the technique are desir-
able. Advantages of an inhaled induction of anesthesia 
are the maintenance of spontaneous ventilation and the 
potential for gradual changes in the depth of anesthesia 
and associated respiratory and cardiovascular effects.10 
Inhaled induction of anesthesia has also been used for 
RSII, with a rapid-onset NMBD administered at LOC90 
(also see Chapter 34).

Sevoflurane is currently the most commonly used 
volatile anesthetic for inhalational induction because 
of its lack of pungency and low blood:gas solubility (see  
Chapter 21), allowing for a smooth induction of anes-
thesia that can provide suitable conditions for airway 
management with or without adjuvant drugs such as 
NMBDs or opioids.91 The two principal techniques for 
sevoflurane induction of anesthesia are a tidal volume 
induction, in which patients are instructed to breathe 
normally through the facemask, and a vital capacity 
induction, in which patients are instructed to exhale to 
residual volume and then take a vital capacity breath 
from the facemask. High delivered concentrations of 
sevoflurane (8%) are used for vital capacity induction, 
whereas tidal volume inductions may start with lower 
sevoflurane concentrations before the concentration is 
increased. Nitrous oxide (N2O) can be used with either 
method to speed induction via the second-gas effect 
(also see Chapter 21).92 Both methods are effective and 
can be used for either LMA placement or endotracheal 
intubation.91 Deep levels of anesthesia are required to 
achieve satisfactory intubating conditions when using 
sevoflurane as a sole induction agent, increasing the risk 
of adverse effects, such as hypotension. The administra-
tion of propofol,93 fast-acting opioids,94,95 NMBDs,96 and 
ketamine97 have all been shown to improve intubating 
conditions and allow for lower end-tidal concentrations 
of sevoflurane.

Halothane, which is still commonly used in develop-
ing countries, can also be used for an inhaled induction 
of anesthesia.98 One main disadvantage of halothane is its 
high blood:gas coefficient, which leads to relatively long 
induction times. It also can produce cardiac dysrhyth-
mias, myocardial depression, and halothane-induced 
hepatitis. Because of the inability to achieve deep levels 
of anesthesia with halothane as a result of its side effects, 
the use of NMBDs, opioids, or both, is often required.91 
The use of desflurane for inhaled induction of anesthe-
sia is limited by its tendency to cause airway irritation, 
although reports of its use for induction in combination 
with opioids has been reported.99,100
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Intravenous Induction Without 
Neuromuscular Blocking Drugs
IV induction of general anesthesia without the use of 
NMBDs is commonly used for LMA placement but can be 
used to achieve satisfactory intubating conditions as well. 
This technique is useful when the use of succinylcholine is 
contraindicated and the prolonged recovery time from non-
depolarizing NMBDs is undesirable. Of the commonly avail-
able IV anesthetics, propofol is the best suited for induction 
without muscle relaxation because of its unique ability to 
suppress airway reflexes and to produce apnea.101,102 Larger 
doses are required, however, when propofol is used as a sole 
anesthetic, increasing the risk of significant hypotension. 
Improvement of intubating conditions and smaller doses of 
propofol are possible when rapid-onset opioids (e.g., alfent-
anil, remifentanil) or IV magnesium are administered.103,104 
Remifentanil is more effective than comparable doses 
of alfentanil103; in combination with propofol 2 mg/kg,  
remifentanil 4 to 5 μg/kg can reliably provide good-to-
excellent intubating conditions.105 When combined with 
cricoid pressure and an avoidance of mask ventilation, this 
induction technique can be used for RSII.106

Disadvantages of this technique include a potentially 
more frequent incidence of difficult intubation107 and 
an increased risk for laryngeal morbidity.61,108 This tech-
nique also introduces the risk of opioid-induced muscle 
rigidity resulting in difficulty with mask ventilation. 
Although this risk is commonly attributed to chest wall 
rigidity, studies in intubated patients and patients with 
tracheostomies have shown that decreases in pulmonary 
compliance due to chest wall rigidity are not sufficient to 
explain an inability to mask ventilate after a large dose of 
an opioid.109,110 Examination of the vocal cords during 
induction with opioids has shown that vocal cord closure 
is the primary cause of difficult ventilation after opioid-
induced anesthesia.111,112 Treatment with small doses of 
NMBD or topical lidocaine (laryngotracheal anesthesia) 
can be effective in relaxing the vocal cords to allow for 
mask ventilation and/or intubation.111,113

AIRWAY MANAGEMENT IN AN AWAKE 
(NONANESTHETIZED) PATIENT

In the ASA “Difficult Airway Algorithm,” a consideration 
of whether the airway should be secured before or after 
induction of general anesthesia is one of the basic man-
agement choices that should be considered when an air-
way management plan is being devised.24 The benefits of 
awake airway management include the preservation of 
pharyngeal muscle tone and patency of the upper airway, 
the maintenance of spontaneous ventilation, an ability 
to obtain a quick neurologic examination, and a safe-
guard against aspiration attributable to the preservation 
of protective airway reflexes.114 In general, when difficult 
mask ventilation and difficult intubation are expected, 
the safest approach to airway management is to secure 
the airway while the patient remains awake.24 Other indi-
cations for awake airway management include the risk 
of severe aspiration of gastric contents, facial or airway 
trauma, severe hemodynamic instability, and cervical 
spine pathologic instability.115
Because of the nature of these indications, endo-
tracheal intubation is most often chosen as the goal 
of awake airway management; however, awake place-
ment of an LMA for diagnostic bronchoscopy has been 
described. The most useful technique for awake intuba-
tion is the flexible scope intubation (FSI),114 although 
other techniques have been successfully used, including 
video laryngoscopes (VLs),116 optical stylets,117 lighted 
nonoptical stylets,118 intubating LMAs,119 and retrograde  
intubation (RI).120

Topicalization of the airway with local anesthet-
ics should, in most cases, be the primary anesthetic for 
awake airway management.114 Lidocaine is the most com-
monly used local anesthetic for awake airway manage-
ment because of its rapid onset, high therapeutic index, 
and availability in a wide variety of preparations and con-
centrations.121,122 Benzocaine and Cetacaine (a topical 
application spray containing benzocaine, tetracaine, and 
butamben; Cetylite Industries, Pennsauken, NJ) provide 
excellent topical anesthesia of the airway, but their use 
is limited by the risk of methemoglobinemia, which can 
occur with as little as 1 to 2 seconds of spraying.123 Topi-
cal cocaine is primarily used for anesthesia and vasocon-
striction of the nasal mucosa during awake nasotracheal 
intubation.124 A mixture of lidocaine 3% and phenyleph-
rine 0.25%, which can be made by combining lidocaine 
4% and phenylephrine 1% in a 3:1 ratio, has similar anes-
thetic and vasoconstrictive properties as topical cocaine 
and can be used as a substitute.125

Topicalization should primarily be focused on the base 
of the tongue (pressure receptors here act as the affer-
ent component of the gag reflex), the oropharynx, the 
hypopharynx, and the laryngeal structures; anesthesia of 
the oral cavity is unnecessary. If a nasotracheal intuba-
tion is planned, then the nasal cavity should also be topi-
calized. Before airway topicalization, an anticholinergic 
should be administered to aid in the drying of secretions, 
which helps improve both the effectiveness of the topi-
cal local anesthetics and visualization during laryngos-
copy. Glycopyrrolate is usually preferred because it has 
less vagolytic effects than atropine at doses that inhibit 
secretions and does not cross the blood-brain barrier. It 
should be administered as early as possible to maximize 
its effectiveness.

Direct application of topical cocaine, lidocaine 4% 
with epinephrine, or lidocaine 3%/phenylephrine 0.25% 
solution via cotton swabs or cotton pledgets is effective 
for anesthesia of the nasal mucosa. Oropharyngeal anes-
thesia can be achieved by the direct application of local 
anesthetic or by the use of an atomizer or nebulizer. Top-
icalization of the larynx can be achieved by aspiration 
of a local anesthetic or by the spray-as-you-go (SAYGO) 
method, which involves intermittently injecting local 
anesthetics through the suction port or working channel 
of a flexible intubation scope (FIS) or optical stylet, as it is 
advanced toward the trachea.

Topicalization of the airway mucosa using one or more 
of these methods is often sufficient. If supplemental anes-
thesia is required, then a variety of nerve blocks may be 
used. Three of the most useful are the glossopharyngeal 
nerve block, superior laryngeal nerve block, and transla-
ryngeal block.
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The glossopharyngeal nerve supplies sensory innerva-
tion to the posterior third of the tongue, vallecula, the 
anterior surface of the epiglottis, and the posterior and 
lateral walls of the pharynx and is the afferent pathway of 
the gag reflex. To block this nerve, the tongue is displaced 
medially, forming a gutter (glossogingival groove). A 
25-gauge spinal needle is inserted at the base of the ante-
rior tonsillar pillar, just lateral to the base of the tongue, 
to a depth of 0.5 cm (Figure 55-8). After negative aspira-
tion for blood or air, 2 mL of 2% lidocaine is injected. The 
process is then repeated on the contralateral side.114

The superior laryngeal nerve, a branch of the vagus 
nerve, provides sensory input from the lower pharynx 
and the upper part of the larynx, including the glottic 
surface of the epiglottis and the aryepiglottic folds. A 
block of this nerve may be achieved using one of three 
landmarks (Figure 55-9). Using either the superior cornu 
of the hyoid or the superior cornu of the thyroid cartilage, 
a 25-gauge spinal needle is walked off the cornu anteri-
orly toward the thyrohyoid ligament. Resistance is felt as 
the needle is advanced through the ligament, usually at 
a depth of 1 to 2 cm. After negative aspiration for blood 
and air, 1.5 to 2 mL of 2% lidocaine is injected and then 
repeated on the opposite side.121 The third landmark for 
the superior laryngeal nerve block is particularly useful in 
patients who are obese, in whom palpation of the hyoid 
or the superior cornu of the thyroid cartilage may be dif-
ficult or uncomfortable for the patient. In this approach, 
the needle is inserted 2 cm lateral to the superior notch 
of the thyroid cartilage and directed in a posterior and 
cephalad direction to 1 to 1.5 cm depth, where 2 mL of 
2% lidocaine is infiltrated and, again, repeated on the 
contralateral side.126

Tongue

Gutter

Figure 55-8. Left glossopharyngeal nerve block. (Reprinted from 
Artime CA, Sanchez A: Preparation of the patient for awake intubation. 
In Hagberg CA, editor: Benumof and Hagberg’s airway management,  
ed 3, Philadelphia, 2013, Saunders, p. 258. From Difficult airway  
teaching aids, Irvine, University of California, Department of Anesthesia.)
Translaryngeal (or transtracheal) block provides anes-
thesia of the trachea and vocal cords. This block may be 
particularly useful in situations where a neurologic exam-
ination is needed after intubation; it makes the presence 
of the ETT in the trachea more comfortable. The CTM is 
identified, and a 20- to 22-gauge needle attached to 5-mL 
syringe is directly advanced posteriorly and slightly cau-
dally until air is aspirated, at which point 4 mL of either 
2% or 4% lidocaine is quickly injected. This causes the 
patient to cough, anesthetizing the vocal cords and the 
trachea. To minimize the risk of trauma, a catheter may 
first be placed over the needle and the local anesthetic 
then injected through the catheter (Figure 55-10).121

These techniques may be used in various different 
combinations as long as the maximum dose of local 
anesthetic is not exceeded. The maximum dose of lido-
caine for application to the airway is not well-established; 
different sources suggest total doses in the range of 4 to  
9 mg/kg.121,127,128 Monitoring for signs and symptoms of 
lidocaine toxicity, including tinnitus, perioral tingling, 
metallic taste, lightheadedness, dizziness, and sedation is 
important. Severe lidocaine overdose can cause hyperten-
sion, tachycardia, seizures, and cardiovascular collapse.129

Depending on the clinical circumstance, IV sedation 
may facilitate airway management in an awake patient 
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Figure 55-9. Superior laryngeal nerve block, external approach using 
as a landmark the greater cornu of the hyoid bone (A), the superior 
cornu of the thyroid cartilage (B), or the thyroid notch (C). (Reprinted 
from Artime CA, Sanchez A: Preparation of the patient for awake intuba-
tion. In Hagberg CA, editor: Benumof and Hagberg’s airway manage-
ment, ed 3, Philadelphia, 2013, Saunders, p. 259. From Difficult airway 
teaching aids, Irvine, University of California, Department of Anesthesia.)
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A B

C D

45°

Figure 55-10. Translaryngeal anesthesia, angiocatheter technique (midsagittal view of the head and neck). A, The angiocatheter is inserted at 
the cricothyroid membrane, aimed caudally. An aspiration test is performed to verify the position of the tip of the needle in the tracheal lumen. 
B, The needle is removed from the angiocatheter. C, The syringe containing local anesthetic is attached, and the aspiration test is repeated.  
D, Local anesthetic is injected, resulting in coughing and nebulization of the local anesthetic (shaded blue area). (Reprinted from Artime CA, Sanchez A:  
Preparation of the patient for awake intubation. In Hagberg CA, editor: Benumof and Hagberg’s airway management, ed 3, Philadelphia, 2013,  
Saunders, p. 259. From Difficult airway teaching aids, Irvine, University of California, Department of Anesthesia.)
by providing anxiolysis, amnesia, and analgesia. Benzo-
diazepines, opioids, IV hypnotics, α2 agonists, and neuro-
leptics can be used alone or in combination. A summary 
of common medications used for sedation can be found 
in Table 55-1. These drugs should be carefully titrated 
to effect; oversedation can render a patient uncoopera-
tive and make awake intubation more difficult. Spon-
taneous ventilation should always be maintained. Care 
should be taken in situations with critical airway obstruc-
tion, because awake muscle tone is sometimes necessary 
in these patients to maintain airway patency. Avoiding 
oversedation is also important in the patient at high 
risk for aspiration of gastric contents, because an awake 
patient can protect his or her own airway if regurgitation 
should occur.130

VENTILATION VIA A MASK

Mask ventilation is a straightforward, noninvasive tech-
nique for airway management that can be used as a primary 
mode of ventilation for an anesthetic of short duration 
or as a bridge to establishing of a more definitive airway. 
Administration of oxygen via a facemask is common for 
“preoxygenation”, and inhaled induction of anesthesia 
and as a means to provide oxygen and anesthetic gases 
to both a spontaneous ventilating patient and an anes-
thetized patient with apnea via PPV. Mask ventilation is 
not only used to ventilate and oxygenate before condi-
tions for tracheal intubation have been achieved, but it is 
also a valuable rescue technique when tracheal intubation 
proves difficult. For this reason, mask ventilation is an 
important part of the ASA “Difficult Airway Algorithm” 
and an essential skill for the anesthesia practitioner.24

Mask ventilation is relatively contraindicated when 
the risk for regurgitation is increased; no protection from 
pulmonary aspiration of gastric contents exists. Mask ven-
tilation should also be performed with caution in patients 
with severe facial trauma and in patients in whom head 
and neck manipulation must be avoided (e.g., those with 
an unstable cervical spine fracture).

Anesthesia facemasks are designed to form a seal around 
the patient’s nose and mouth, allowing for PPV and the 
administration of anesthetic gases; they should not be 
confused with oxygen facemasks, which are designed 
only to administer supplemental oxygen. Early anesthe-
sia facemasks were reusable and made of black rubber. 
These have been almost entirely replaced in clinical use 
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TABLE 55-1 SEDATIVE DRUGS FOR AWAKE AIRWAY MANAGEMENT

Drug Class Sedative Dose Notes

Midazolam Benzodiazepine 1-2 mg IV, repeated prn
(0.025-0.1 mg/kg)

Frequently used in combination with fentanyl.

Fentanyl Opioid 25-200 μg IV (0.5-2 μg/kg) Usually used in combination with other agents 
(e.g., midazolam, propofol).

Alfentanil Opioid 500-1500 μg IV (10-30 μg/kg) Has faster onset, shorter duration than fentanyl.

Remifentanil Opioid Bolus 0.5 μg/kg IV, followed by an 
infusion of 0.1 μg/kg/min

Infusion can be subsequently titrated by 0.025-
0.05 μg/kg/min in 5-minute intervals to achieve 
adequate sedation.

Propofol Hypnotic 0.25 mg/kg IV in intermittent 
boluses

or
Continuous IV infusion of 25-75  
μg/kg/min, titrated to effect

Can also be used in combination with remifentanil 
(decrease dose of both drugs).

Ketamine Hypnotic 0.2-0.8 mg/kg IV Pretreat with antisialagogue.
Consider administration of midazolam to 

attenuate undesirable psychologic effects.

Dexmedetomidine α2 Agonist Bolus 1 μg/kg IV over 10 minutes, 
followed by an infusion of 0.2-0.7 
μg/kg/hr

Reduce dose in older adults and in patients with 
depressed cardiac function.

IV, Intravenous; prn, as needed, pro re nata (Latin).
by disposable, clear plastic masks, which are less frighten-
ing for patients and have the added benefit of allowing for 
better visualization of cyanosis and the need for oral suc-
tioning. Facemasks are available in various styles and sizes 
but share a basic design: main body, seal, and connector. 
The seal is the portion of the mask that comes in con-
tact with the face, and in clear plastic masks is comprised 
of a plastic, air-filled, high-volume, low-pressure cushion 
that conforms to the facial anatomy while minimizing 
the chance for pressure ischemia; some models have a 
valve on the cushion to allow changing the volume of 
the air within. The connector is a standard 22-mm female 
adapter that allows a connection to a standard anesthesia 
circuit or a bag-valve device; pediatric masks usually have 
a 15-mm male adapter that allows the same connections.

The technique for mask ventilation is dependent on two 
key elements: (1) maintenance of a seal between the face-
mask and the patient’s face and (2) an unobstructed upper 
airway.10 The mask is usually held with the left hand, with 
the thumb and index finger forming a C around the col-
lar of the connector, the third and fourth digits on the 
ramus of the mandible, and the fifth digit on the angle of 
the mandible (Figure 55-11). The thumb and index finger 
are used to produce downward pressure to ensure a tight 
mask seal, while the remaining digits provide upward dis-
placement of the mandible (jaw thrust) to aid with airway 
patency. The right hand is free to provide manual ventila-
tion. Ensuring that pressure is placed on the bony ridge of 
the mandible and not the soft tissue is important—com-
pression of the submandibular space can cause obstruction 
of the airway and difficulty with mask ventilation. Many 
facemasks have hooks around the collar for use with mask 
straps that can facilitate formation of a seal.

The one-handed technique is occasionally ineffective, 
especially in patients who are obese or edentulous, attrib-
utable to the failure to maintain a seal and/or a patent 
upper airway. In these situations, a two-handed technique 
can be more successful. Two-handed techniques depend 
on either an assistant or the use of pressure-control venti-
lation (PCV) with the anesthesia machine to provide PPV. 
The use of PCV for mask ventilation results in lower peak 
airway pressures and reduced inspiratory flow rates when 
compared with manual ventilation, providing an addi-
tional measure of safety against gastric insufflation.131 
In one approach to the two-handed technique, the left 
hand is positioned as in the one-handed technique and 
the right hand is placed on the other side of the mask 
in an identical conformation. A more effective approach 
involves using the second and third digits to perform a jaw 

Figure 55-11. Standard one-handed facemask ventilation technique. 
The position of the fifth digit is at the angle of the jaw. (From Matioc 
AA: The adult ergonomic face mask: historical and theoretical perspec-
tives, J Clin Anesth 21:300-304, 2009.)
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thrust while the mask is held in place with the thumbs. A 
study in anesthetized patients showed that this technique 
improved upper airway patency, compared with the tra-
ditional one-handed technique, as measured by greater 
tidal volumes during PCV.132 Additional techniques to 
improve the mask seal in difficult scenarios include leav-
ing dentures in place in edentulous patients and placing 
an adhesive plastic dressing over facial hair.

Once a seal is established between the facemask and 
the patient’s face, ventilation is achieved by either spon-
taneous ventilation or PPV. The effectiveness of mask 
ventilation should be ascertained by observing for chest 
rise, exhaled tidal volumes, pulse oximetry, and capnog-
raphy. During controlled ventilation in patients with 
normal lungs and a patent airway, adequate tidal vol-
umes should be achieved with peak inspiratory pressures 
less than 20 cm H2O; higher pressures should be avoided 
to prevent gastric insufflation.133 If PPV is inadequate at 
acceptable inspiratory pressures, then airway patency and 
pulmonary compliance should be assessed.

Because of a reduction in muscle tone as a result of 
general anesthesia, tissues fall backward under the influ-
ence of gravity in a supine patient and can obstruct the 
upper airway. Upper airway obstruction most commonly 
takes place at the level of the soft palate (velopharynx), 
epiglottis, and tongue.10,14 To maximize airway patency, 
mask ventilation should be performed with maximal 
atlantooccipital extension in combination with the for-
ward displacement of the mandible (jaw thrust) involved 
in the mask-holding techniques.134 The addition of cervi-
cal flexion to head extension (i.e., placing the patient in 
the sniffing position) improves pharyngeal patency.135 If 
the sniffing position and jaw thrust fail to relieve airway 
obstruction, then oropharyngeal or nasopharyngeal air-
ways may be used to facilitate airway patency.

Oropharyngeal airways are the most commonly used. 
They follow the curvature of the tongue, pulling it away 
from the posterior pharynx (Figure 55-12). Because they 
place pressure on the base of the tongue and may come 
in contact with the epiglottis, oropharyngeal airways can 
precipitate coughing, retching, or laryngospasm if laryn-
geal and pharyngeal reflexes are not sufficiently blunted; 
therefore they are not appropriate for use in conscious 
patients. The oropharyngeal airway is sized by measuring 
from the corner of a patient’s mouth to the angle of the 
jaw or the earlobe. Inappropriately sized oropharyngeal 
airways can actually worsen airway obstruction; there-
fore proper size selection is important. Proper placement 
is accomplished by inserting the oropharyngeal airway 
with the curvature facing posteriorly and then rotating 
180 degrees; alternatively, a tongue depressor can be used 
to displace the tongue anteriorly as the oropharyngeal 
airway is inserted with the curvature facing anteriorly. 
Complications from oropharyngeal airways include lin-
gual nerve palsy and damage to the teeth.136,137 Once in 
place, nasopharyngeal airways are less stimulating than 
oropharyngeal airways and thus are more appropriate 
for conscious patients (Figure 55-13). Nasopharyngeal 
airways should be well lubricated before insertion and 
inserted with the bevel facing the nasal septum. To avoid 
epistaxis, force should never be used during insertion of a 
nasopharyngeal airway.
Difficult mask ventilation occurs when ventilating via 
the facemask is not possible because of an inadequate 
mask seal, excessive gas leak, and/or excessive resistance 
to the ingress or egress of gas.24 Predictors for difficult 
mask ventilation that can be identified during the preop-
erative airway assessment are listed in Box 55-2.

SUPRAGLOTTIC AIRWAY

The term supraglottic airway (SGA) or extraglottic airway 
refers to a diverse family of medical devices that are 
blindly inserted into the pharynx to provide a patent 
conduit for ventilation, oxygenation, and delivery of 
anesthetic gases without the need for tracheal intuba-
tion. SGAs have the advantage of being less invasive than 
endotracheal intubation while providing a more defini-
tive airway than a facemask, and can be used for either 
spontaneous ventilation or PPV. One of the first SGAs, 
the LMA, was described in 1983 by Dr. Archie Brain 
and introduced into clinical practice in 1988.138 Since 
that time, the LMA has proved to be one of the single 
most important developments in both routine and dif-
ficult airway management and is a pivotal component of 
the ASA “Difficult Airway Algorithm.” Various different 
designs of SGAs are now available and are widely used in 
current anesthesia practice as a primary airway manage-
ment device, a rescue airway device, and a conduit for 
endotracheal intubation.

Figure 55-12. Oropharyngeal airway in place. The airway follows the 
curvature of the tongue. It pulls the tongue and the epiglottis away 
from the posterior pharyngeal wall and provides a channel for the pas-
sage of air. (Adapted from Dorsch JA, Dorsch SE: Understanding anes-
thesia equipment, ed 4, Baltimore, 1999, Williams & Wilkins.)
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The specific advantages of SGAs include the ease and 
speed of placement, improved hemodynamic stabil-
ity, reduced anesthetic requirements, lack of a need for 
muscle relaxation, and an avoidance of the risks of tra-
cheal intubation (e.g., trauma to the teeth and airway 
structures, sore throat, coughing on emergence, broncho-
spasm).139,140 The primary disadvantages are that SGAs 
have comparatively smaller seal pressures than ETTs, 
which can lead to ineffective ventilation when higher 
airway pressures are required, and they provide no pro-
tection from laryngospasm. First-generation SGAs also 
provide little protection from gastric regurgitation and 
aspiration, although newer devices have incorporated 
design elements to minimize this risk.

SGAs have many applications. They are considered 
the first choice for airway management for diagnostic 

Figure 55-13. Nasopharyngeal airway in place. The airway passes 
through the nose and ends at a point just above the epiglottis. 
(Adapted from Dorsch JA, Dorsch SE: Understanding anesthesia equip-
ment, ed 4, Baltimore, 1999, Williams & Wilkins.)

 •  Obstructive sleep apnea or history of snoring
 •  Age older than 55 years
 •  Male gender
 •  Body mass index of 30 kg/m2 or greater
 •  Mallampati classification III or IV
 •  Presence of a beard
 •  Edentulousness

BOX 55-2 Predictors of Difficult Mask 
Ventilation
and minor surgical procedures.141 No standardized clas-
sification system exists for the different designs of SGAs,
although several have been proposed. This chapter uses
the terminology described by Donald Miller: perilaryn-
geal sealers; cuffless, anatomically preshaped sealers; and
cuffed pharyngeal sealers.142 Second-generation SGAs are
differentiated from first-generation SGAs in that they
incorporate features designed to reduce the incidence of
aspiration.143

LARYNGEAL MASK AIRWAY

LMA Classic
The LMA (LMA North America, San Diego, CA) is the most
widely used, well-studied SGA and is the archetype of the
perilaryngeal sealer. The original version, the LMA Classic
(cLMA), consists of an oval-shaped, silicone mask with an
inflatable cuff that sits in the hypopharynx and forms a
seal around the periglottic tissues (Figure 55-14). An air-
way tube attached to the mask exits the mouth and has
a standard 15-mm connector for attachment to an anes-
thesia circuit or to a bag-valve device. The seal around
the laryngeal inlet allows for the delivery of oxygen and
inhaled anesthetics during spontaneous ventilation and
permits PPV at pressures up to 20 cm H2O. The cLMA is
reusable up to 40 times and is available in a variety of
sizes from size 1 (neonate) to size 6 (large adult, >100 kg).

Figure 55-14. LMA Classic. (Image provided courtesy of LMA North
America, San Diego, CA.)



Chapter 55: Airway Management in the Adult 1663
Figure 55-15. Insertion of a laryngeal mask 
airway (LMA). A, The tip of the cuff is pressed 
upward against the hard palate by the index 
finger while the middle finger opens the 
mouth. B, The LMA is pressed backward 
in a smooth movement. The nondominant 
hand is used to extend the head. C, The 
LMA is advanced until definite resistance is 
felt. D, Before the index finger is removed, 
the  nondominant hand presses down on the 
LMA to prevent dislodgment during removal 
of the index finger. The cuff is subsequently 
inflated. (Courtesy of LMA North America, San 
Diego, CA.)
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The LMA Classic Excel is an updated version that 
incorporates design features to facilitate endotracheal 
intubation through the device, including an epiglottic-
elevating bar, a wider-bore airway tube, and a removable 
connector. A disposable, single-use version of the cLMA, 
the LMA Unique, is made from polyvinyl chloride (PVC) 
and has gained popularity because of its lower costs and 
maintenance, as well as concerns over the perceived risk 
of cross-contamination and the transmission of infection 
(e.g., human immunodeficiency virus [HIV], hepatitis C, 
prion-based diseases) with reusable medical devices. The 
LMA Flexible, available in reusable and single-use mod-
els, has a flexible, kink-resistant airway tube that can be 
positioned away from the surgical field for head and neck 
procedures.

To achieve a proper fit, the manufacturer of the LMA 
suggests placing the largest size LMA possible; an airtight 
seal is achieved more frequently with a size 5 LMA in 
the average adult man and a size 4 LMA in the average 
adult woman.144 Using too small of an LMA can result 
in overinflation of the cuff to achieve a seal, which can 
predispose the patient to oropharyngolaryngeal morbid-
ity and nerve damage.145 Larger sizes, however, may be 
associated with a more frequent incidence of sore throat; 
therefore a smaller size may be appropriate when sponta-
neous ventilation through the LMA is planned.146

The manufacturer’s instructions for the placement 
of the cLMA are summarized in Figure 55-15. Adequate 
depth of anesthesia for LMA insertion can be achieved 
with propofol or sevoflurane147; short-acting opioids 
such as fentanyl, alfentanil, and remifentanil may be co-
administered to facilitate placement and to decrease the 
incidence of coughing, gagging, and laryngospasm.148,149 
Before insertion, the LMA cuff should be deflated and the 
posterior aspect of the mask should be lubricated with a 
water-based lubricant. Once positioned (see Figure 55-15), 
the cuff should be inflated with the minimum effective 
volume of air, with a target cuff pressure of 40 to 60 cm 
H2O.144 To allow the LMA to position itself correctly, the 
device should not be secured or attached to the anesthe-
sia circuit until the cuff has been inflated. Confirmation 
of proper placement is performed by attempting gentle 
PPV while checking capnography and auscultation and 
by quantifying the inspiratory pressure at which a leak is 
audible, which should be 18 to 20 cm H2O. Once proper 
positioning is confirmed, a roll of gauze is inserted as a bite 
block and the LMA is secured in place with tape. Several 
modifications to the recommended insertion technique 
have been described, including a thumb insertion method 
by the manufacturer, although these modifications are 
not detailed in this chapter.150,151 Cuff pressure should 
be periodically monitored if N2O is being used; cuff pres-
sures may increase above the recommended threshold of 
60 cm H2O as a result of diffusion of N2O into the cuff.

Initial difficulty with ventilation after the placement 
of an LMA may be due to a down-folded epiglottis. The 
up-down maneuver described by Dr. Brain may help cor-
rect this problem; the LMA is withdrawn 2 to 4 cm and 
reinserted without deflating the cuff. Head extension and 
LMA repositioning may also improve ineffective ventila-
tion. If these actions do not correct the problem, then a 
different size may be needed. Insufficient depth of anes-
thesia, resulting in laryngospasm or bronchospasm, may 
make ventilation through an LMA impossible; the admin-
istration of topical, inhaled or IV anesthesia can help to 
correct this. Although not necessary, DL can also facili-
tate proper LMA placement.

Serious complications from LMA use are relatively rare. 
More commonly, minor oral, pharyngeal, or laryngeal 
injury occurs, expressed as complaints of a dry or sore 
throat.152 The incidence of sore throat is approximately 
10% to 20%,140,153 and has been linked to higher cuff 
pressures and larger LMA sizes.146,154 More serious cases of 
oropharyngolaryngeal injury have been described, such 



PART IV: Anesthesia Management1664
as trauma to the uvula and pharyngeal necrosis.155,156 
Injury to the lingual, hypoglossal, and recurrent laryn-
geal nerves has also been reported; these usually spon-
taneously resolve over a period of weeks to months.145 
Predisposing factors include high cuff pressures (often 
attributable to the use of N2O), using too small of an 
LMA, and nonsupine positions.145

LMA ProSeal
The LMA ProSeal (pLMA, LMA North America, San Diego, 
CA) is a reusable second-generation SGA that incorpo-
rates a posterior cuff, improving the perilaryngeal seal 
and allowing for PPV at pressures up to 30 cm H2O. It also 
incorporates a gastric drainage tube that allows for gastric 
access with an orogastric tube and channels any regurgi-
tated gastric contents away from the airway, effectively 
isolating the respiratory and gastrointestinal tracts.157 
Additional features include an incorporated bite block 
and a softer cuff.

The insertion technique is similar to the cLMA but 
requires deeper anesthetic levels.157,158 An optional 
introducer can be used to facilitate insertion. As with 
the cLMA, cuff pressure should not exceed 60 cm H2O. 
Once inserted, assessment of proper placement is accom-
plished by providing PPV; adequate tidal volumes should 
be accomplished with reasonable peak inspiratory pres-
sures, leak pressure should be above 20 cm H2O, and the 
capnography waveform should appear normal.10 An addi-
tional test to confirm proper placement and separation of 
the airway and gastrointestinal tract is performed by plac-
ing a small layer (<5 mm) of water-based lubricant over 
the drainage tube orifice; PPV and suprasternal notch pal-
pation should result in a small up-down movement of the 
gel meniscus. Easy passage of an orogastric tube through 
the gastric drainage tube confirms proper positioning.

LMA Supreme
The LMA Supreme (sLMA) is a single-use, second-genera-
tion SGA based on the pLMA design. Similar to the pLMA, 
the sLMA has an improved cuff design that produces 
higher airway leak pressures, a drainage tube that allows 
for gastric access, and an integrated bite block (Figure 
55-16). A fixation tab allows for insertion without insert-
ing the fingers in the mouth and provides a visual guide 
for determining proper sizing.

Although not clinically proven, evidence suggests that 
second-generation SGAs, such as the pLMA and the sLMA, 
reduce the risk of aspiration of gastric contents. This prop-
erty, along with the improved airway seal and higher leak 
pressures, have enabled SGA devices to be used in various 
applications where the cLMA is potentially unsuitable, 
such as in nonsupine positions (e.g., lateral, prone),159 
in laparoscopic surgery (e.g., cholecystectomy, gyneco-
logic surgery),160,161 and in patients who are obese.162 The 
successful, routine use of the sLMA in fasted, nonobese 
patients for cesarean section has also been reported.163

OTHER PERILARYNGEAL SEALERS

Over the past 10 years, a multitude of manufacturers have 
produced SGAs that incorporate the basic perilaryngeal 
sealing design of the cLMA. Because the term LMA is a 
protected trademark, these devices are referred to as laryn-
geal masks (LMs). Each has its own unique characteristics 
that may afford it specific advantages over other designs. 
Although an exhaustive description of every available LM 
is outside the scope of this chapter, some unique features 
merit mentioning.

Some design features address the issue of high cuff pres-
sures, which can lead to oropharyngolaryngeal morbidity, 
nerve palsies, and improper device positioning. The line 
of LMs manufactured by AES, Inc. (Black Diamond, WA) 
incorporates a cuff pilot valve (CPV) that allows constant 
cuff pressure monitoring. Color-coded indicator bands on 
the CPV alert the clinician to changes in cuff pressure attrib-
utable to temperature, N2O, and movement within the air-
way, allowing the clinician to maintain the recommended 
cuff pressure of 60 cm H2O. The air-Q SP (Cookgas LLC,  
St. Louis, MO; distributed by Mercury Medical, Clearwater, 
FL) has a self-pressurizing cuff that uses the positive pres-
sure that ventilates the patient to also pressurize the cuff, 
obviating the need for an inflation line and eliminating 
the possibility of cuff overinflation. On exhalation, the 
mask cuff deflates to the level of positive end-expiratory 
pressure (PEEP), decreasing the total mucosal pressure over 
the course of an anesthetic, thereby potentially reducing 
the incidence of cuff pressure–related complications.

Other LMs incorporate design features that facilitate 
endotracheal intubation, such as removable connectors 
or wider bore airway lumina to allow intubation with 
standard-sized ETTs (see “Tracheal Intubation Through a 
Supraglottic Airway Device”)

CUFFLESS ANATOMICALLY PRESHAPED 
SEALERS

Cuffless anatomically preshaped sealers do not have a 
cuff; rather, they provide an airway seal by their anatomi-
cally preshaped design. Advantages include simplicity of 
insertion and positioning and the lack of a need to inflate 
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Figure 55-16. The LMA Supreme has a modified cuff design, a drain-
age tube that allows for gastric access, and an integrated bite block. 
(From Verghese C, Mena G, Ferson DZ, Brain AIJ: Laryngeal mask airway. 
In Hagberg CA, editor: Benumof and Hagberg’s airway management, 
ed 3, Philadelphia, 2013, Saunders, p. 459.)
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a cuff. The first of these devices, the SLIPA (Curveair, 
London, UK), contains a hollow chamber that can trap 
regurgitated liquid and prevent aspiration. Newer cuffless 
devices such as the i-gel (Intersurgical Inc., Wokingham, 
Berkshire, UK) and the Baska Mask (Strathfield, NSW, 
Australia) can also be included in this classification.

CUFFED PHARYNGEAL SEALERS

Cuffed pharyngeal sealers have an airway with a pharyn-
geal cuff that seals at the level of the base of the tongue 
and can be subclassified as to whether they also possess 
an esophageal sealing cuff.142 SGAs with only a pharyn-
geal cuff include the Cobra Perilaryngeal Airway (Cobra-
PLA; Engineered Medical Systems, Indianapolis, IN) and 
the Tulip Airway (Marshall Medical, Bath, UK); they are 
not detailed in this chapter. The following devices all 
have an esophageal sealing cuff.

The esophageal-tracheal combitube (ETC) (Covidien, 
Mansfield, MA) is a uniquely designed SGA with both a 
pharyngeal and esophageal sealing cuff and two lumina. 
The ETC is primarily designed for emergency intubation 
and is mostly used in the prehospital setting, although it 
has occasionally been used during general anesthesia as 
both a primary airway and as a rescue airway device.164,165 
It is inserted blindly through the mouth in a curved, down-
ward motion until the printed ring marks lie between the 
teeth. Both the proximal, oropharyngeal cuff and the dis-
tal esophageal-tracheal cuff are inflated. Greater than 90% 
of the time, esophageal placement of the device occurs, 
in which ventilation should be performed via the longer, 
blue, #1 (esophageal) lumen.166 This lumen has a closed 
distal end with eight small perforations located between 
the two cuffs, which allow oxygenation and ventilation. 
When the device is placed into the trachea, ventilation 
should occur via the shorter, clear, #2 (tracheal) lumen, 
which is open at its distal end. When the ETC is placed in 
the esophagus, an orogastric tube may be passed through 
the tracheal lumen to empty the stomach. Use of the ETC 
as a primary airway is limited by a higher risk of compli-
cations, compared with the LMA or tracheal intubation, 
including hoarseness, dysphagia, and bleeding.167 Because 
the oropharyngeal cuff of the ETC contains latex, this 
device should not be used in latex-sensitive individuals.

The Rüsch EasyTube (Teleflex Medical, Research Tri-
angle Park, NC) is a double-lumen SGA that is similar to 
the ETC. The primary differences are its nonlatex con-
struction and a proximal lumen that ends just below 
the oropharyngeal balloon, allowing for the passage 
of a tube exchanger or FIS. The insertion technique 
and risks are similar to the ETC; a comparative study 
showed shorter insertion times with the EasyTube.168 
The King LT series of SGAs (King Systems Corporation, 
Noblesville, IN) are similar in design to the ETC and 
EasyTube, with a ventilation port between the pharyn-
geal and esophageal cuffs. The King LT and the King 
LT-D (reusable and disposable, respectively) are single-
lumen devices with a tapered distal tip that allows easy 
passage into the esophagus. The distal (esophageal) por-
tion of the tube is occluded. The King LTS and the dis-
posable King LTS-D, on the other hand, have an open 
distal tip with a secondary channel to allow suctioning 
of gastric contents. Although tracheal placement of a 
King LT device has not be reported, if it should occur, 
then the device should be removed and reinserted.

ENDOTRACHEAL INTUBATION

Endotracheal intubation is the gold standard for airway 
management. It establishes a definitive airway, provides 
maximal protection against the aspiration of gastric con-
tents, and allows for PPV with higher airway pressures 
than with a facemask or an SGA. Endotracheal intuba-
tion is usually facilitated by DL; however, a wide variety 
of alternative intubation devices and techniques have 
been developed to circumvent the problems encountered 
when conventional DL is difficult.

In the fasted patient undergoing elective surgery with 
general anesthesia, an SGA is many times suitable. Cer-
tain conditions or clinical situations, however, favor 
endotracheal intubation, although the advent of sec-
ond-generation SGAs has somewhat narrowed this list. 
Absolute indications for endotracheal intubation include 
patients with a full stomach or who are otherwise at high 
risk for aspiration of gastric secretions or blood, patients 
who are critically ill, patients with significant lung abnor-
malities (e.g., low lung compliance, high airway resis-
tance, impaired oxygenation), patients requiring lung 
isolation, patients undergoing otorhinolaryngologic sur-
gery during which an SGA would interfere with surgical 
access, patients who will likely need postoperative venti-
latory support, and patients in whom SGA placement has 
failed. Other indications for intubation include a surgical 
requirement for NMBDs, patient positioning that would 
preclude rapid tracheal intubation (e.g., prone or turned 
away from the anesthesia provider), a predicted difficult 
airway, and prolonged procedures.10

ENDOTRACHEAL TUBES

The modern, standard ETT is a disposable, single-use, 
cuffed, plastic tube that is designed to be inserted through 
the nose or mouth and sit with its distal end in the midtra-
chea, providing a patent airway to allow for ventilation of 
the lungs. A variety of different types of ETTs are available 
for use in specialized situations. Several features are com-
monplace among the different styles, however, including 
a universal 15-mm adapter that allows the attachment 
of the proximal end to different ventilating circuits and 
devices; a high-volume, low-pressure cuff; a beveled tip to 
facilitate passage through the vocal cords; and an addi-
tional distal opening in the side wall of the ETT known as 
a Murphy eye, which serves to provide an additional portal 
for ventilation should the distal end of the lumen become 
obstructed by either soft tissue or secretions.

Cuffed ETTs are routinely used for endotracheal intu-
bation in most patients; cuffless ETTs are used in neo-
nates and infants. The high-volume, low-pressure cuff 
is inflated with air to provide a seal against the tracheal 
wall to protect the lungs from pulmonary aspiration and 
to ensure that the tidal volume delivered ventilates the 
lungs rather than escapes into the upper airway.10 A pilot 
balloon with a one-way valve allows for the inflation of 
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the cuff and an assessment of the cuff pressure. The cuff 
should be inflated to the minimum volume at which no 
air leak is present with positive pressure inspiration; the 
cuff pressure should be less than 25 cm H2O.169 Exces-
sive cuff pressure may result in tracheal mucosal injury, 
vocal cord dysfunction from recurrent laryngeal nerve 
palsy, and sore throat. Monitoring the cuff pressure with 
a pressure gauge is recommended. When N2O is used as 
part of the anesthetic, cuff pressure should be periodically 
measured throughout the surgery; N2O diffusion into the 
cuff can result in increases in cuff pressure to potentially 
dangerous levels.

ETT size is normally described in terms of its internal 
diameter (ID); the relationship of the ID to the external 
diameter varies between different designs and manufac-
turers. Selection of the ETT size depends on the reason 
for placement and patient-specific factors such as gender 
and airway pathologic conditions. Smaller ETTs result in 
increased airway resistance and work of breathing, and 
ETTs with a smaller than 8-mm ID preclude therapeutic 
fiberoptic bronchoscopy. Larger ETTs are more likely to 
be associated with laryngeal or tracheal mucosal trauma 
and have a higher incidence of sore throat after general 
anesthesia. Generally, in patients intubated only for the 
purposes of a general anesthetic, a smaller ETT may be 
used than on the patient who will remain intubated in the 
medium to long term as a result of respiratory failure; typi-
cally a 7-mm ETT is used for women and an 8-mm ETT is 
used for men.

A variety of specialized tracheal tubes are available for 
use in specific clinical situations. Preformed tubes, such 
as the nasal and oral Ring-Adair-Elwin (RAE) tubes, have 
a specific contour to maintain a low profile and to avoid 
surgical interference. Armored (reinforced) tubes have an 
embedded coil that minimizes kinking of the tube when 
it is subjected to angulation. Microlaryngeal tubes, which 
have small IDs with a longer length tube, are useful in 
laryngeal surgery or for specific applications, such as intu-
bation through a cLMA. Other specialized tubes include 
laser-resistant tubes and both single- and double-lumen 
tubes that allow for one-lung ventilation.

OROTRACHEAL VERSUS NASOTRACHEAL 
INTUBATION

Endotracheal intubation can proceed via the orotracheal 
or nasotracheal route—this decision should be made 
before deciding which airway management technique 
will be used. Nasotracheal intubation is generally indi-
cated when the orotracheal route is not possible (e.g., 
when the mouth opening is severely limited) or when the 
need for surgical access precludes an orotracheal route. 
In addition, certain intubation techniques, such as blind 
intubation, awake intubation, and FSI, are significantly 
easier when performed through the nose.

When the nasotracheal route is not specifically indi-
cated, however, the orotracheal route is usually preferred 
for several advantages. The orotracheal route is poten-
tially less traumatic and presents a lower risk of bleeding, 
it usually allows for the placement of a larger ETT, and 
it provides for more options in terms of airway manage-
ment techniques. The major disadvantages include the 
potential for damage to the teeth and stimulation of the 
gag reflex during awake intubation, requiring denser air-
way anesthesia and potentially being less comfortable for 
the patient. Nasotracheal intubation, on the other hand, 
bypasses the gag reflex and is usually more easily toler-
ated by the awake patient. However, the risks of epistaxis, 
trauma to the nasal turbinates, and submucosal tunnel-
ing in the nasopharynx must be taken into account.114 
Nasotracheal intubation is relatively contraindicated in 
the setting of maxillary or skull base fractures.

DIRECT LARYNGOSCOPY

The most commonly used technique for endotracheal 
intubation is DL, which involves direct visualization of 
the glottis with the assistance of a laryngoscope. The ETT 
is inserted through the glottic opening into the trachea 
under continuous observation.

Preparation and Positioning
Preparation for DL includes proper patient positioning, 
adequate preoxygenation, and ensuring the availability 
and proper functioning of all necessary equipment—
laryngoscopes, tracheal tubes, tube stylets, an empty 
syringe for inflating the tracheal tube cuff, a suction appa-
ratus, and the essential equipment for mask ventilation, 
including an oxygen source. A skilled assistant should be 
present to help with external laryngeal manipulation and 
stylet removal, among other tasks. Adequate preparation 
is of the utmost importance; as with any airway proce-
dure, the first attempt should be the best attempt.

For DL to be successful, a line of sight from the mouth 
to the larynx must be achieved. The classical model 
used to describe the anatomic relationships necessary to 
achieve this was proposed in 1944 by Bannister and Mac-
beth and involves the alignment of three anatomic axes—
oral, pharyngeal, and laryngeal.170 Positioning the patient 
in the sniffing position approximates this alignment. Cer-
vical flexion aligns the pharyngeal and laryngeal axes, 
and maximal head extension at the atlantooccipital joint 
brings the oral axis closer into alignment (Figure 55-17). 
The accuracy of this model has been questioned,171 and 
various alternative models to explain the anatomic advan-
tage of the sniffing position have been proposed.172,173 
Regardless of the explanatory model, however, the evi-
dence in the literature supports the assertion that the 
sniffing position is the optimal position for DL.36,174

Proper positioning in the sniffing position involves 
approximately 35 degrees of cervical flexion, which is 
accomplished by a 7- to 9-cm elevation of the head on a 
firm cushion; patients with shorter necks may require less 
head elevation.36,175 Patients who are obese often require 
elevation of the shoulders and upper back to achieve 
adequate cervical flexion, which can be accomplished by 
placing the patient in the ramped position using either 
a specialized device, such as the Troop Elevation Pillow 
(Mercury Medical, Clearwater, FL) or folded blankets. 
Confirming horizontal alignment of the external audi-
tory meatus with the sternal notch is useful for ensur-
ing optimal head elevation in both obese and nonobese 
patients.176 Adequate cervical flexion also facilitates max-
imal atlantooccipital extension, which provides optimal 
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alignment of the oral and pharyngeal axes (the primary 
determinant for quality of laryngeal view) and enhanced 
mouth opening.177

Technique
The laryngoscope is a handheld instrument consisting of 
a blade attached to a handle containing a light source. 
Most are reusable and made of steel, although dispos-
able, plastic versions are available. The curved blade and 
the straight blade are the two basic types of laryngoscope 
blades available for DL; multiple variations of both styles 
exist. The Macintosh is the most commonly used curved 
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Figure 55-17. Visual axis diagram. A, The head is in the neutral posi-
tion. None of the three visual axes align. B, Elevation of the head 
produces cervical flexion, which aligns the laryngeal axis (LA) and the 
pharyngeal axis (PA). C, Extension at the atlantooccipital joint brings the 
visual axis of the mouth into better alignment with those of the larynx  
and pharynx. (From Stone DJ, Gal TJ: Airway management. In Miller RJ,  
editor: Anesthesia, ed 6, Philadelphia, 2005, Churchill Livingstone.)
blade, whereas the Miller is the most commonly used 
straight blade. Both are designed to be held in the left 
hand, and both have a flange on the left side that is used 
to retract the tongue laterally. Each type of blade has its 
benefits and drawbacks and is associated with its own 
technique for use.

The technique for laryngoscopy consists of the open-
ing of the mouth, inserting the laryngoscope blade, 
 positioning of the laryngoscope blade tip, applying a lift-
ing force exposing the glottis, and inserting a tracheal 
tube through the vocal cords into the trachea. Mouth 
 opening is best achieved using the scissors technique; the 
right thumb pushes caudally on the right lower molars 
while the index or third finger of the right hand pushes 
on the right upper molars in the opposite direction 
 (Figure 55-18).

The decision of whether to use a Macintosh or a Miller 
blade is multifactorial; however, the personal preferences 
and experience of the laryngoscopist is a significant con-
sideration. In general, the Macintosh is most commonly 
used for adults, whereas the straight blades are typically 
used in pediatric patients.178 Curved blades provide 
greater room for passage of an ETT through the orophar-
ynx, attributable to their larger flange, and are generally 
considered less likely to cause dental damage.179 Straight 
blades are preferred in patients with a short thyromental 
distance and usually provide a better view of the glottis 
in patients with a long, floppy epiglottis. Often, when 
one style of laryngoscope does not provide an adequate 
view of the glottis, the other may be more effective. For 
most adults, a Macintosh size 3 or a Miller size 2 blade is 
usually the proper size; in larger patients or patients with 
a very long thyromental distance, a larger blade may be 
more appropriate.

The Macintosh blade is inserted in the right side of 
the mouth, and the flange is used to sweep the tongue 
to the left. Once the laryngoscope has been inserted in 
the mouth, the right hand can be used to ensure that the 
upper lip is not impinged between the laryngoscope and 
the upper incisors. The blade is advanced along the base 
of the tongue until the epiglottis is visualized; the tip of 

Frontal view Lateral view

Figure 55-18. The scissors technique for mouth opening. The thumb 
of the right hand is pressed on the right, lower molars in a caudad 
direction while the index or third finger of the right hand presses on the 
right, upper molars in a cephalad direction. (From Berry JM, Harvey S:  
Laryngoscopic orotracheal and nasotracheal intubation. In Hagberg CA, 
editor: Benumof and Hagberg’s airway management, ed 3, Philadel-
phia, 2013, Saunders, p. 351.)
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Insert the laryngoscope blade into the
right side of the mouth

Approach the base of the tongue and lift
the blade forward at a 45-degree angle

Advance the laryngoscope blade toward the
midline of the base of the tongue by rotating wrist

Engage the vallecula and continue to lift the blade
forward at a 45-degree angle
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Conventional Laryngoscopy with a Curved Blade

Figure 55-19. Conventional laryngoscopy with a Macintosh (curved) blade. A, The laryngoscope blade is inserted into the right side of the 
mouth, sweeping the tongue to the left of the flange. B, The blade is advanced toward the midline of the base of the tongue by rotating the wrist 
so that the laryngoscope handle becomes more vertical (arrows). C, The laryngoscope is lifted at a 45-degree angle (arrow) as the tip of the blade 
is placed in the vallecula. D, Continued lifting of the laryngoscope handle at a 45-degree angle results in exposure of the laryngeal aperture. The 
epiglottis (1), vocal cords (2), cuneiform cartilage (3), and corniculate cartilage (4) are identified. (From Berry JM, Harvey S: Laryngoscopic orotra-
cheal and nasotracheal intubation. In Hagberg CA, editor: Benumof and Hagberg’s airway management, ed 3, Philadelphia, 2013, Saunders, p. 350.)
the blade is then advanced further and positioned in the 
vallecula. A force oriented at a 45-degree angle up and 
away from the laryngoscopist indirectly lifts the epiglottis 
by placing tension on the hyoepiglottic ligament, expos-
ing the glottic structures (Figure 55-19). The tip of the 
blade should not be lifted by using the laryngoscope as 
a lever, rocking back on the upper incisors, which can 
damage the teeth and provides an inferior view of the 
glottis. A properly oriented vector of force is achieved 
by using the anterior deltoid and triceps, not by radial 
flexion of the wrist. Once a complete view of the glottis 
is achieved, the ETT is grasped similar to a pencil with 
the right hand and guided through the vocal cords into 
the trachea. Passage of the ETT is facilitated by an ante-
rior angulation of the tip, which can be accomplished by 
shaping the ETT with a malleable stylet into a hockey stick 
shape, with approximately a 60-degree angle formed 4 to 
5 cm from the distal end, or by accentuating the natural 
anterior curvature of the ETT by inserting the tip into the 
15-mm connector, forming a circle, for several minutes 
before performing DL.

The Miller laryngoscope blade is inserted using the 
paraglossal technique described by Henderson.10 This 
method provides maximal tongue control and avoids 
contact of the laryngoscope with the maxillary incisors. 
The laryngoscope is inserted lateral to the tongue and 
carefully advanced along the paraglossal gutter between 
the tongue and tonsil. Application of continued moder-
ate lifting force to the laryngoscope handle helps main-
tain lateral displacement of the tongue and reduces 
contact with the maxillary teeth. As the laryngoscope is 
advanced, the epiglottis comes into view and the tip of 
the laryngoscope is passed posterior to the epiglottis. The 
optimal position of the tip of the straight laryngoscope 
is in the midline of the posterior surface of the epiglot-
tis, close to the anterior commissure of the vocal cords  
(Figure 55-20).10 This position achieves good control of 
the epiglottis and facilitates the passage of the tracheal 
tube. The direction of force applied to the handle is the 
same as when using the Macintosh blade.

The use of external laryngeal manipulation can 
improve the laryngeal view. Backward, upward, right-
ward pressure (the BURP maneuver) on the thyroid carti-
lage is most commonly used. Optimal external laryngeal 
manipulation (OELM) is achieved when the laryngosco-
pist uses his or her right hand to guide the position and 
pressure is exerted by an assistant’s hand on the larynx 
(Figure 55-21).

Difficulty with endotracheal intubation by DL is pri-
marily a function of an inadequate view of the glottis. 



Chapter 55: Airway Management in the Adult 1669
Predictors for difficult laryngoscopy that can be identified 
during the preoperative airway assessment are listed in 
Box 55-3. Cormack and Lehane developed a grading scale 
in 1984 to describe laryngoscopic views.180 The grades 
range from I to IV, beginning with grade I (the best view), 
in which the epiglottis and vocal cords are in complete 
view, and culminating with grade IV (the most difficult 
view), in which the epiglottis or larynx is not visualized 
(Figure 55-22). A modified classification scheme with five 
different grades based on the Cormack-Lehane scoring 

Place blade posterior to
(beneath) the epiglottis

Figure 55-20. Conventional laryngoscopy with a Miller (straight) 
blade. The tip of the blade should be placed beneath the epiglottis 
and a 45-degree lifting force applied to expose the glottic aperture. 
(From Berry JM, Harvey S: Laryngoscopic orotracheal and nasotracheal 
intubation. In Hagberg CA, editor: Benumof and Hagberg’s airway man-
agement, ed 3, Philadelphia, 2013, Saunders, p. 352.)

Right hand
of anesthesiologist

Right hand
of assistant

Figure 55-21. Optimal external laryngeal manipulation (OELM). 
The laryngoscopist guides the position, and pressure is exerted by the 
assistant’s hand on the larynx to maximize the view of the vocal cords. 
The left hand of the laryngoscopist, which holds the laryngoscope 
handle, is omitted. (From Henderson J: Airway management. In Miller 
RJ, editor: Anesthesia, ed 7, Philadelphia, 2009, Churchill Livingstone.)
system is described by Yentis, who proposed that grade 
II be differentiated into IIA (partial view of the glottis) 
and IIB (arytenoids or posterior vocal cords only are 
 visible).181 Intubation is rarely difficult when a grade I 
or IIA view is achieved; grades IIB and III are associated 

 •  Long upper incisors
 •  Prominent overbite
 •  Inability to protrude mandible
 •  Small mouth opening
 •  Mallampati classification III or IV
 •  High, arched palate
 •  Short thyromental distance
 •  Short, thick neck
 •  Limited cervical mobility

BOX 55-3 Predictors of Difficult Laryngoscopy

Modified from Apfelbaum JL, Hagberg CA, Caplan RA, et al: Practice  
guidelines for management of the difficult airway: an updated report by the 
American Society of Anesthesiologists Task Force on Management of the 
Difficult Airway, Anesthesiology 118:251-270, 2013.

Laryngoscopic View Grading Systems

From Cormack
and Lehane

From Williams,
Carli, and Cormack

Grade 1

Grade 2

Grade 3

Grade 4

Figure 55-22. The Cormack-Lehane grading system for laryngo-
scopic view. Grade 1 is visualization of the entire laryngeal aperture; 
grade 2 is visualization of only the posterior portion of the laryngeal 
aperture; grade 3 is visualization of only the epiglottis; and grade 4 is 
no visualization of the epiglottis or larynx. (Modified from Cormack RS, 
Lehane J: Difficult tracheal intubation in obstetrics, Anaesthesia 39:1105, 
1984; and Williams KN, Carli F, Cormack RS: Unexpected difficult laryn-
goscopy: a prospective survey in routine general surgery, Br J Anaesth 
66:38, 1991.)
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with a significantly higher incidence of failed intuba-
tion. A Grade IV laryngoscopic view requires an alternate 
method of intubation. An alternate method of rating 
laryngoscopic view is the percentage of glottic opening 
(POGO) scale, which is determined by the percentage of 
the vocal cords from the anterior commissure to the ary-
tenoid notch that can be visualized during laryngoscopy. 
This scale has been shown to have a higher interobserver 
reliability than the Cormack-Lehane scoring system and 
is potentially more useful for research studies in direct 
and indirect laryngoscopy.182

When the laryngeal view is inadequate, the laryn-
goscopist should verify that the patient is in an optimal 
position, that OELM is being provided, and that the 
laryngoscope has not been inserted too deeply. Whether 
a larger laryngoscope or an alternate style of blade would 
be beneficial should be considered. When the ETT can-
not be passed into the trachea under direct visualiza-
tion, the options include the following: (1) attempts at 
blind  passage of the ETT, which risks laryngeal trauma, 
 bleeding, and airway obstruction; (2) the use of an intu-
bating stylet (see Intubating Introducers and Stylets); and 
(3) alternative approaches to intubation as per the ASA 
“Difficult Airway Algorithm.”

When the glottic view is adequate, the ETT should 
be inserted into the right corner of the mouth and 
advanced such that it intercepts the long axis of the 
laryngoscope blade at the glottis, rather than inserted 
midline and parallel to the long axis of the laryngoscope 
blade, which ensures that the view of the glottis is not 
obscured. The tip of the ETT is passed through the glottic 
inlet and advanced until the proximal portion of the cuff 
is approximately 2 cm past the vocal cords. If a stylet is 
being used, then the stylet should be removed when the 
tip of the ETT is right at the level of the vocal cords while 
the ETT is firmly held stationary; this technique helps 
limit trauma to the tracheal mucosa from the semirigid 
stylet.

Nasotracheal Intubation Technique
Before nasotracheal intubation, the more patent nostril 
should be selected. This selection can be accomplished by 
separately occluding each nostril and having the patient 
inhale—the patient will usually be able to inhale more 
effectively through one of the nares. To reduce the risk of 
epistaxis, a nasal mucosal vasoconstrictor (e.g., cocaine, 
phenylephrine, oxymetazoline) should be administered. 
The nasal ETT should be lubricated and inserted into the 
naris with the bevel facing away from the midline, which 
decreases the risk of avulsion of a turbinate. Cephalad 
traction should be applied as the ETT is advanced through 
the nasal passage to ensure a trajectory along the floor of 
the nose, beneath the inferior turbinate.

Once the ETT enters the oropharynx (typically at a 
depth of 14 to 16 cm), standard DL is performed. The 
ETT can be guided into the laryngeal inlet by reposi-
tioning the head as the ETT is advanced or with the aid 
of Magill forceps (Figure 55-23). Care should be taken 
to grasp the ETT proximal to the cuff to prevent cuff 
damage. Other techniques for nasotracheal intubation 
include blind nasal intubation, video laryngoscopy, 
and FSI.
Confirmation of Endotracheal  
Tube Placement
Once the ETT is in place, the laryngoscope is removed 
from the mouth, the ETT cuff is appropriately inflated, 
and the patient is manually ventilated while the ETT is 
manually held in place. Immediate verification of endo-
tracheal placement of the ETT is necessary; esophageal 
or endobronchial intubation is a significant source of 
avoidable anesthetic-related morbidity and mortality. 
Endotracheal placement can be determined by confir-
mation of chest rise, visible condensation in the ETT, 
equal breath sounds bilaterally over the chest wall, lack 
of breath sounds over the epigastrium, large exhaled tidal 
volumes, and appropriate compliance of the reservoir bag 
during manual ventilation.179 The most important and 
objective indicator of endotracheal intubation, however, 
is the presence of a normal capnogram (carbon dioxide 
[CO2] waveform) for the presence of at least three breaths. 
Severe bronchospasm, equipment malfunction, cardiac 
arrest, or hemodynamic collapse may prevent the appear-
ance of a capnogram tracing, despite proper ETT place-
ment. If doubt remains, then fiberoptic bronchoscopy, 
although not routinely used, is very reliable at confirming 
ETT placement.

Guiding a Nasotracheal Tube into the
Larynx Using a Magill Forceps

Rotate hand
(as in a backhand
hit of a ping-pong ball)

Lift laryngoscope
blade forward
at a 45-degree angle

Figure 55-23. Guiding a nasal endotracheal tube (ETT) into the 
larynx with Magill forceps. (From Berry JM, Harvey S: Laryngoscopic 
 orotracheal and nasotracheal intubation. In Hagberg CA, editor:  
Benumof and Hagberg’s airway management, ed 3, Philadelphia, 
2013, Saunders, p. 357.)
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Hypoxemia, increased airway pressures, asymmetric 
chest expansion, and the absence of breath sounds over 
one lung, generally the left, are indicative of endobron-
chial intubation; pneumothorax can also produce this 
picture. Fiberoptic bronchoscopy or chest radiography 
can be used if the clinical picture is unclear.

Securing the Endotracheal Tube
Once the proper depth of the ETT has been determined, 
the tube should be secured in place to prevent movement 
and inadvertent endobronchial intubation or extubation. 
The most common method is to tape the ETT to the skin 
of the face. Because it is less mobile, the skin of the max-
illa is preferred. When tape cannot be used, such as in 
the case of a severe tape allergy, extensive facial burns, or 
epidermolysis bullosa, a surgical mask may be tied around 
the back of the head to secure the ETT. Other methods 
that may be used for intraoral or facial surgery include 
wire fixation to a tooth or suturing the ETT to the skin of 
the cheek.

INDIRECT LARYNGOSCOPY

Conventional DL requires wide mouth opening, cervical 
flexion, and atlantooccipital extension to create a direct 
line of vision from the mouth to the larynx. In certain 
conditions, this positioning is impossible or contraindi-
cated. Other times, attributable to anatomic variations in 
the airway (e.g., redundant soft tissue, protruding incisors, 
anterior larynx), DL cannot be achieved, despite optimal 
positioning and technique. Indirect laryngoscopy entails 
the indirect visualization of the glottis by way of optical 
aids, such as fiberoptic bundles, video cameras, mirrors, 
prisms, or lenses. Various different devices that use indi-
rect laryngoscopy are available, including FISs, VLs, and 
intubating optical stylets. They are indispensable tools 
for the management of the known or predicted difficult 
airway. Because no direct line of sight is needed, visual-
ization of the larynx can occur without tissue distortion; 
consequently, these techniques can be readily used with 
topical anesthesia in an awake patient.10

Flexible Scope Intubation  
of the Trachea
The flexible fiberoptic bronchoscope (FOB) is the most 
widely-used, versatile, indirect laryngoscopy device. 
Since the first use of fiberoptics for airway management 
in 1967, FISs, including the FOB, have become invalu-
able tools for endotracheal intubation in both awake and 
anesthetized patients. There are various clinical scenarios 
within which FSI provides a superior technique for air-
way management, as compared with DL or alternative 
airway devices. FSI of the awake, spontaneously ventilat-
ing patient is well-accepted as the gold standard for the 
management of the difficult airway.183

The standard FOB (Figure 55-24) consists of thousands 
of flexible glass fibers approximately 8 to 10 μm in diam-
eter that are capable of transmitting reflected light along 
their length. Light is transmitted from an external light 
source to the distal end of the FOB; the light reflecting 
off the object to be viewed is transmitted back along the 
length of the FOB to an eyepiece or video camera at the 
proximal end of the scope. In recent years, FOBs have been 
replaced by modern FISs that use video chip and light-
emitting diode (LED) technology instead of fiberoptics. An 
example is the Storz Five Scope, which is a highly portable 
video bronchoscope for use with the C-MAC VL system.

Indications for FSI essentially include any indication 
for endotracheal intubation. However, FSI may be the air-
way management technique of choice in any one of the 
following clinical scenarios183:

 •  Known or anticipated difficult airway (i.e., cannot 
intubate or cannot ventilate [CICV])

 •  Undesirable extension of the neck (e.g., unstable cer-
vical fracture, severe cervical stenosis, vertebral artery 
insufficiency, Chiari malformation)

 •  Increased Risk of dental damage (e.g., poor dentition, 
fragile dental work)

 •  Limited mouth opening (e.g., TMJ disease, 
mandibular- maxillary fixation, severe facial burns)

  

No specific contraindications exist for FSI; however, in 
certain clinical situations, successful FSI is unlikely. Severe 
airway bleeding can obscure anatomic landmarks and soil 
the tip of the FIS with blood, making visualization of the 
larynx extremely difficult. Obstruction or severe stenosis 
of the airway, resulting in the inability to pass a FIS can 
also make FSI impossible.

FSI provides several advantages over DL183:

 •  Allows for a more complete visual examination of the 
airway before intubation.

 •  Provides confirmation of tube placement, avoiding 
esophageal and endobronchial intubation.

 •  Eliminates the need for three-axis alignment; there-
fore FSI is among the techniques least likely to result 
in cervical spine movement.

 •  Is well-tolerated in awake patients; results in less 
tachycardia and hypertension.

 •  Has less of a potential for airway and dental trauma.
 •  Can be performed in multiple positions.
  

FSI can be performed in the awake or anesthetized 
patient. Indications for an awake FSI are generally those 
situations during which ventilation via a mask is antici-
pated to be difficult, when a postintubation neurologic 
examination is needed, or when induction of general 
anesthesia could cause adverse hemodynamic or respi-
ratory consequences. The major technical disadvantage 
to performing FSI under general anesthesia is the loss of 
pharyngeal muscle tone, which can lead to upper airway 
collapse and difficult fiberoptic laryngoscopy.183

Before its use, the anesthesia practitioner or skilled 
assistant must ensure that the FIS, light source, and 
video monitor are in proper working condition and that 
all components have been fully prepared for use. This 
preparation includes focusing the image if using a FOB, 
ensuring proper view orientation if using a video camera, 
lubricating the distal third of the flexible insertion cord, 
applying antifogging solution to the tip of the scope, and 
connecting a suction line or oxygen source to the suction 
port. The ETT should be prepared by placing it in a warm 
water bath, which softens the plastic, easing passage into 
the trachea and minimizing airway trauma.
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Lens covering viewing bundle

Flexible insertion cord

Figure 55-24. Flexible fiberoptic bronchoscope (FOB). (From Henderson J: Airway management. In Miller RJ, editor: Anesthesia, ed 7, Philadelphia, 
2009, Churchill Livingstone.)
FSI is usually performed in the supine or sitting 
(i.e., beach-chair) position, although emergency FSI in 
the lateral decubitus or prone position has also been 
described.184 When performing FSI in the supine posi-
tion, the anesthesia provider stands at the head of the 
patient. Advantages to this position are that the laryn-
geal view through the FIS is in the same orientation as 
during DL, and the patient and physician are already 
in the optimal position to perform mask ventilation or 
other airway maneuvers, if necessary. When performing 
FSI with the patient in the sitting or beach-chair posi-
tion, the practitioner should stand facing the patient 
at the patient’s side. This position may be the position 
of choice in awake FSI as a result of improved ventila-
tion and greater patient comfort. In addition, the sitting 
position optimizes airway anatomy and prevents air-
way collapse in patients who are obese, in patients with 
obstructive sleep apnea, and in patients with anterior 
extrinsic airway obstruction.185

Before FSI, unless contraindicated, an antisialagogue, 
such as glycopyrrolate 0.2 mg IV, should be administered 
to dry airway secretions. Both the orotracheal and naso-
tracheal routes can be used for FSI. While weighing the 
advantages and disadvantages, the clinician should deter-
mine which approach is best-suited for the clinical situa-
tion. Whichever route is chosen, however, essentially two 
steps to FSI must be taken183:

 1.  Indirect laryngoscopy and endoscopy are performed, 
obtaining a view of the glottis with the FIS and 
maneuvering the FIS through the vocal cords into the 
trachea.

 2.  The ETT is advanced over the FIS into its proper posi-
tion in the trachea, and the FIS is removed.

  

When performing orotracheal FSI navigating the 
FIS around the base of the tongue to achieve a satisfac-
tory view of the larynx is one of the major challenges. 
The FIS has a tendency to stray off the midline, and, 
frequently, little to no airspace is found between the 
tongue and the palate through which to navigate the 
FIS. To mitigate this issue, several devices or techniques 
can be used. Specialized intubating oral airways can 
be used to protect the FIS from damage by biting, to 
prevent the tongue from falling back into the pharynx 
and obstructing the airspace, and to keep the FIS mid-
line while it is guided to the larynx. Several types of 
intubating oral airways are available, each with unique 
design differences, and include the Ovassapian, Ber-
man, and Williams airways. A disadvantage of these 
devices is that they place pressure on the base of the 
tongue, potentially causing gagging in awake patients. 
In both awake patients and those under general anes-
thesia, gentle traction on the tongue anteriorly is help-
ful in preventing the tongue from falling back into the 
pharynx if an intubating airway is not used. This trac-
tion can be easily accomplished by hand with the help 
of 4 × 4-inch gauze pads for traction or with Magill for-
ceps. Care should be taken to not injure the tongue on 
the bottom teeth. As previously described, LMAs and 
intubating LMAs can also be used as conduits for oral 
FSI. Obtaining a laryngeal view during nasal FSI is often 
easier, as compared with the oral approach, which is 
due to the fact that the FIS stays midline and the tip of 
the FIS is usually directed at the glottis as it enters the 
oropharynx.

Once the FIS has been successfully positioned in the 
oropharynx, the epiglottis and vocal cords can usually be 
visualized with a slight anterior deflection of the tip of 
the FIS The FIS is aimed toward the anterior commissure 
of the vocal cords and posteriorly flexed to enter into the 
trachea. The trachea is easily identifiable by the presence 
of the cartilaginous tracheal rings. The FIS is advanced 
distally until a point just above the carina, and the ETT 
is advanced over the FIS while continually visualizing the 
trachea through the FIS, which provides confirmation 
that the FIS and ETT have not been accidentally dislodged 
into the oropharynx or esophagus. Frequently, especially 
with orotracheal intubation, resistance is met as the tip 
of ETT reaches the glottic inlet. Often, this resistance has 
been shown to be attributable to the bevel of the ETT 
impinging on the right arytenoid.186 A slight withdrawal 
of the ETT and a counterclockwise 90-degree turn, ori-
enting the bevel posteriorly, usually resolves this issue. 
For nasotracheal intubation, a clockwise 90-degree turn, 
ensuring that the bevel is oriented anteriorly, can pre-
vent the tip of the ETT from impinging on the epiglottis. 



Alternatively, the Parker Flex-Tip ETT (Parker Medical, 
Englewood, CO), which has a bull-nosed tip directed 
toward the center of the distal lumen, can be used. This 
ETT has been shown to have a high first-pass success rate 
when being advanced over a FIS.187

After the successful passage of the ETT, proper depth 
(2 to 3 cm from the carina) is confirmed during the with-
drawal of the FIS. On rare occasions, the FIS may prove dif-
ficult to remove from the ETT, which may be attributable 
to the FIS having passed through the Murphy eye rather 
than the distal lumen or a result of inadequate lubrica-
tion of the FIS. In these situations, forceful removal may 
damage the device; therefore the FIS and ETT should be 
removed as a unit and the procedure repeated.

Rigid Indirect Laryngoscopes
The first indirect laryngoscopes for intubation were based 
on modifications of the standard direct laryngoscope and 
used mirrors or prisms to project an image at an angle 
from the horizontal, facilitating visualization of the lar-
ynx. Modern indirect laryngoscopes based on the direct 
laryngoscope design that uses optical lenses to project 
a refracted image of the glottis include the Viewmax 
(Rüsch, Duluth, GA) and the TruView EVO2 (Truphatek, 
Netanya, Israel).

One of the most well-studied rigid indirect laryngo-
scopes is the Bullard Elite (Gyrus ACMI, Southborough, 
MA). This device features an anatomic L-shape, an attach-
able metal stylet, and a 3.7-mm working channel that can 
be used for oxygen insufflation, suction, or instillation 
of local anesthetic. The Bullard laryngoscope has been 
shown to be especially useful in patients with limited 
cervical spine mobility or cervical spine injury.188,189 The 
blade’s 6.4-mm thickness allows its use in patients with 
minimal mouth opening. The device is rotated over the 
base of the tongue from the oropharynx into the laryn-
gopharynx. Once the tip of the Bullard is in the appropri-
ate position in relation to the epiglottis, a lifting force 
is applied to elevate the epiglottis. Visualization of the 
larynx is optimized by adjusting the lifting force and the 
position of the tip of the device.10

The Airtraq SP (Prodol Meditec S.A., Guecho, Spain) 
is a disposable, portable, anatomically shaped, optical 
laryngoscope that provides a magnified view of the glot-
tis without alignment of the oral, pharyngeal, and laryn-
geal axes. It includes a guiding channel to hold the ETT 
and direct it toward the vocal cords. It can be used for a 
variety of applications, including the known or predicted 
difficult airway, as well as for awake intubation. The 
Airtraq laryngoscope has been shown to result in more 
rapid endotracheal intubation with a reduced incidence 
of esophageal intubation when compared to DL, espe-
cially when used by novices.190 It is available in two adult 
and two pediatric sizes, as well as in specific designs for 
nasotracheal intubation and double-lumen tube place-
ment. The Airtraq Avant is a newer model that features 
a reusable optic piece that is used in combination with 
disposable blades.

Lighted Optical Stylets
Lighted optical stylets are rigid or semirigid fiberoptic 
devices that incorporate the optical and light-transmitting 
Chapter 55: Airway Management in the Adult 1673

components into a tubular, stainless steel sheath over 
which the ETT is loaded. A substantial body of evi-
dence supports the use of these optical stylets in patients 
with limited neck mobility,191 small mouth opening,192 
abnormal airway anatomy,193 or anticipated difficult 
laryngoscopy.

The Bonfils retromolar intubation fiberscope (Karl 
Storz Endoscopy, Tuttlingen, Germany) is a 40-cm long, 
rigid optical stylet with a fixed anterior tip curvature of 
40 degrees.194 The proximal eyepiece can be used with 
the naked eye or connected to a video monitor. It is avail-
able with a working channel that can be used for suc-
tion, SAYGO local anesthesia,195 or oxygen insufflation 
(oxygen flow rates should be limited to 3 L/min to avoid 
barotrauma).196 The Shikani optical stylet (Clarus Medi-
cal, Minneapolis, MN) is a similar device to the Bonfils 
fiberscope but with a malleable shaft. The Levitan FPS 
stylet (Clarus Medical, Minneapolis, MN) is a shorter ver-
sion of the Shikani stylet intended for use in combination 
with DL, although usable on its own.197 The Clarus Video 
System (Clarus Medical, Minneapolis, MN) is a newer ver-
sion of the Shikani fiberscope that incorporates a liquid 
crystal display (LCD) screen.

These optical stylets can be used on their own or in 
combination with DL or video laryngoscopy.198 The ETT 
is mounted on the optical stylet and advanced under 
direct vision via a midline or right paraglossal route 
until it passes under the tongue. After indirect visualiza-
tion of the tip of the stylet passing through the vocal 
cords (via the eyepiece or video monitor), the ETT is 
advanced over the stylet into the trachea. When these 
are not used in conjunction with DL or video laryn-
goscopy, the left hand of the operator should lift the 
patient’s jaw by gently grasping the mandible and dis-
placing it anteriorly. This maneuver helps create more 
airspace in the oropharynx and lifts the epiglottis. Opti-
cal stylets can be used for awake intubation and have 
also been used for the transillumination technique (see 
Lighted stylets).194,199

The SensaScope (Acutronic, Hirzel, Switzerland) is a 
new hybrid rigid optical stylet that uses video chip tech-
nology. It has an S-shaped curvature and a 3-cm long 
steerable tip.200 Visualization is achieved by a connec-
tion to a video monitor. The SensaScope is designed to be 
used in combination with DL and has been successfully 
used for awake intubation in patients with a predicted 
difficult airway.201 The Video RIFL (AI Medical Devices,  
Williamston, MI) is a similar device with a rigid shaft 
and a flexible, steerable tip. This device features an LCD 
monitor attached to the handle that displays the video 
image.

VIDEO LARYNGOSCOPY

As with flexible bronchoscopes, video chip technology 
has begun to largely replace fiberoptic technology in rigid 
indirect laryngoscopes because of the advantages of a 
higher quality image, increased durability, and reduced 
maintenance costs. Over the past 10 years, VLs have 
revolutionized the practice of airway management, and 
their use may become standard not only for difficult air-
ways, but also for routine airways as well. In fact, video 
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laryngoscopy is now included in the ASA “Difficult Airway 
Algorithm” as an alternative approach to intubation and 
should be considered for patients with a known or pre-
dicted difficult airway.4 A VL is also listed as a suggested 
piece of equipment on a portable difficult airway cart.4

VLs have been shown to result in improved glottic visu-
alization, compared with DL, in both routine airway man-
agement and in the predicted difficult airway.4,202 Although 
this improved visualization does not necessarily translate 
into increased success with intubation (particularly in the 
normal airway), studies have shown improved intubation 
success with video laryngoscopy in patients with predicted 
difficult airways .203,204 VLs are also useful in the unex-
pected difficult airway; intubation success rates of 94% 
and 99% have been reported for video laryngoscopy as a 
rescue modality after failed DL.205,206 These devices have 
also been successfully used for awake intubation.207,208

Various different VLs have been introduced, each with 
its own design and specific features. Generally, VLs can 
be divided into three groups: (1) those whose design is 
based on the Macintosh blade, (2) those who incorporate 
highly curved or distally angulated blades, and (3) those 
that incorporate an ETT-guiding channel.209 Although no 
single design has been shown to be superior, there are cer-
tain clinical circumstances where one style may be prefer-
able to another. Other features that vary among different 
VLs include the degree of portability and the size of the 
video monitor. Many VLs are available in both reusable 
and single-use models.

VLs based on the Macintosh blade design include the 
C-MAC laryngoscope (Karl Storz, Tuttlingen, Germany), 
the McGrath MAC laryngoscope (Aircraft Medical, Edin-
burgh, UK), and the GlideScope Direct intubation trainer 
(Verathon, Bothell, WA). These devices can be used for 
both DL and video laryngoscopy, making them particu-
larly useful for teaching the DL technique. The C-MAC 
laryngoscope is the most extensively studied of these and 
is associated with shorter intubation times and greater 
ease of use, compared with other VLs,210,211 which is pos-
sibly due to laryngoscopists’ familiarity with the use of a 
Macintosh-style blade (Figure 55-25). The technique for 
using the C-MAC laryngoscope is identical to that of DL 
with a Macintosh blade; the tip of the VL can be used 
to lift the epiglottis directly.212 In contrast to other VLs, 
most intubations with the C-MAC laryngoscope can be 
performed without the use of a stylet213,214; the use of an 
oral RAE ETT can facilitate endotracheal intubation.215

VLs with a distally angulated or highly curved 
blade permit a “look around the corner,” providing an 
improved laryngoscopic view without requiring manipu-
lation of the cervical spine. These devices are therefore 
of particular utility in patients with cervical immobiliza-
tion, micrognathia, or limited mouth opening.209 The 
GlideScope (Verathon, Bothell, WA) is the prototype 
for this subset of devices. It possesses a 60-degree blade  
angulation, an antifogging mechanism, a 7-inch LCD 
monitor, and is available in reusable and single-use mod-
els. The McGrath Series 5 laryngoscope is a similar device 
in that it possesses a distally angulated blade; its primary 
difference is its greater portability and a disarticulating 
handle that can be useful in patients with limited mouth 
opening and limited movement of the head and neck. 
The D-Blade (Karl Storz, Tuttlingen, Germany) is a highly 
curved VL blade for use with the C-MAC system. These 
devices are typically inserted in the mouth midline, 
without sweeping the tongue from right to left as in DL. 
Because of the high degree of angulation of the blade, 
an ETT stylet is almost always necessary; malleable sty-
lets with a 60- to 90-degree bend, articulating stylets, and 
the GlideRite stylet (a rigid stylet with a 90-degree curve 
specifically designed for use with the GlideScope) have all 
been successfully used with these VLs.216,217 The VL and 
the styletted ETT should be inserted into the oral cavity 
under direct vision to avoid oropharyngeal trauma.218

Some VLs with highly curved blades have integrated 
tube-guiding channels to facilitate intubation without the 
use of a stylet, similar to the Airtraq. The King Vision (King 
Systems, Noblesville, IN) and the Pentax Airway Scope 
(AWS; Pentax Medical, distributed by Ambu Inc., Glen 
Burnie, MD) fall into this category. This type of VL has 
been shown to be useful in patients with cervical immo-
bilization and has been successfully used for awake intu-
bation.219,220 The VividTrac (Vivid Medical, Palo Alto, CA)  
is a new single-use, channeled VL with a Universal Serial 
Bus (USB) interface that works with any monitor.

INTUBATING INTRODUCERS AND STYLETS

Intubating stylets are generally long, slender devices used 
to assist in guiding an ETT through the glottis. Mallea-
ble ETT stylets are frequently used to create an anterior 
hockey stick curvature to an ETT to facilitate tracheal intu-
bation. ETT introducers can be used to perform a blind 
intubation when the glottic opening cannot be visualized 
during laryngoscopy (i.e., a Cormack-Lehane Grade III 
laryngeal view). Lighted stylets are used to blindly intu-
bate the trachea using the transillumination technique.

Endotracheal Tube Introducers
The original ETT guide was the Eschmann introducer, 
developed by Venn in 1973.221 This device, also known 

Figure 55-25. C-MAC video laryngoscope. (From Cavus E, Dörges V: 
Video laryngoscopes. In Hagberg CA, editor: Benumof and Hagberg’s 
airway management, ed 3, Philadelphia, 2013, Saunders, p. 544.)
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as the gum elastic bougie, is long enough to allow advance-
ment of an ETT over its distal end after being placed 
through the vocal cords. It also possesses an anterior 
angulation at the distal end (coudé tip) to facilitate 
maneuvering underneath the epiglottis toward the glottic 
opening, even when the glottic structures are not visual-
ized. A variety of similar introducers with different sizes 
and features are available; some are hollow to allow for 
ventilation if the need arises.

Coudé-tip introducers are particularly useful when 
only a portion of the laryngeal structures, such as only 
the tip of the epiglottis, can be visualized. Proper place-
ment of the stylet is indicated by the perception of tra-
cheal clicks as the coudé tip passes along the tracheal rings 
and by a distal hold-up as it reaches the small bronchi. An 
ETT is subsequently advanced over the introducer into 
the correct position.222

Lighted Stylets
Lighted stylets make use of the transillumination tech-
nique to blindly intubate the trachea and have been 
described in the literature as an alternative or aid to DL, 
particularly in the predicted difficult airway. Lighted sty-
lets may be particularly helpful when the presence of 
blood or heavy secretions limits visualization of the air-
way. However, because lighted stylet insertion is a blind 
technique, it is contraindicated in certain clinical situa-
tions, such as neoplasm of the airway or airway trauma. 
Because increased soft tissue leads to difficulty with trans-
illumination, this technique is less useful in the patient 
who is morbidly obese.222

To perform the transillumination technique, an ETT is 
preloaded onto the stylet. The left hand of the operator 
lifts the supine patient’s jaw by gently grasping the man-
dible and displacing it anteriorly to facilitate the inser-
tion of the stylet under the tongue. The stylet should 
be inserted using a retromolar approach. Once inserted, 
the stylet should be kept midline and advanced under 
the tongue. A well-circumscribed glow (approximately 
the size of a half dollar) should appear in the midline 
of the patient’s neck at the level of the cricoid cartilage 
(Figure 55-26), which indicates correct positioning of the 
stylet within the trachea. Subsequently, the ETT can be 
advanced over the stylet into proper position.222

TRACHEAL INTUBATION THROUGH  
A SUPRAGLOTTIC AIRWAY DEVICE

The intubating LMA (ILMA), known as the LMA Fastrach 
(LMA North America, San Diego, CA), was first described 
by Dr. Archie Brain in 1997; it became available for com-
mercial use in the United States shortly thereafter. The 
ILMA was designed as a conduit for tracheal intubation 
to facilitate ventilation between attempts at tracheal intu-
bation. The rigid handle and airway tube enable a rapid 
and precise control of mask position. An epiglottic elevat-
ing bar is designed to elevate the epiglottis as the tube is 
advanced into the bowl. A disposable, single-use version is 
available, in addition to the original reusable model. Spe-
cialized reusable or single-use tracheal tubes are designed 
to facilitate atraumatic blind intubation through the 
ILMA. The tubes are straight, wire-reinforced, and have 
a soft molded tip designed to prevent impingement on 
laryngeal structures.

The technique of inserting the ILMA differs in many 
respects from the insertion of the cLMA, and the learning 
curve is significant. A neutral head position (nonextended 
head on a support) is recommended. The ILMA handle is 
used to rotate the mask into the pharynx. Oxygenation, 
ventilation, and anesthesia are stabilized after insertion. 
If resistance to ventilation is encountered, then the posi-
tion of the ILMA is adjusted. The Chandy maneuver con-
sists of two separate maneuvers: (1) the ILMA is rotated 
in the sagittal plane until resistance to bag ventilation 
is minimal; and then (2) the ILMA is gently lifted from 
the posterior pharyngeal wall just before passage of the 
tracheal tube (Figure 55-27). The original, reusable ILMA 
should be removed soon after tracheal intubation has 
been verified because its rigidity results in high pressure 
on adjacent tissues. Although the blind technique has a 
high rate of success, intubation under vision with a FIS 
through the ILMA achieves higher first-attempt a overall 
success rates.

Other SGAs can be used to facilitate endotracheal 
intubation. The cLMA, although not designed for intu-
bation, can be an effective conduit if used in conjunc-
tion with a FIS. Because of the long and narrow airway 
tube, a microlaryngeal tube should be used. Alternatively, 
a cLMA can be exchanged for an ETT by using a FIS in 
conjunction with the Aintree intubation catheter (Cook 
Critical Care, Bloomington, IN), which is a hollow airway 
exchange catheter designed to fit over a standard intu-
bating FIS (Figure 55-28). The airQ intubating laryngeal 
airway (Cookgas, Mercury Medical, Clearwater, FL) is a 
unique SGA designed for use in both blind and FIS-guided 
intubation.

RETROGRADE INTUBATION

RI is a well-described technique for orotracheal or naso-
tracheal intubation that involves guiding an ETT into 
the trachea with a narrow, flexible guide that has been 
percutaneously placed through the CTM into the trachea 
and passed retrograde through the larynx and pharynx, 

Figure 55-26. When the tip of a lighted stylet is placed at the glottic 
opening, a well-circumscribed glow can be seen in the anterior neck 
just below the thyroid prominence.
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Figure 55-27. The Chandy maneuver consists of two steps. A, The first step is important for establishing optimal ventilation. The intubating 
laryngeal mask airway (ILMA) is slightly rotated in the sagittal plane using the handle until the least resistance to bag ventilation is achieved. B, 
The second step is performed just before blind intubation. The handle is used to lift (but not tilt) the ILMA slightly away from the posterior pha-
ryngeal wall, which facilitates the smooth passage of the endotracheal tube (ETT) into the trachea. (From Verghese C, Mena G, Ferson DZ, Brain AIJ: 
Laryngeal mask airway. In Hagberg CA, editor: Benumof and Hagberg’s airway management, ed 3, Philadelphia, 2013, Saunders, p. 457.)
Aintree catheter

Flexible intubation
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Figure 55-28. Aintree intubating catheter within a flexible intuba-
tion scope, inserted through a laryngeal mask airway. (From Henderson 
J: Airway management. In Miller RJ, editor: Anesthesia, ed 7, Philadelphia, 
2009, Churchill Livingstone.)
exiting the mouth or nose. The guide is typically a steel 
guidewire, although an epidural catheter can be used. 
This technique has several modifications, each with its 
own benefits and disadvantages, and can be successfully 
used in awake, sedated, obtunded, or apneic patients who 
have either an anticipated or unanticipated difficult air-
way.223 Indications include failure of DL; obstruction of 
the view of the vocal cords by blood, secretions, or ana-
tomic derangement; and difficult intubation scenarios 
such as unstable cervical spine, ankylosing spondylitis, 
maxillofacial trauma, or trismus. RI is also an alternative 
to FSI in developing countries where the availability of 
FISs is limited.223

The ASA “Difficult Airway Algorithm” describes RI as 
an alternative approach to difficult intubation in the non-
emergent pathway, when intubation is unsuccessful but 
mask ventilation is adequate. It is suggested that equip-
ment for RI be included in a portable storage unit for dif-
ficult airway management. RI can take several minutes to 
accomplish; therefore this technique is contraindicated 
in an emergent CICV scenario.223 Other contraindica-
tions are generally relative and include anatomic abnor-
malities (e.g., malignancy, goiter) that preclude access to 
the CTM, tracheal stenosis at the level of the CTM, coagu-
lopathy, and local infection.

The ideal position for RI is supine with the neck in 
extension, allowing easy palpation of the cricoid car-
tilage and surrounding structures. If this position is 
not possible, then RI can also be performed with the 
patient in the sitting position or with the neck in a 
neutral position. If landmarks are difficult to identify, 
then ultrasound guidance may be used. The anterior 
neck should be cleansed before puncture, and aseptic 
technique should be used. The translaryngeal puncture 
site can be performed superior or inferior to the cricoid 
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cartilage. The CTM (superior to the cricoid cartilage) has 
the advantage of being relatively avascular; however, a 
puncture at this site allows only 1 cm of space below the 
level of the vocal cords for the tip of the ETT. A puncture 
site inferior to the cricoid cartilage, at the cricotracheal 
ligament, allows the ETT to travel in a straight path with 
a long length of the ETT below the vocal cords; how-
ever, this site is associated with a greater potential for 
bleeding.223

The classic technique for RI involves using a Tuohy 
needle to puncture the CTM and an epidural catheter 
as the guide. More commonly, an IV catheter and a 
steel guidewire are used. The diameter of the guidewire 
should be small enough to fit through the IV catheter 
and should be at least twice as long as the ETT to be 
used; a guidewire with a .038” diameter (which passes 
through an 18-gauge IV catheter) and a length of 110 
cm is commonly used. Commercial kits are available 
that include all necessary equipment. Performing a RI 
with a J-tip, steel guidewire rather than an epidural 
catheter provides the following advantages: the J-tip of 
a guidewire is less traumatic to airway; the guidewire has 
a lower tendency to coil or kink retrieval of the guide-
wire from the oral or nasal cavity is easier; and the tech-
nique is quicker.223

Once the patient has been positioned, the operator’s 
nondominant hand stabilizes the trachea by placing the 
thumb and third digit on either side of the cricoid carti-
lage. The index finger is used to identify the midline of 
the CTM and the upper border of the cricoid cartilage. A 
syringe half-filled with saline is attached to an 18-gauge 
angiocatheter and advanced at a 90-degree angle to the 
CTM with the bevel facing cephalad, aspirating for air 
bubbles to confirm the position inside the trachea. The 
angle of insertion is slightly lowered, and the needle is 
removed. At this stage, reconfirmation of a position 
within the trachea and instillation of a local anesthetic 
can be performed with a second syringe filled with 2 to  
4 mL of 2% or 4% lidocaine. This transtracheal block can 
provide additional comfort to a patient who is awake or 
sedated and undergoing RI, or it can reduce the incidence 
of sympathetic stimulation and laryngospasm in a patient 
under general anesthesia.

The guidewire is then advanced through the angio-
catheter until it exits the mouth or nose. DL can be 
used to facilitate the wire exiting the mouth, if nec-
essary. The guidewire is clamped with a hemostat at 
the level of the skin of the neck to prevent migration. 
Although the ETT can then be directly advanced over 
the guidewire, a tapered guide catheter (e.g., Arndt air-
way exchange catheter) is useful to reduce the discrep-
ancy in diameter between the guide-wire and the ETT, 
which can predispose the ETT to catch on the aryte-
noids or vocal cords rather than smoothly slide into the 
trachea. The guide catheter is placed over the portion of 
the wire exiting the mouth or nose and advanced until 
it contacts the CTM. The wire is then removed, and an 
ETT is advanced over the guide catheter (Figure 55-29). 
Potential complications include bleeding (usually mini-
mal), subcutaneous emphysema, pneumomediastinum, 
pneumothorax, and injury to the posterior trachea or 
esophagus.223
DOUBLE-LUMEN TUBES AND BRONCHIAL 
BLOCKERS

Single-lung ventilation is required for certain clinical 
circumstances, including protective lung isolation from 
infection or hemorrhage, attaining adequate exposure for 
surgical procedures (e.g., video-assisted thoracoscopy), 
and for controlling the distribution of ventilation in the 
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Figure 55-29. The guidewire technique for retrograde intubation. 
A, After the placement of an 18-gauge angiocatheter through the cri-
cothyroid membrane (CTM), the J-tip of the guidewire is inserted in a 
cephalad direction until it exits the mouth or nose. B, The guide cathe-
ter is threaded over the guidewire until it contacts the  laryngeal access 
site. The guidewire is then removed from above. C, After advancing 
the guide catheter 2 to 3 cm, the endotracheal tube is advanced into 
the trachea. (Courtesy of Cook Critical Care, Bloomington, IN.)
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setting of major bronchial surgery, trauma, or fistula. 
Double-lumen tubes (DLTs) and bronchial blockers are 
two options that allow for ventilation of only one lung 
(also see Chapter 66).

DLTs have a bronchial lumen and a tracheal lumen. 
They are designated as left sided or right sided, depend-
ing on whether the bronchial lumen goes to the left or 
right main bronchus. Most commonly, a left-sided DLT is 
used to avoid blockage of the right upper lobe bronchus. 
DLTs are placed in a similar fashion to the standard ETT, 
although placement is usually more difficult attributable 
to their size and stiffness. Video laryngoscopy can facil-
itate DLT placement.224 After placing the DLT into the 
trachea, verification of the location of the bronchial port 
with a FIS should be determined. The blue bronchial cuff 
should be positioned just below the carina in the appro-
priate bronchus. Inflation of the blue bronchial balloon 
under direct visualization helps verify proper placement. 
Care should be taken to ensure that the bronchial cuff 
does not herniate over the carina. Once the DLT is prop-
erly placed, isolating a lung is possible by inflating the 
bronchial cuff and clamping either the tracheal or bron-
chial connector.

Bronchial blockers are essentially hollow, balloon-
tipped catheters that are endobronchially placed to iso-
late and deflate one lung. In some clinical situations, lung 
isolation is required, but the use of a DLT is not practical, 
because of a difficult airway, decreased size of the tracheal 
lumen, or the need for postoperative mechanical venti-
lation. In these instances, the use of a modified single-
lumen tube with an integrated bronchial blocker (e.g., 
the Univent [Fuji Systems, Tokyo, Japan]) or the use of a 
bronchial blocker in conjunction with a standard ETT is 
appropriate.

PERCUTANEOUS AIRWAYS

Percutaneous (invasive) airways are indicated as a rescue 
technique when attempts at establishing a noninvasive 
airway fail. They may also be used as a primary airway 
in some difficult airway situations when attempts at 
securing a noninvasive airway are likely to fail, such as 
a patient with a laryngeal neoplasm and critical airway 
obstruction. Options for invasive airway access include 
transtracheal jet ventilation (TTJV), cricothyrotomy, 
and tracheostomy. Whereas tracheostomy is usually per-
formed by a surgeon, the anesthesia practitioner should 
become proficient with the techniques for TTJV and cri-
cothyrotomy; the situation will inevitably arise in which 
an invasive airway will become necessary. An emergent 
situation is not the time to become familiar with a new 
technique.

TRANSTRACHEAL JET VENTILATION

Percutaneous TTJV is a relatively quick and effective but 
invasive method of oxygenation and ventilation in the 
CICV scenario when more conservative measures fail. 
The ASA “Difficult Airway Algorithm” lists TTJV as an 
emergent invasive technique to be used in patients who 
cannot be conventionally ventilated or intubated.4 TTJV 
is widely regarded as a life-saving procedure that can 
provide adequate, temporary oxygenation and ventila-
tion with less training and complications than a surgical 
airway, a last resort for obtaining an airway in the algo-
rithm.225 Nonetheless, TTJV is an invasive technique, and 
its primary use is as an emergency airway. Occasionally, it 
is used on an elective basis for laryngeal surgery.

Inspiration during TTJV is achieved by insufflation of 
pressurized oxygen through a cannula placed by needle 
cricothyrotomy. Expiration is passive as a result of the 
elastic recoil of the lungs and the chest wall. Allowing 
sufficient time for passive expiration to avoid barotrauma 
from breath stacking is imperative. Expiration occurs 
through the glottis and depends on a nonobstructed 
upper airway, which is imperative to avoid barotrauma 
and resulting pneumothorax. The egress of air through 
the glottic aperture can also provide bubbles to facilitate 
the placement of an ETT. In fact, several case reports 
have demonstrated that after the initiation of TTJV in 
an airway with little or no visualization of the glottis, 
successful intubation occurred because of the opening 
of the glottis and guidance from the bubbles with jet 
ventilation.225

TTJV should not be performed in patients who have 
sustained direct damage to the cricoid cartilage or lar-
ynx or in patients with complete upper airway obstruc-
tion. Other relative contraindications to TTJV include 
coagulopathy, obstructive pulmonary disease, and dis-
torted anatomy in which catheter placement might be 
difficult.

Typically, a 12- to 16-gauge kink-resistant catheter is 
used for TTJV. A coil-reinforced 6 Fr catheter (Cook Criti-
cal Care, Bloomington, IN) is specifically designed for 
TTJV to prevent kinking, and its Teflon coating facilitates 
its passage through the CTM into the trachea. The tech-
nique for placement is similar to the technique for RI, 
with the exception that the needle is inserted with the 
bevel facing caudally. Confirmation of proper intratra-
cheal placement of the catheter by testing for aspiration 
of air is imperative before initiating jet ventilation.

The minimum pressure required to drive a jet ventila-
tor is 15 psi. The pipeline pressure for oxygen in hospitals 
in the United States is approximately 55 psi. Commer-
cially available jet ventilators generally contain pressure 
regulators to lower the pipeline pressure to provide suc-
cessful jet ventilation while avoiding higher pressures 
that might result in barotrauma. In most instances in the 
operating room, adequate pressure for jet ventilation can 
be achieved by connecting straight to the pipeline sup-
ply. Difficulty usually arises in locations outside of the 
surgical unit where TTJV may be needed but adequate 
driving pressure is not available.225

A major complication of TTJV is barotrauma with 
resulting pneumothorax from the use of high-pressure 
oxygen. To prevent this complication, ensuring that a 
path for air egress exists and that adequate time for passive 
expiration is available is an absolute necessity. The lowest 
possible pressure that will provide adequate oxygenation 
and ventilation should be used. Other complications 
associated with TTJV include subcutaneous or mediasti-
nal emphysema, hemorrhage, aspiration, and perforation 
of the posterior wall of the trachea or esophagus.225
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CRICOTHYROTOMY

Cricothyrotomy is an invasive technique that provides 
access to the airway in situations when either noninvasive 
maneuvers have failed or when it is clinically indicated as 
a primary plan to secure the airway.226 Cricothyrotomy is 
included in the ASA “Difficult Airway Algorithm” as an 
emergent invasive technique after other rescue maneu-
vers have failed or are not feasible. Cricothyrotomy equip-
ment should be included in all emergency airway storage 
units and readily available. Cricothyrotomy is not con-
sidered a permanent airway, and, after placement, plans 
should be made for either the removal of the cricothyrot-
omy catheter or conversion to a formal tracheostomy.226

In children younger than 6 years of age (also see Chap-
ter 93), the cricoid cartilage is the narrowest portion of 
the airway and the isthmus of the thyroid gland typically 
reaches the level of the CTM; therefore cricothyrotomy 
is contraindicated. Needle cricothyrotomy with TTJV is 
indicated in this pediatric population. Other contrain-
dications to cricothyrotomy include laryngeal fractures, 
laryngeal neoplasm, subglottic stenosis, coagulopathy, 
and distorted or unidentifiable neck anatomy.

The two most common techniques for performing a 
cricothyrotomy are the percutaneous dilational cricothy-
rotomy and the surgical cricothyrotomy. For the anesthe-
siologist, the percutaneous technique is usually preferred 
because the technique is less complicated compared with 
a surgical cricothyrotomy, and because of the familiar-
ity of using the Seldinger technique for other procedures 
(e.g., central venous catheterization). Because of the loca-
tion of the cricothyroid artery and the proximity of the 
CTM to the vocal folds, puncture or incision of the CTM 
should be made in the lower third of the membrane and 
directed posteriorly (Figure 55-30).226

A number of commercially available cricothyrotomy 
kits use the percutaneous dilational technique. The basis 
for this procedure is the insertion of an airway catheter 
over a dilator that has been inserted over a guidewire. 
The patient’s neck is extended, and the cricothyroid 
groove is identified. If landmarks are difficult to identify, 
then ultrasound guidance may be used. A 1- to 1.5-cm 
vertical incision is made through the skin overlying the 
CTM. An 18-gauge needle-catheter attached to a fluid-
filled syringe is passed through the incision at a 45-degree 
angle in the caudal direction with continuous aspiration. 
Aspiration of free air confirms passage through the CTM. 
The catheter is advanced over the needle into the tra-
chea. The needle is removed, and the catheter is left in 
place. The guidewire is inserted caudally to a depth of 
approximately 2 to 3 cm. The catheter is removed, and 
the curved dilator with the airway cannula is threaded 
over the guidewire. The dilator and cannula unit is 
advanced through the CTM while maintaining control 
of the guidewire. The dilator and guidewire are removed 
together while the cannula remains in place. The cuff is 
inflated, and ventilation is attempted. Proper placement 
is confirmed by capnography, and the airway cannula is 
secured in place.226

Surgical cricothyrotomy is performed using the tech-
nique outlined in Box 55-4. A No. 20 scalpel is preferred 
because its width is sufficient for inserting a narrow tube 
without the need for extending the incision, and its length 
is such that damage to the posterior wall of the trachea is 
unlikely. This technique is the most rapid and should be 
used when equipment for the less invasive techniques is 
unavailable and speed is particularly important.10

Complications include hemorrhage, injury to the 
posterior tracheal wall or esophagus, vocal cord injury, 
laceration of the thyroid gland, and improper inser-
tion of the cannula. Placement of the airway cannula in 
the subcutaneous tissue can result in subcutaneous or 
mediastinal emphysema. Late complications from crico-
thyrotomy include swallowing dysfunction, infection, 
voice changes, and tracheal stenosis. Tracheal stenosis 
has an incidence of approximately 2% to 8% in adults 
and is more likely if preexisting trauma or infection is 
present.
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Figure 55-30. Midsagittal anatomy of the larynx and trachea. 
The access point for percutaneous cricothyrotomy is in the lower 
third of the cricothyroid membrane. (Courtesy of Cook Critical Care; 
 Bloomington, IN.)

EquipmEnt

 •  No. 20 scalpel
 •  Cuffed tracheostomy tube or endotracheal tube (ETT) with a 

6- or 7-mm internal diameter

tEchniquE

 •  Step 1: Extend the head and neck, and identify and immo-
bilize the cricothyroid membrane. (Make an initial vertical 
incision if identification is not possible.)

 •  Step 2: Make a horizontal stab incision through the skin and 
cricothyroid membrane. Leave the blade in place until the 
tracheal hook is in position (step 3).

 •  Step 3: Apply caudal and outward traction on the cricoid 
cartilage with the tracheal hook; remove the scalpel.

 •  Step 4: Insert the tube, and inflate the cuff.
 •  Step 5: Ventilate with a low-pressure source.
 •  Step 6: Confirm pulmonary ventilation.

BOX 55-4 Surgical Cricothyrotomy

Modified from Henderson J: Airway management. In Miller RJ, editor: Anes-
thesia, ed 7, Philadelphia, 2009, Churchill Livingstone.
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EXTUBATION OF THE TRACHEA

A critical component of airway management is the process 
of extubation. Although considerable emphasis is placed 
on the problems that can arise during induction and intu-
bation, the risk for complications can potentially be more 
frequent during extubation of the trachea.227 Analysis of 
the ASA Closed Claims database has shown that although 
the number of claims for death and brain damage during 
intubation have decreased since the adoption of the ASA 
Practice Guidelines for Management of the Difficult Airway, 
the number of claims arising from injury at extubation 
and during recovery have not decreased.1 In response to 
these trends and in the absence of any well-established 
strategies for the management of tracheal extubation, 
the Difficult Airway Society (DAS) established a set of 
guidelines in 2012 to “discuss the problems arising dur-
ing extubation and recovery” and to “promote a strategic, 
stepwise approach to extubation.”228

A number of complications can arise during extuba-
tion (Box 55-5); although some of these complications 
are minor with no long-term sequelae, others can lead 
to a failed extubation. Failed extubation can result from 
the failure of oxygenation, failure of ventilation, inad-
equate clearance of pulmonary secretions, or loss of air-
way patency.229 If an airway is not quickly reestablished, 
then serious complications, including death, may result. 
As such, the anesthesia practitioner needs to stratify the 
extubation risk preemptively and establish an extubation 
plan before attempting extubation. Per the DAS guide-
lines, risk stratification can be accomplished by consid-
ering the following: (1) whether the airway was normal 
and uncomplicated at induction; (2) whether the airway 
has become difficult to manage as a result of surgical 
changes, trauma, or nonsurgical factors; and (3) whether 
the patient has general risk factors for an unsuccessful 
extubation.228

GENERAL CONSIDERATIONS FOR 
EXTUBATION OF THE TRACHEA

For both routine and difficult extubation scenarios, an 
extubation plan must be preemptively formulated, includ-
ing a plan for reintubation that can be implemented 
should the patient be unable to maintain an adequate air-
way after extubation.4 The decision of whether to extubate 
the trachea when the patient is fully awake versus a deep 

 •  Laryngospasm and bronchospasm
 •  Upper airway obstruction
 •  Hypoventilation
 •  Hemodynamic changes (hypertension, tachycardia)
 •  Coughing and straining, leading to surgical wound dehiscence
 •  Laryngeal or airway edema
 •  Negative-pressure pulmonary edema
 •  Paradoxical vocal cord motion
 •  Arytenoid dislocation
 •  Aspiration

BOX 55-5 Complications Associated  
With Extubation
extubation before the return of consciousness should be 
made based on the risks and benefits of each technique. The 
awake patient can more easily maintain a patent airway, 
attributable to the recovery of awake pharyngeal muscle 
tone and airway reflexes. Deep extubation avoids coughing 
and adverse hemodynamic effects but risks upper airway 
obstruction and hypoventilation. An alternative extuba-
tion technique, known as the Bailey maneuver, involves 
exchanging an ETT for an SGA while the patient is under 
deep anesthesia.230 Extubation during a light plane of anes-
thesia (stage II) can increase the risk for laryngospasm and 
other airway complications and should be avoided.

General preparations for extubation should include 
ensuring adequate reversal or recovery from neuromus-
cular blockade, hemodynamic stability, normothermia, 
and adequate analgesia. Patients should be preoxygen-
ated with a 100% fraction of inspired oxygen concentra-
tion (Fio2), and alveolar recruitment maneuvers should be 
considered if appropriate. Suctioning of the pharynx (and 
the trachea, if indicated), the removal of throat packs, 
and the placement of a bite block should be performed 
while the patient is under deep anesthesia.10 Bite blocks 
are essential for an awake intubation to prevent biting of 
the tube during emergence, which can result in airway 
obstruction and the development of negative-pressure 
pulmonary edema. Oropharyngeal airways are not rec-
ommended for use as a bite block because they can result 
in dental damage; rather, taped, rolled gauze securely 
inserted between the molars should be used.231

Gastric insufflation with air can increase the risk of 
pulmonary aspiration after extubation and can impede 
ventilation. Patients in whom mask ventilation with 
high pressures is necessary should have an orogastric tube 
placed and suctioned before extubation.

The sniffing position is the standard position for extu-
bation; its major advantage is that the patient is optimally 
positioned for airway management, if necessary. Patients 
who are morbidly obese and other patients at risk for 
hypoventilation and airway obstruction can benefit from 
extubation in the head-up position. The lateral decubitus 
position may be the preferred option when the risk for 
pulmonary aspiration is high.10

Application of positive pressure immediately before 
cuff deflation may help expel secretions that have col-
lected above the ETT cuff. Inspection of the pilot balloon 
to ensure complete cuff deflation before extubation is 
essential; extubation with an inflated cuff can cause vocal 
cord injury or arytenoid dislocation.

EXTUBATION OF THE DIFFICULT AIRWAY

Many surgical and anesthetic factors can increase extuba-
tion risk; a summary of the most pertinent factors is listed 
in Box 55-6. Although several techniques can be used to 
manage extubation of the difficult airway, including the 
Bailey maneuver and remifentanil infusion,228 the use of 
an airway exchange catheter (AEC) is most common and 
recommended by the ASA’s Task Force on Management 
of the Difficult Airway. This hollow reintubation guide 
is passed through the ETT before extubation and kept in 
situ until the possible need for reintubation has passed. 
AECs have the additional capability of maintaining 



oxygenation or monitoring respiration by connection 
to a capnograph. Smaller AECs (11 Fr) are generally well-
tolerated by awake patients, who can breathe, talk, and 
cough around them. They should be secured with tape in 
place to prevent accidental dislodgement and labeled to 
distinguish them from traditional feeding tubes, which 
can have a similar appearance. Reintubation over an AEC, 
if necessary, can be facilitated by gentle DL to retract the 
tongue and oropharyngeal soft tissue.

SUMMARY

Airway management is at the core of safe anesthetic 
practice. The anesthesia practitioner must have a funda-
mental knowledge of airway anatomy, physiology, and 
pharmacology, and well-developed skills in the use of a 
wide variety of airway devices. Although most airways 
are straightforward, management of the difficult airway 
remains one of the most relevant and challenging tasks 
for anesthesia care providers. Prediction and anticipation 
of the difficult airway and the formulation of an airway 
management plan are essential. Many airway problems 
can be solved with relatively simple devices and tech-
niques; however, experience and good clinical judgment 
are necessary for their successful application. Newer 
airway devices with the potential to improve patient 
outcomes are continually being developed. Anesthesia 
providers must concurrently develop their skills and learn 
new techniques to be prepared when difficulty presents 
itself. Competency-based training with routine assess-
ment of clinical ability with airway techniques is likely in 
the future for all practitioners involved in airway manage-
ment. Expertise comes from dedicated practice and a com-
mitment from the practitioner for career-long learning.
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Spinal, Epidural, and Caudal 
Anesthesia
RICHARD BRULL • ALAN J.R. MACFARLANE • VINCENT W.S. CHAN

K e y  P o i n t s

 •  The distal termination of the spinal cord varies from L3 in infants to the lower 
border of L1 in adults.

 •  The speed of neural blockade depends on the size, surface area, and degree of 
myelination of the nerve fibers exposed to the local anesthetic.

 •  Blockade of the peripheral (T1-L2) and cardiac (T1-T4) sympathetic fibers is 
responsible for the decrease in arterial blood pressure (cardiac output and systemic 
vascular resistance) associated with neuraxial techniques.

 •  Cerebrospinal fluid volume and local anesthetic baricity are the most important 
determinants for the spread (i.e., block height) of spinal anesthesia.

 •  The use of smaller-gauge spinal needles decreases the incidence of post–dural 
puncture headache.

 •  Serious neurologic complications associated with neuraxial blockade are rare.
 •  The use of low-molecular-weight heparin and potent platelet inhibitors increases 

the risk of epidural hematoma from neuraxial blockade.
 •  Epidural blood patches are greater than 90% effective in relieving post–dural 

puncture headache.
 •  Local anesthetic systemic toxicity results from unintentional administration of the 

drug into an epidural vein.
 •  Use of neuraxial blockade can reduce perioperative morbidity and mortality.

Acknowledgment: The editors and publisher would like to thank Dr. David L. Brown for contributing a  
chapter on this topic to the prior edition of this work. It has served as the foundation for the current chapter.
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PRINCIPLES

Spinal, epidural, and caudal neuraxial blocks result in 
one or a combination of sympathetic blockade, sensory 
blockade, or motor blockade depending on the dose, 
concentration, or volume of local anesthetic admin-
istered. Despite these similarities, there are significant 
technical, physiologic, and pharmacologic differences. 
Spinal anesthesia requires a small mass (i.e., volume) 
of drug that is almost devoid of systemic pharmaco-
logic effects to produce rapid (<5 minutes), profound, 
reproducible sensory analgesia. In contrast, epidural 
and caudal anesthesia progress more slowly (>20 min-
utes) after a large mass of local anesthetic that pro-
duces pharmacologically active systemic blood levels, 
which may be associated with side effects and compli-
cations unknown to spinal anesthesia. The introduc-
tion of combined spinal and epidural techniques blurs 
some of these differences, but also adds flexibility to 
clinical care.
PRACTICE

Neuraxial blockade has a wide range of clinical applications  
for surgery, obstetrics, acute postoperative pain manage-
ment, and chronic pain relief. Single-injection spinal or 
epidural anesthesia with local anesthetic is most com-
monly used for surgery to the lower abdomen, pelvic 
organs (e.g., prostate), and lower limbs, and for cesarean 
deliveries. Continuous catheter-based epidural infusions 
of dilute local anesthetics and opioids are used for obstet-
ric labor analgesia and postoperative pain relief after major 
surgery (e.g., thoracic, abdominal, lower limb) to provide 
analgesia for days. Evidence demonstrating that epidural 
analgesia can reduce cardiovascular and pulmonary mor-
bidity and mortality in high-risk patients  undergoing 
major thoracic and abdominal surgery served to propel the 
practice of epidural analgesia at the beginning of the mil-
lennium.1 More recently, however, the goals of epidural 
analgesia have shifted from reduction of morbidity and 
mortality in high-risk patients to facilitation of fast-track 



Chapter 56: Spinal, Epidural, and Caudal Anesthesia 1685
recovery in otherwise healthy patients undergoing vari-
ous types of elective inpatient surgical procedures. Cau-
dal blocks are mostly performed for surgical anesthesia 
and analgesia in children, and for therapeutic analgesia 
in adults with chronic pain. Indwelling spinal catheters 
can be applied long term (from months to years) for the 
treatment of chronic malignant and nonmalignant pain.

HISTORICAL PERSPECTIVES

The first case of spinal anesthesia in humans was per-
formed by August Bier in 1898 using the local anesthetic 
cocaine.2 Subsequently, spinal anesthesia was successfully 
performed using procaine by Braun in 1905, tetracaine by 
Sise in 1935, lidocaine by Gordh in 1949, chloroprocaine 
by Foldes and McNall in 1952, mepivacaine by Dhunér 
and Sternberg in 1961, and bupivacaine by Emblem in 
1966. Spinal anesthesia using ropivacaine and levobupiva-
caine was introduced in the 1980s. The year 1901 marked 
the first reported use of intrathecal morphine described 
by Racoviceanu-Pitesti, as well as the first description 
of caudal anesthesia reported by Cathleen. Lumbar epi-
dural anesthesia in humans was first described by Pagés 
in 1921, the loss-of-resistance technique by Dogliotti in 
the 1930s, continuous caudal for obstetrics by Hingson in 
1941, and lumbar epidural catheterization for surgery by 
Curbelo in 1947.3 The use of epidural morphine analgesia 
was first reported by Behar in 1979.

Despite the extensive experience using neuraxial 
techniques throughout the past century, several events 
caused major setbacks along the way, including the 
Woolley and Roe case detailing paraplegia after spinal 
anesthesia in 1954,4 the reports of persistent neurologic 
deficits and adhesive arachnoiditis with spinal chloro-
procaine in the early 1980s, and cauda equina syndrome 
with continuous spinal lidocaine anesthesia in the early 
1990s.5 More recently, the potential for catastrophic epi-
dural hematoma with newer potent anticoagulants (e.g., 
low-molecular-weight heparin [LMWH]) and antiplatelet 
agents (e.g., clopidogrel) has caused concern.6

ANATOMY

The spinal cord is continuous with the brainstem proxi-
mally and terminates distally in the conus medullaris as 
the filum terminale (fibrous extension) and the cauda 
equina (neural extension). This distal termination varies 
from L3 in infants to the lower border of L1 in adults 
because of differential growth rates between the bony ver-
tebral canal and the central nervous system.

Surrounding the spinal cord in the bony vertebral 
column are three membranes (from innermost to outer-
most): the pia mater, the arachnoid mater, and the dura 
mater (Fig. 56-1). The cerebrospinal fluid (CSF) resides in 
the space between the pia mater and the arachnoid mater, 
termed the subarachnoid (or intrathecal) space. The pia 
mater is a highly vascular membrane that closely invests 
the spinal cord and brain. Approximately 500 mL of CSF 
is formed daily by the choroid plexuses of the cerebral 
ventricles, with 30 to 80 mL occupying the subarachnoid 
space from T11-T12 downward. The arachnoid mater is 
a delicate, nonvascular membrane that functions as the 
principal barrier to drugs crossing into (and out of) the 
CSF and is estimated to account for 90% of the resistance 
to drug migration.7 As Liu and McDonald8 and Bernards9 
emphasize, the functional proof of the arachnoid’s role as 
the primary barrier to flow is the observation that spinal 
CSF resides in the subarachnoid, and not the subdural, 
space. The outermost layer is the dura.

Surrounding the dura mater is the epidural space, 
which extends from the foramen magnum to the sacral 
hiatus and surrounds the dura mater anteriorly, laterally, 
and posteriorly. The epidural space is bound anteriorly 
by the posterior longitudinal ligaments, laterally by the 
pedicles and intervertebral foramina, and posteriorly by 
the ligamentum flavum. Contents of the epidural space 
include the nerve roots and fat, areolar tissue, lymphat-
ics, and blood vessels including the well-organized Batson 
venous plexus.

Posterior to the epidural space is the ligamentum fla-
vum (the so-called yellow ligament), which also extends 
from the foramen magnum to the sacral hiatus. Although 
classically portrayed as a single ligament, it is actually 
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Pia mater

Dura mater
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Figure 56-1. Spinal cord anatomy. Notice the termination of the  
spinal cord (i.e., conus medullaris) at L1-L2 and termination of the 
dural sac at S2.
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Figure 56-2. Vertebral anatomy. A, Sagittal view. 
B, Oblique view of the lumbar vertebrae showing 
the ligamentum flavum thickening in the caudad 
extent of the intervertebral space and in the midline.  
C, Oblique view of a single lumbar vertebra.
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comprised of two ligamenta flava—the right and the 
left—which join in the middle and form an acute angle 
with a ventral opening (Fig. 56-2).10,11 The ligamentum 
flavum is not uniform from skull to sacrum, nor even 
within an intervertebral space. Ligament thickness, dis-
tance to the dura, and skin-to-dura distance vary with the 
area of the vertebral canal. The vertebral canal is triangu-
lar and largest in area at the lumbar levels, and it is cir-
cular and smallest in area at the thoracic levels. The two 
ligamenta flava are variably joined (fused) in the midline, 
and this fusion or lack of fusion of the ligamenta flava 
even occurs at different vertebral levels in individual 
patients.10 Immediately posterior to the ligamentum fla-
vum are the lamina and spinous processes of vertebral 
bodies or the interspinous ligaments. Extending from the 
external occipital protuberance to the coccyx posterior to 
these structures is the supraspinous ligament, which joins 
the vertebral spines (see Fig. 56-2).

There are 12 thoracic vertebrae, 5 lumbar vertebrae, 
and a sacrum. The vertebral arch, spinous process, pedi-
cles, and laminae form the posterior elements of the ver-
tebra, and the vertebral body forms the anterior element. 
The vertebrae are joined together anteriorly by the fibro-
cartilaginous joints with the central disks containing the 
nucleus pulposus, and posteriorly by the zygapophyseal 
(facet) joints. The thoracic spinous process is angulated 
steeply caudad as opposed to the almost horizontal angu-
lation of the lumbar spinous process. This is a clinically 
important distinction for needle insertion and advance-
ment in the thoracic versus lumbar levels.

The sacral canal contains the terminal portion of the 
dural sac, which typically ends at S2. Variation is found in 
this feature as well, with the termination of the dural sac 
being lower in children. In addition to the dural sac, the 
sacral canal contains a venous plexus, which is part of the 
valveless internal vertebral venous plexus. The volume of 
the caudal canal in adults, excluding the foramina and 
dural sac, is about 10 to 27 mL. Perhaps this wide variabil-
ity in volume accounts for some of the variation in block 
height with caudal anesthesia (Fig. 56-3).12

BLOOD SUPPLY

Blood is supplied to the spinal cord from one anterior 
spinal artery (originating from the vertebral artery), two 
posterior spinal arteries (originating from the inferior cer-
ebellar artery), and the segmental spinal arteries (origi-
nating from the intercostal and lumbar arteries).13 The 
spinal arteries enter the spinal canal at each intervertebral 
foramen and give off branches to both the nerve roots 
and the medullary branches to the spinal cord; one of 
the major branches is the artery of Adamkiewicz, vari-
ably entering between T7 and L4 on the left, which sup-
plies the lower thoracic and upper lumbar regions. The 
anterior two thirds of the spinal cord is supplied by the 
anterior arterial branches and the posterior one third by 
the posterior branches. The anterior and deep portion of 
the cord (gray matter) is most prone to ischemia (lead-
ing to anterior horn motor neuron injury, or anterior 
spinal syndrome) because there are fewer anterior medul-
lary feeder vessels than posterior feeder vessels. Likewise, 
the midthoracic part of the spinal cord (from T3 to T9) is 
most at risk where segmental medullary feeder vessels are 
rare. Venous drainage of the spinal cord follows a similar 
distribution as the spinal arteries. There are three longi-
tudinal anterior spinal veins and three posterior spinal 
veins that communicate with the segmental anterior and 
posterior radicular veins before draining into the internal 
vertebral venous plexus in the medial and lateral com-
ponents of the epidural space. There are no veins in the 
posterior epidural space except those caudal to the L5-S1 
disk.
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Figure 56-3. Anatomic variants of the sacrum and sacral 
hiatus. A, Normal. B, Longitudinal slitlike hiatus. C, Second 
midline hiatus. D, Transverse hiatus. E, Large hiatus with 
absent cornua. F, Transverse hiatus with absent coccyx, two 
prominent cornua, and two proximal “decoy hiatuses lat-
eral to the cornua.” G-I, Large midline defects contiguous 
with the sacral hiatus. J-L, Enlarged longitudinal hiatuses, 
each with an overlying decoy hiatus. (From Willis RJ: Caudal  
epidural block. In Cousins MN, Bridenbaugh PO, editors:  
Neural blockade in clinical anesthesia and management of 
pain, ed 2, Philadelphia, 1988, JB Lippincott, p 365.)

C

F

I

A B

D E

G H

J K L
ANATOMIC VARIATIONS

NERVE ROOTS

The spinal nerve roots are not uniform in size and struc-
ture. Specifically, Hogan and Toth14,15 have shown that 
there is considerable interindividual variability in nerve 
root size. These differences may help to explain the 
interpatient differences in neuraxial block quality when 
equivalent techniques are used on seemingly similar 
patients. Another anatomic relationship may affect neur-
axial blocks; although generally larger than the ventral 
(motor) roots, the dorsal (sensory) roots are often blocked 
more easily. This apparent paradox is explained by orga-
nization of the dorsal roots into component bundles, 
which creates a much larger surface area on which the 
local anesthetics act, possibly explaining why larger sen-
sory nerves are blocked more easily than smaller motor 
nerves.8
CEREBROSPINAL FLUID

Lumbosacral CSF has a constant pressure of approxi-
mately 15 cm H2O, but its volume varies by patient, in 
part because of differences in body habitus and weight.16 
It is estimated that CSF volume accounts for 80% of the 
variability in peak block height and regression of sen-
sory and motor blockade. Nevertheless, except for body 
weight (less CSF in subjects with high body mass index 
[BMI]), the volume of CSF does not correlate with other 
anthropomorphic measurements available clinically.17 
(see Factors Affecting Block Height, later in the chapter)

EPIDURAL SPACE

Hogan’s10 study of frozen cryomicrotome cadaver sec-
tions suggests that the epidural space is more segmented 
and less uniform than previously believed from indirect 
anatomic analysis. Another study by Hogan18 has also 
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shown in cadavers that the spread of solution after epi-
dural injection into the tissues of the epidural space is 
nonuniform, and he postulated that this accounts for 
the clinical unpredictability of epidural drug spread. 
This lack of uniformity also extends to age-related dif-
ferences. There is evidence that adipose tissue in the 
epidural space diminishes with age,19 and this decrease 
in epidural space adipose tissue may dominate the 
age-related changes in epidural dose requirements (see 
Chapter 80).

MECHANISM OF ACTION

Local anesthetic binding to nerve tissue disrupts nerve 
transmission, resulting in neural blockade. For spinal and 
epidural anesthesia, the target binding sites are located 
within the spinal cord (superficial and deep portions) 
and on the spinal nerve roots in the subarachnoid and 
epidural spaces. The spinal nerve roots and dorsal root 
ganglia are considered the most important sites of action. 
Nerves in the subarachnoid space are highly accessible 
and easily anesthetized, even with a small dose of local 
anesthetic, compared with the extradural nerves, which 
are often ensheathed by dura mater (the “dural sleeve”). 
The speed of neural blockade depends on the size, sur-
face area, and degree of myelination of the nerve fibers 
exposed to the local anesthetic. Anatomic studies show 
that the S1 and L5 posterior roots are the largest and thus 
most resistant to blockade during epidural anesthesia.15 
Smaller nerves are more sensitive to the effects of local 
anesthetics because of their relatively high membrane 
surface area to axon unit volume ratio. For example, the 
small preganglionic sympathetic fibers (B fibers, 1 to 3 μm,  
minimally myelinated) are most sensitive to local anes-
thetic blockade. Among the sensory nerves, the C fibers 
(0.3 to 1 μm, unmyelinated), which conduct cold temper-
ature sensation, are blocked more readily or earlier than 
the A-delta fibers (1 to 4 μm, myelinated), which conduct 
pinprick sensation. The A-beta fibers (5 to 12 μm, myelin-
ated), which conduct touch sensation, are the last to be 
affected among the sensory fibers. The larger A-alpha 
motor fibers (12 to 20 μm, myelinated) are more resistant 
than any of the sensory fibers. Regression of blockade 
(“recovery”) follows in the reverse order: motor function 
followed first by touch, then pinprick, and finally cold 
sensation.20 Another manifestation of relative sensitivity 
or susceptibility to the effects of local anesthetics is the 
observed differences in the peak block height (highest or 
most cephalad level of anesthesia) according to each sen-
sory modality, which is termed differential sensory block. 
For example, the level of anesthesia to cold sensation 
(also an approximate level of sympathetic blockade) is 
most cephalad and is on average one to two spinal seg-
ments higher than the level of pinprick anesthesia, which 
in turn is one to two segments higher than the level of 
touch anesthesia.21

DRUG UPTAKE

When local anesthetic is injected directly into the sub-
arachnoid space during spinal anesthesia, it diffuses 
through the pia mater and penetrates through the spaces 
of Virchow-Robin (extensions of the subarachnoid space 
accompanying the blood vessels that invaginate the spi-
nal cord from the pia mater) to reach the deeper dorsal 
root ganglia.22 Furthermore, a portion of the subarach-
noid drug diffuses outward through the arachnoid and 
dura mater to enter the epidural space,23 whereas some is 
taken up by the blood vessels of the pia and dura maters.24

Drug penetration and uptake is directly proportionate 
to the drug mass, CSF drug concentration, contact surface 
area, lipid content (high in spinal cord and myelinated 
nerves), and local tissue vascular supply, but is inversely 
related to nerve root size. The concentration of local anes-
thetic in the CSF is highest at the site of subarachnoid 
injection in the case of spinal anesthesia (generally L2-L4 
levels).

For epidural anesthesia, drug uptake is more complex. 
Some of the injected local anesthetic will move from the 
epidural space through the meninges into the CSF to 
exert its neural blocking effect, whereas some will be lost 
through vascular absorption into the capillary vessels and 
into the systemic circulation and uptake into epidural fat. 
The bioavailability of local anesthetics found in the CSF 
after epidural administration is low (<20%).

DRUG DISTRIBUTION

Diffusion is the primary mechanism of local anesthetic 
distribution in the CSF from areas of high concentration 
(i.e., at the site of injection) toward other segments of the 
spinal cord with low drug concentration.25 Rostral spread 
after the administration of a small local anesthetic dose, 
often evident within 10 to 20 minutes, is related to the 
CSF circulation time. Longitudinal oscillations generated 
by the pulsations of the arteries in the skull are believed 
to be responsible for CSF bulk flow. This likely facilitates 
the cephalad distribution of local anesthetic from the 
lumbar subarachnoid space to the basal cisterns within 1 
hour of injection.

Drug distribution in the epidural space is more complex, 
with possible contributions from one, some, or all of the 
following mechanisms: (1) crossing the dura mater into 
the subarachnoid space, (2) rostral and caudal (longitudi-
nal) spread within the epidural space, (3) circumferential 
spread within the epidural space, (4) exit of the epidural 
space through the intervertebral foramina, (5) binding  
to epidural fat, and (6) vascular absorption into the epi-
dural vessels. Longitudinal spread of local anesthetic by 
bulk flow within the epidural space may occur after the 
administration of a larger dose (i.e., volume). Factors that 
may enhance the distribution of local anesthetic within 
the epidural space are small caliber (greater spread in the 
thoracic space), increased epidural space compliance, 
decreased epidural fat content, decreased local anesthetic 
leakage through the intervertebral foramina (e.g., elderly 
and spinal stenosis), and increased epidural pressure  
(e.g., pregnancy).26 Drug is also preferentially distributed 
from areas of high to low concentration. Finally, the 
direction of drug spread varies with the vertebral level—
that is, epidural spread is mostly cephalad in the lumbar 
region, caudad after a high thoracic injection, and mostly 
cephalad spread after a low thoracic injection.26
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DRUG ELIMINATION

Regression of neural blockade results from a decline in 
the CSF drug concentration, which in turn is caused by 
nonneural tissue uptake and, most importantly, vascu-
lar absorption. Time for block regression is also inversely 
correlated with CSF volume.27 Drug is absorbed by the 
vessels in the pia mater or the epidural vessels through 
back diffusion before entering the systemic circulation. 
No drug metabolism takes place in the CSF. The rate of 
elimination is also dependent on the distribution of local 
anesthetic; greater spread will expose the drug to a larger 
area for vascular absorption and thus a shorter duration 
of action. Lipid-soluble local anesthetics (e.g., bupiva-
caine) bind to epidural fat to form a depot that can slow 
vascular absorption.

PHYSIOLOGIC EFFECTS

Safe conduct of spinal, epidural, and caudal anesthe-
sia requires an appreciation of their physiologic effects. 
Neuraxial anesthesia evokes blockade of the sympathetic 
and somatic (sensory and motor) nervous systems, along 
with compensatory reflexes and unopposed parasympa-
thetic activity.28 The physiologic effects of epidural anes-
thesia are similar to those of spinal anesthesia, with the 
exception that local anesthetic blood levels reach concen-
trations sufficient enough to produce systemic effects on 
their own.

CARDIOVASCULAR

The effects of neuraxial blocks on blood pressure are simi-
lar in some ways to the combined use of intravenous α1- 
and β-adrenergic blockers on cardiac output: decreased 
stroke volume and heart rate (see Chapter 20) caused by 
blockade of the peripheral (T1-L2) and cardiac (T1-T4) 
sympathetic fibers as well as adrenal medullary secretion. 
The decrease in arterial blood pressure is believed to be 
more gradual and of less magnitude with epidural than 
with spinal anesthesia of comparable levels. However, 
when tetracaine (10 mg) spinal anesthesia was compared 
with lidocaine (20 to 25 mL of a 1.5% solution) epidural 
anesthesia, there was a larger decrease in arterial blood 
pressure (approximately 10%) with the epidural technique 
than with the spinal anesthetic.29 Of prime importance, 
the extent to which arterial blood pressure decreases with 
either technique depends on multiple factors, including 
patient age and intravascular volume status.

Stroke Volume
Sympathectomy usually decreases stroke volume. Venous 
and arterial vasodilation reduces preload (venous return) 
and afterload (systemic vascular resistance), respectively. 
Because of the large amount of blood that resides in the 
venous system (approximately 75% of the total blood 
volume), the venodilation effect predominates, owing 
to the limited amount of smooth muscle in venules; 
in contrast, the vascular smooth muscle on the arterial 
side of the circulation retains a considerable degree of 
autonomous tone. Cardiac output is thought to be either 
maintained or slightly decreased during the onset of spi-
nal anesthesia. Yet a biphasic response, characterized 
by an early transient increase followed by an eventual 
decrease in cardiac output,30 has been observed. This ini-
tial increase is caused by a greater magnitude of decline 
in the systemic vascular resistance than by venous return, 
especially in elderly patients with preexisting hyperten-
sion and high baseline systemic vascular resistance (also 
see Chapter 80).

The vasodilatory changes after neuraxial blockade that 
can affect cardiac output depend on each patient’s base-
line sympathetic tone (i.e., higher sympathetic tone in 
the elderly equates to a greater hemodynamic change) 
and the extent of the sympathectomy (i.e., the height of 
the block). The extent of the sympathectomy is typically 
described as extending for two to six dermatomes above 
the sensory block level with spinal anesthesia and at the 
same level with epidural anesthesia.31 If normal cardiac 
output is maintained, systemic vascular resistance should 
decrease only 15% to 18% after neuraxial blockade in 
healthy normovolemic patients, even with nearly total 
sympathectomy. In elderly patients with cardiac disease, 
systemic vascular resistance may decrease almost 25% 
after spinal anesthesia, whereas cardiac output decreases 
only 10%.32 Determination of baseline autonomic ner-
vous system activity (e.g., blood pressure variability sig-
naled by low-frequency band power and near-infrared 
spectroscopy reduction) has been found to predict the 
risk of hypotension in the elderly.30

Heart Rate
Heart rate may decrease during a high neuraxial block as 
a result of blockade of the cardioaccelerator fibers arising 
from T1-T4.

Heart rate may also decrease in the presence of exten-
sive peripheral sympathectomy (T5-L2), with venous pool-
ing in the lower extremity and the abdominal and pelvic 
viscera. Although hypotension will trigger a compensa-
tory baroreceptor sympathetic response (vasoconstriction 
and increased heart rate) above the level of blockade, the 
reduction in venous return and right atrial filling causes 
a decrease in signal output from intrinsic chronotropic 
stretch receptors located in the right atrium and great 
veins,31 leading to a marked increase in parasympathetic 
activity (vagal tone). The two opposing responses are usu-
ally in check with a minimal change in heart rate (or a 
slight reduction). However, when neuraxial anesthesia 
is extended to the T1 level, blockade of the cardioaccel-
erator fibers in addition to a marked reduction in venous 
return may result in severe bradycardia and even asystole 
because of unopposed parasympathetic activity. However 
rare, the likelihood of cardiac arrest appears to be more 
likely in young, healthy, and conscious patients.33 The 
Bezold-Jarisch reflex may be a possible cause of profound 
bradycardia and circulatory collapse after spinal anesthe-
sia, especially in the presence of hypovolemia, when a 
small end-systolic left ventricular volume may trigger a 
mechanoreceptor-mediated bradycardia.34

Coronary Blood Flow
When coronary artery blood flow and myocardial metabo-
lism were determined in humans during spinal anesthesia 
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to T4 in hypertensive and normotensive patients, decreases 
in coronary blood flow (153 to 74 mL/100 g per minute) 
paralleled the decrease in mean arterial blood pressure  
(119 to 62 mm Hg), and the percent extraction of myo-
cardial oxygen was unchanged (75% to 72%). Extraction 
of oxygen was unchanged because myocardial work, as 
expressed by myocardial use of oxygen, paralleled the 
decrease in mean arterial blood pressure and coronary 
blood flow (16 to 7.5 mL/100 g per minute).35 A high tho-
racic block in patients with ischemic heart disease can be 
beneficial, with improvement in global and regional myo-
cardial function and reversal of ischemic changes likely 
a result of reduced myocardial oxygen demand and left 
ventricular afterload.36 Both infarction size and ischemia-
induced arrhythmias improved in coronary occlusion 
experiments in animals, with no apparent vasodilatory 
effect on the coronary vessels.37 These data support the 
observations by Stanley and co-workers38 but still do not 
provide a patient-by-patient indication of the organ most 
at risk for flow-related ischemia.

Treatment
The clinical question of what level of decrease in arte-
rial blood pressure after a neuraxial block is acceptable 
without a significant decrease in organ perfusion (e.g., 
brain, liver, gut) remains to be answered, although some 
human and animal data are available (see respective sec-
tions). Once arterial blood pressure decreases to a level at 
which treatment is believed to be necessary, ephedrine, 
a mixed adrenergic agonist, provides more appropriate 
therapy for the noncardiac circulatory sequelae of neur-
axial block than does a pure α-adrenergic agonist (see 
Chapters 16 and 20), unless the patient has a specific and 
defined arterial blood pressure requirement.39 That the 
decrease in arterial blood pressure after neuraxial block 
can be minimized by the administration of crystalloids 
intravenously is probably not a valid concept. Specifi-
cally, 250- to 2000-mL preblock hydration regimens may 
temporarily increase preload and cardiac output but do 
not consistently increase arterial blood pressure or pre-
vent hypotension.8 Useful techniques to prevent hypo-
tension include the repeated low-dose local anesthetic 
boluses through a continuous spinal catheter,40 small-
dose unilateral spinal anesthesia, and selective small-dose 
spinal anesthesia.

CENTRAL NERVOUS SYSTEM

Spinal anesthesia–induced hypotension may decrease 
regional cerebral blood flow (CBF) in elderly patients and 
those with preexisting hypertension. In a study of elderly 
patients who had hypotension during bupivacaine spi-
nal anesthesia, Minville and colleagues demonstrated 
a significant but transient decrease of middle cerebral 
artery blood flow velocity and an increase in cerebral 
vascular resistance, both of which suggest a decrease in 
cerebral perfusion.41 There was no change in cognitive 
function after surgery in any of these patients. Both CBF 
and velocity decline as a result of changes in the cerebral 
vasculature, especially in the elderly. Whether cerebral 
autoregulation is impaired in the elderly is still debatable 
(see Chapter 80).
Kety and colleagues42 demonstrated that produc-
ing spinal anesthesia to the midthoracic levels with 
procaine, even in patients with essential hypertension, 
results in a decrease in mean arterial blood pressure 
of 26% (155 to 115 mm Hg) accompanied by a 12%  
(52 to 46 mL/100 g per minute) decrease in CBF. When 
the level of spinal anesthesia was purposely increased 
to produce higher levels of block (T4) in normotensive 
and hypertensive patients, CBF was unchanged in the 
normotensive group (45 to 46 mL/100 g per minute), 
whereas a 19% decrease occurred in the apparently 
untreated hypertensive patients (46.5 to 37.5 mL/100 g 
per minute).43

RESPIRATORY

Alterations in pulmonary variables in healthy and even in 
elderly patients during neuraxial block are usually of little 
clinical consequence.44 A decrease in vital capacity follows 
a reduction in expiratory reserve volume related to paralysis 
of the abdominal muscles necessary for forced exhalation 
rather than a decrease in phrenic or diaphragmatic func-
tion.45 Blockade of the intercostal and abdominal muscles 
during neuraxial anesthesia is adequately compensated 
by unaltered function of the diaphragm and other acces-
sory respiratory muscles (e.g., sternomastoid, scalenes), 
especially for forceful inspiration and expiration.46 None-
theless, neuraxial block should be used cautiously in the 
setting of severe respiratory disease because paralysis of the 
intercostal and abdominal muscles is common. However 
rare, respiratory arrest associated with spinal anesthesia is 
often unrelated to phrenic or inspiratory dysfunction but 
rather to hypoperfusion of the respiratory centers in the 
brainstem. Supportive evidence for this concept is observed 
after resuscitation, when apnea almost always disappears 
as soon as pharmacologic and intravascular fluid therapies 
have restored cardiac output and arterial blood pressure.

Pregnancy
In young healthy pregnant women undergoing cesarean 
delivery, spinal bupivacaine, ropivacaine, and levobupi-
vacaine affect pulmonary function minimally (a reduc-
tion of 3% to 6% for forced vital capacity [FVC] and  
6% to 13% for peak expiratory flow rate [PEFR]), irre-
spective of the peak sensory block level.47 However, in 
overweight pregnant women, vital capacity declines even 
more (24% vs 11%) and recovers more slowly compared 
with normal-weight pregnant women after hyperbaric 
spinal bupivacaine administration (see also Chapter 77).48

Obesity (Also see Chapter 71)
The impact of spinal anesthesia on lung volume variables 
is significantly reduced compared with general anesthe-
sia49 but is significantly more in overweight patients than 
in normal-weight patients.48 The magnitude of decline in 
vital capacity is proportional to the BMI value (vital capac-
ity –19% for BMI 30 to 40 kg/m2 versus –33% for BMI 
>40 kg/m2).50 Importantly, however, for obese patients 
undergoing laparotomy surgery, thoracic epidural anes-
thesia lessens the extent of decline in postoperative vital 
capacity and hastens recovery when compared with par-
enterally administered opioids.49



GASTROINTESTINAL

Neuraxial blockade from T6 to L1 disrupts splanchnic 
sympathetic innervation to the gastrointestinal tract, 
resulting in a contracted gut and hyperperistalsis. Nausea 
and vomiting may be associated with neuraxial block in 
as much as 20% of patients and they are primarily related 
to gastrointestinal hyperperistalsis caused by unopposed 
parasympathetic (vagal) activity.51 Atropine is effective in 
treating nausea associated with high (T5) subarachnoid 
anesthesia.52

Thoracic epidural anesthesia (TEA) has a direct blood 
pressure–dependent effect on intestinal perfusion.53 TEA 
improves anastomotic mucosal blood flow in patients 
undergoing esophagectomy when mean arterial blood 
pressure is minimally altered but worsens local perfusion 
when arterial blood pressure is decreased by about 50%. 
In colorectal surgery, TEA decreases anastomotic blood 
flow but improves gastric and transverse colonic blood 
flow.54 Correction of systemic hypotension by vasopressor 
therapy (e.g., norepinephrine) has been found to reverse 
impaired colonic perfusion. TEA may also reduce the rate 
of anastomotic leak after emergency laparotomy, esopha-
geal surgery,55 and other gastrointestinal interventions.56

A reduction in hepatic blood flow parallels the reduc-
tion in mean systemic arterial pressure in the setting of 
spinal anesthesia.57 Although lumbar epidural anesthe-
sia also results in a decline in hepatic perfusion despite 
colloid preloading in young and elderly patients, hepatic 
perfusion can increase, though mildly (<10%), with TEA 
after major abdominal surgery.57

RENAL

Despite a predictable decrease in renal blood flow 
accompanying neuraxial blockade, this decrease is of 
little physiologic importance.58,59 One aspect of geni-
tourinary function of clinical importance is the belief 
that neuraxial blocks are a frequent cause of urinary 
retention, which delays discharge of outpatients and 
necessitates bladder catheterization in inpatients (see 
Complications–Urinary Retention, later in the chapter). 
However, this belief is questionable. For example, in 
orthopedic patients undergoing hip replacement, blad-
der catheterization was no more frequent after spinal or 
epidural anesthesia than it was after general anesthesia 
and opioid analgesics. In any case, excessive volumes of 
intravenous crystalloid solutions should not be given to 
patients undergoing spinal anesthesia. The requirement 
for voiding before discharge in low-risk ambulatory sur-
gery patients after short-acting spinal or epidural anes-
thetics should be encouraged.60

INDICATIONS

At the most basic level, neuraxial blockade is indicated 
when the surgical procedure can be accomplished with a 
spinal level of anesthesia that does not produce adverse 
patient outcomes. The level of anesthesia or analgesia 
required is of prime importance because the physiologic 
effects of a high-level block may be untenable.
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NEURAXIAL ANESTHESIA

When considering neuraxial anesthesia, the nature and 
duration of surgery, patient comorbidities, the ease of 
spinal insertion (i.e., positioning and spinal pathology), 
and the relative benefits and risks to the individual are 
important. Spinal anesthesia is most commonly used for 
patients who require surgical anesthesia for procedures 
of known duration that involve the lower extremities, 
perineum, pelvic girdle, or lower abdomen. Descriptions 
of spinal anesthesia as the primary surgical anesthetic 
have more recently expanded to include lumbar spine 
surgery,61 as well as upper abdominal procedures, such as 
laparoscopic cholecystectomy.62 Spinal anesthesia may be 
useful when patients wish to remain conscious or when 
comorbidities such as severe respiratory disease or a dif-
ficult airway increase the risks of using general anesthesia. 
Epidural anesthesia can also be used for the lower extrem-
ities, perineum, pelvic girdle, or lower abdomen, but by 
virtue of intermittent or continuous catheter-based local 
anesthetic delivery, the duration of surgical anesthesia is 
not necessarily finite as it is with single-injection spinal 
anesthesia. Continuous catheter-based spinal anesthesia 
is arguably less conventional than either single-shot spi-
nal anesthesia or catheter-based epidural anesthesia, but 
may be especially useful when insertion of an epidural 
catheter is challenging63 or in the setting of severe cardiac 
disease when the reliability of a single-shot spinal anes-
thetic must be combined with more hemodynamically 
stable incremental dosing.

NEURAXIAL ANALGESIA

Local anesthetics (as well as other additives, discussed 
later) applied to the neuraxis in subanesthetic doses can 
provide potent, long-lasting analgesia for a variety of indi-
cations, including intraoperative analgesia, acute post-
surgical pain,64 and severe chronic pain associated with 
malignancy. The use of intrathecal and/or epidural opi-
oids either alone or in combination with local anesthet-
ics can provide excellent quality pain relief65,66 and are 
an analgesic mainstay in labor and delivery,67,68 during 
and after hip69 or knee replacement,70 in laparotomy,71 
in thoracotomy,72 and increasingly even in cardiac sur-
gery.73,74 Some of the most important benefits of epidural 
analgesia are realized in patients with preexisting respira-
tory disease undergoing abdominal surgery.75 Neuraxial 
analgesia may have other beneficial outcomes beyond 
analgesia and these are reviewed later.

CONTRAINDICATIONS

ABSOLUTE

There are few absolute contraindications to neuraxial 
blockade. Some of the most important include patient 
refusal, localized sepsis, and an allergy to any of the drugs 
planned for administration. A patient’s inability to main-
tain stillness during needle puncture, which can expose 
the neural structures to traumatic injury,76 as well as raised 
intracranial pressure, which may theoretically predispose 
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to brainstem herniation,77 should also be considered 
absolute contraindications to a neuraxial technique.

RELATIVE

Relative contraindications must be weighed against the 
potential benefits of neuraxial blockade. Relative contra-
indications can be approached by system.

Neurologic
Myelopathy or peripheral Neuropathy. The proof that 
neuraxial anesthesia or analgesia in the setting of preex-
isting neurologic deficit can worsen the extent of injury 
(so-called double-crush phenomenon) is absent.78-80 
Chronic low back pain without neurologic deficit is not 
a contraindication to neuraxial blockade. The association 
between neuraxial techniques and the exacerbation of 
back pain symptoms is not documented.

SpiNal SteNoSiS. Patients with spinal stenosis may be at 
increased risk of neurologic complications after neuraxial 
blockade,81 but the relative contribution of surgical fac-
tors and natural history of the spinal pathology itself is 
unknown.

SpiNe Surgery. Previous spine surgery does not predis-
pose patients to an increased risk of neurologic complica-
tions after neuraxial blockade.81,82 However, depending 
on postsurgical anatomy and the presence of scar tissue, 
adhesions, hardware, and/or bone grafts, needle access to 
the CSF, or epidural space and/or epidural catheter inser-
tion may be challenging or impossible. In addition, the 
resultant spread of local anesthetic in the CSF or epidural 
space can be unpredictable and incomplete.

Multiple ScleroSiS. Patients with multiple sclerosis (MS) 
may be more sensitive to neuraxial local anesthetics and 
thus exhibit a prolonged duration of motor and sensory 
blockade; however, any association between neuraxial 
anesthesia and exacerbation of MS symptoms is not based 
in evidence.83,84

SpiNa Bifida. Depending on the severity of the neural 
tube defect, patients with spina bifida may have a tethered 
cord and the ligamentum flavum may be absent, thereby 
increasing the potential for traumatic needle injury to the 
spinal cord. The spread of local anesthetic in the CSF and 
epidural space (if present) can be highly variable.

If a neuraxial technique is undertaken in any of these 
circumstances, a careful evaluation of neurologic status 
must first be undertaken and noted along with documen-
tation of the discussion of the risks and benefits.

Cardiac (Also see Chapter 67)
aortic SteNoSiS or fixed cardiac output. The unpredict-
able speed and extent to which systemic vascular resis-
tance is reduced after spinal anesthesia may cause many 
providers to avoid spinal anesthesia in preload-dependent 
patients and try to prevent a dangerous decrease in coro-
nary perfusion. This concern is borne of theoretic risk and 
a great deal of caution rather than evidence.85 Clinical 
practice mandates that neuraxial anesthesia be consid-
ered individually for each patient with aortic stenosis in 
the context of their own disease severity, left ventricular 
function, and case urgency. A catheter-based neuraxial 
anesthetic, whether it is an epidural or intrathecal cath-
eter, allows for the repeated administration of small doses 
of local anesthetic, with potentially more control over 
hemodynamic changes, and may be a logical alternative 
choice.

hypovoleMia. An extension of patients who are preload-
dependent, hypovolemic patients may exhibit an exag-
gerated hypotensive response to the vasodilatory effects 
of neuraxial blockade.

Hematologic
throMBoprophylaxiS. Borne of the catastrophic cases of 
spinal hematoma causing paralysis associated with the 
introduction and use of LMWH in the United States (U.S. 
FDA public health advisory: reports of epidural or spinal 
hematomas with the concurrent use of low molecular 
weight heparin and spinal/epidural anesthesia or spi-
nal puncture. U.S. Department of Health and Human 
Resources, 1997), the American Society of Regional Anes-
thesia and Pain Medicine (ASRA) first published a practice 
advisory to guide the provision of neuraxial techniques 
in patients receiving antithrombotic or thrombolytic 
therapy in 2004. Now in its third iteration and addressing 
a myriad of novel potent oral anticoagulants, the ASRA 
practice advisory6 is an invaluable resource for providers 
performing neuraxial techniques in this challenging and 
ever-growing patient population. A summary of the ASRA 
guidelines, along with those of other professional societ-
ies is reproduced in Table 56-1.

iNherited coagulopathy. The safety of neuraxial tech-
niques in patients with common bleeding diatheses is not 
well documented. Hemorrhagic complications after neur-
axial techniques in patients with known hemophilia, 
von Willebrand disease, or idiopathic thrombocytopenic 
purpura appear infrequently when factor levels are more 
than 0.5 IU/mL for factor VIII, von Willebrand factor, and 
ristocetin cofactor activity, or when the platelet count is 
greater than 50 × 109/L1 before block performance.86 The 
minimum safe factor levels and platelet count for neurax-
ial blockade remain undefined in both the obstetric and 
general populations.86

Infection
Theoretic concerns based on animal data and laboratory 
and case reports in humans87-89 suggest iatrogenic seed-
ing of the neuraxis in the setting of a systemic infection. 
Some providers avoid neuraxial techniques in febrile 
patients. A definitive causative relationship between 
existing systemic infection and meningitis or epidural 
abscess after a neuraxial technique has never been shown. 
In fact, a lumbar puncture is a critical component of the 
investigation of fever of unknown origin, yet there are 
no definitive data linking lumbar puncture to increased 
risk of neuraxial infection in this setting.90 Although the 
profound vasodilation may be sufficient reason to avoid 
neuraxial techniques in patients with profound bacte-
remia or septic shock, the theoretic risk of seeding the 
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TABLE 56-1 NEURAXIAL* ANESTHESIA IN THE PATIENT RECEIVING THROMBOPROPHYLAXIS 

Unfractionated Heparin

Antiplatelet 
Medications Subcutaneous Intravenous LMWH

German Society for 
Anaesthesiology 
and Intensive-
Care Medicine†

NSAIDs: no 
contraindication

Hold LMWH, 
fondaparinux 
36-42 hours; 
thienopyridines 
and GP IIb/IIIa are 
contraindicated

Needle placement 4 hours 
after heparin; heparin 
1 hour after needle 
placement or catheter 
removal

Needle placement and 
catheter removal 
4 hours after 
discontinuing heparin, 
heparinize 1 hour after 
neuraxial technique; 
delay bypass surgery 
12 hours if traumatic

Neuraxial technique  
10-12 hours after LMWH; 
next dose 4 hours after 
needle or catheter 
placement; delay block for 
24 hours after therapeutic 
dose

Belgian Association 
for Regional 
Anesthesia‡

NSAIDs: no 
contraindication

Discontinue ticlopidine 
14 days, clopidogrel 
7 days; GP IIb/IIIa 
inhibitors 8-48 hours 
in advance

Not discussed Heparinize 1 hour after 
neuraxial technique; 
remove catheter 
during normal aPTT; 
reheparinize 1 hour 
later

Neuraxial technique  
10-12 hours after LMWH; 
next dose 4 hours after 
needle or catheter 
placement; delay block for 
24 hours after therapeutic 
dose

American Society 
of Regional 
Anesthesia and 
Pain Medicine

NSAIDs: no 
contraindication

Discontinue ticlopidine 
14 days, clopidogrel 
7 days, GP IIb/IIIa 
inhibitors 8-48 hours 
in advance

No contraindication with 
twice-daily dosing and 
total daily dose <10,000 U,  
consider delay heparin 
until after block if technical 
difficulty anticipated; 
the safety of neuraxial 
blockade in patients 
receiving doses >10,000 U 
of UFH daily, or more than 
twice daily dosing of UFH 
has not been established

Heparinize 1 hour after 
neuraxial technique, 
remove catheter 
24 hours after last 
heparin dose; no 
mandatory delay if 
traumatic

Twice-daily dosing: LMWH 
24 hours after surgery, 
regardless of technique; 
remove neuraxial catheter 
2 hours before first  
LMWH dose

Single-daily dosing: according 
to European statements 
but with no additional 
hemostasis-altering drugs

Therapeutic dose: delay block 
for 24 hours

American College 
of Chest 
Physicians§

NSAIDs: no 
contraindication

Discontinue 
clopidogrel 7 days 
before neuraxial 
block

Needle placement 8-12 
hours after dose; 
subsequent dose 2 hours 
after block or catheter 
withdrawal

Needle placement 
delayed until 
anticoagulant effect is 
minimal

Needle placement 8-12 hours 
after dose; subsequent 
dose 2 hours after block or 
catheter withdrawal

Indwelling catheter safe with 
twice-daily dosing

Therapeutic dose: delay block 
for 18+ hours

Data adapted from Horlocker TT, Wedel DJ, Rowlingson JC, et al: Regional anesthesia in the patient receiving antithrombotic or thrombolytic therapy. American 
Society of Regional Anesthesia and Pain Medicine Evidence-Based Guidelines (Third Edition), Reg Anesth Pain Med 35:64-101, 2010.

aPTT, Activated partial thromboplastin time; GP, glycoprotein; LMWH, low-molecular-weight heparin; NSAID, nonsteroidal antiinflammatory drug; UFH, 
unfractionated heparin.

*For patients undergoing deep plexus or peripheral block, follow ASRA recommendations for neuraxial techniques.
†Adapted from the German Society of Anaesthesiology and Intensive Care Medicine Consensus guidelines.
‡Adapted from the Belgian Association for Regional Anesthesia. Working Party on Anticoagulants and Central Nerve Blocks.
§Adapted from the American College of Chest Physicians.
intrathecal or epidural spaces by performing neuraxial 
techniques in patients with untreated systemic infection 
further supports using another technique. Yet patients 
with evidence of systematic infection may safely undergo 
neuraxial anesthesia once antibiotic therapy has been 
initiated and the patient has demonstrated a response to 
the antibiotics.90

SPINAL ANESTHESIA

FACTORS AFFECTING BLOCK HEIGHT

The dermatomal level required for various surgical proce-
dures is outlined in Table 56-2. The provider must recall 
that intraabdominal structures such as the peritoneum 
(T4), bladder (T10), and uterus (T10) have a spinal seg-
ment innervation that may be much more cephalad com-
pared with that of the corresponding skin incision used 
to operate on these structures.

TABLE 56-2 DERMATOMAL LEVEL REQUIRED FOR 
VARIOUS COMMON SURGICAL PROCEDURES

Type of surgery Dermatomal Level

Upper abdominal surgery T4
Ceserean delivery T4
Transurethral resection of prostate T10
Hip surgery T10
Foot and ankle surgery L2
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TABLE 56-3 FACTORS AFFECTING LOCAL ANESTHETIC DISTRIBUTION AND BLOCK HEIGHT 

More Important Less Important Not Important

Drug factors Dose
Baricity

Volume
Concentration
Temperature of injection
Viscosity

Additives other than opioids

Patient factors CSF volume
Advanced age
Pregnancy

Weight
Height
Spinal anatomy
Intraabdominal pressure

Menopause
Gender

Procedure factors Patient position
Epidural injection post spinal

Level of injection (hypobaric more than 
hyperbaric)

Fluid currents
Needle orifice direction
Needle type

Adapted from Greene NM: Distribution of local anesthetic solutions within the subarachnoid space. Anesth Analg 1985;64(7):715–730.
CSF, Cerebrospinal fluid.
Drug, patient, and procedural factors can all affect the 
distribution of local anesthetic spread within the intra-
thecal space, some of which are more clinically relevant 
than others.25,91 Many of these factors are not control-
lable by the anesthesiologist, leading to significant inter-
patient variability (Table 56-3).

Drug Factors
The adjustable factors for any given local anesthetic solu-
tion are dose, volume, concentration, temperature, and 
baricity. Baricity and dose are most important.

Baricity. Baricity is the ratio of the density of a local anes-
thetic solution to the density of CSF. Density is defined as 
the mass per unit volume of solution (g/mL) at a specific 
temperature. Density may be compared between differ-
ent substances by calculating the specific gravity, which 
is the ratio of the density of a solution to the density of 
water. Because density varies inversely with temperature, 
the baricity of a local anesthetic solution is conventionally 
defined at 37° C. The density of CSF is 1.00059 g/L.92 Local 
anesthetic solutions that have the same density as CSF are 
termed isobaric, those that have a higher density than CSF 
are termed hyperbaric, and those with a lower density than 
CSF are termed hypobaric. The spread of hyperbaric solu-
tions is more predictable,93 with less interpatient variabil-
ity.94 To make a drug hyperbaric to CSF, it must be denser 
than CSF, with a baricity appreciably more than 1.0000 or a 
density appreciably more than 1.00059. The reverse is true 
for making a drug hypobaric to the CSF. Dextrose and ster-
ile water are commonly added to render local anesthetic 
solutions either hyperbaric or hypobaric, respectively. 
The clinical importance of baricity is the ability to influ-
ence the distribution of local anesthetic spread based on 
gravity. Hyperbaric solutions will preferentially spread to 
the dependent regions of the spinal canal, whereas hypo-
baric solutions will spread to nondependent regions. Iso-
baric solutions tend not to be influenced by gravitational 
forces.95 Anesthesiologists can capitalize on this phenom-
enon by altering the position of the patient. For example, 
the administration of hyperbaric local anesthetic to patients 
in the lateral decubitus position will result in a preferen-
tial anesthetic effect on the dependent side, whereas the 
opposite is true for the administration of a hypobaric solu-
tion. A thoughtful understanding of the natural curvatures 
of the vertebral column can help predict local anesthetic 
spread in patients placed in the horizontal supine position 
immediately after intrathecal administration. Hyperbaric 
local anesthetics injected, while sitting, at the L3-4 or L4-5 
interspace will spread with gravity from the height of the 
lumbar lordosis down toward the trough of the thoracic 
kyphosis in the horizontal supine position, resulting in a 
higher level of anesthetic effect than isobaric or hypobaric 
solutions.91 Hyperbaric solutions are also useful in small 
doses for a saddle block and to achieve unilateral anesthe-
sia. CSF and local anesthetic density change with tempera-
ture. Plain bupivacaine 0.5%, for example, may be isobaric 
at 24° C but is slightly hypobaric at 37° C. A small volume 
of drug at room temperature injected intrathecally quickly 
equilibrates after injection and increases to the temperature 
of the CSF. Nevertheless, increasing temperature decreases 
density of a solution and warming of local anesthetic solu-
tion to body temperature, therefore making it more hypo-
baric, increases the block height in patients who remain 
seated for several minutes after injection.96

doSe, voluMe, aNd coNceNtratioN. The dose, volume, 
and concentration are inextricably linked (Volume ×  
Concentration = Dose), but dose is the most reliable deter-
minant of local anesthetic spread (and thus block height) 
when compared with either volume or concentration for 
isobaric and hypobaric local anesthetic solutions.97,98 
Hyperbaric local anesthetic injections are primarily influ-
enced by baricity.

The choice of local anesthetic itself does not influence 
spread if all other factors are controlled. Additive drugs, 
other than opioids, also do not affect spread. However, 
opioids do seem to increase mean spread,91,99 possibly as a 
result of pharmacologic enhancement at the extremes of 
the spread where the local anesthetic block alone would 
have been subclinical.100,101

Patient Factors
Patient characteristics that may influence block height 
include patient height, weight, age, sex, pregnancy, ana-
tomic configuration of the spine, and the CSF properties 



(volume and composition). Within the range of “nor-
mal-sized” adults, patient height does not seem to affect 
the spread of spinal anesthesia. This is likely because 
the length of the lower limb bones rather than the ver-
tebral column contributes most to adult height. A cor-
relation has been found between the vertebral column 
length and local anesthetic spread102 and, at extremes of 
height, consideration should be given to altering the dose 
accordingly.

The CSF volume is an important patient-related fac-
tor that significantly influences peak block height and 
regression of sensory and motor blockade.17 Lumbosacral 
CSF has a fairly constant pressure of approximately 15 cm 
H2O but its volume varies from patient to patient, in part 
because of differences in body habitus and weight.16 In a 
small sample of patients, block height varied indirectly 
with CSF volume.17 Unfortunately, CSF volume does 
not correlate well with anthropomorphic measurements 
available clinically other than body weight.17 In theory, 
the increased abdominal mass in obese patients, and pos-
sible increased epidural fat, may decrease the CSF volume 
and therefore increase the spread of local anesthetic and 
block height. This has indeed been demonstrated using 
hypobaric solutions,103,104 which are characterized by 
more variable spread anyway, but not hyperbaric solu-
tions103,105 (see Chapter 71).

CSF density can also vary between and within indi-
viduals depending on sex, menopausal status, and preg-
nancy92 (see Chapter 77). The density of CSF is lower in 
women compared with men, premenopausal compared 
with postmenopausal women, and pregnant compared 
with nonpregnant women. Although this may affect rela-
tive baricity of local anesthetics, the clinical variation in 
spread is probably unimportant.

Advanced age is associated with increased block 
height106,107 (see Chapter 80). In older patients, CSF volume 
decreases, whereas its specific gravity increases. Further, the 
nerve roots appear more sensitive to local anesthetic in the 
aged population.

Gender can theoretically affect block height by sev-
eral mechanisms. CSF density is higher in males, thereby 
reducing the baricity of local anesthetic solution and pos-
sibly limiting the extent of cephalad spread. In the lateral 
position, the broader shoulders of males relative to their 
hips make the lateral position slightly more head-up. 
The reverse is true in females who have a slightly head-
down tilt in the lateral position compared with males. 
Despite this, there is little objective data that males have 
a slightly less cephalad spread than females in the lateral 
position.

Variations of the spine may be an important con-
tributor to block height. Scoliosis, although it possibly 
makes insertion of the needle more difficult, will have 
little effect on local anesthetic spread if the patient is 
turned supine. Kyphosis, however, in a supine patient 
may affect the spread of a hyperbaric solution. Spread 
of local anesthetic is enhanced by changes in the lum-
bar lordosis during pregnancy, as well as by the volume 
and density of CSF, by twin pregnancies compared with 
singletons, by intraabdominal pressure increases (pos-
sibly), and by a progesterone-mediated increase in neu-
ronal sensitivity.
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Procedure Factors
Patient position, needle type and alignment, and the 
level of injection are each procedure-related factors 
that can affect block height. Combined with the bar-
icity and local anesthetic dose, patient position is the 
most important factor in determining the block height. 
Position should not affect the spread of a truly isobaric 
solution.95 Intrathecal local anesthetic appears to stop 
spreading 20 to 25 minutes after injection, thus posi-
tioning of the patient is most important during this 
time period, but particularly in the initial few minutes. 
However, marked changes in patient posture up to 
two hours after injection can still result in significant 
changes in the block level, probably because of bulk 
movement of CSF.108,109 Although a 10-degree head-
up tilt can reduce the spread of hyperbaric solutions 
without hemodynamic compromise,110 a head-down 
tilt does not always increase the spread of hyperbaric 
bupivacaine.111 Flexion of the hips in combination with 
the Trendelenburg position flattens the lumbar lordo-
sis and has been shown to increase cephalad spread of 
hyperbaric solutions.112 A “saddle block” where only 
the sacral nerve roots are anesthetized can be achieved 
by using a small dose of hyperbaric local anesthetic 
while the patient remains in the sitting position for up 
to 30 minutes. When larger hyperbaric doses are admin-
istered, however, the block can still extend cephalad 
despite maintaining the sitting position for a prolonged 
period of time.113 The reverse holds true for hypobaric 
solutions, where block height is greater (than hyper-
baric solutions) if they are administered in a sitting 
position.114

The specific needle type and orientation of the orifice 
may affect block quality. With hypobaric solutions, ceph-
alad alignment of the orifice of Whitacre, but not Sprotte, 
needles produces greater spread.115-117 The orientation of 
the needle orifice does not appear to affect the spread of 
hyperbaric solutions. When directing the needle orifice 
to one side (and using hyperbaric anesthetic), a more 
marked unilateral block is achieved again when using a 
Whitacre, rather than a Quincke, needle.118

The level of injection affects block height. Most stud-
ies have demonstrated that, even when the difference is 
only one interspace more cephalad, the block height is 
greater119-122 when using isobaric bupivacaine. The level 
of injection does not appear to influence the spread of 
hyperbaric solutions.123,124 Injection rate and barbotage 
(repeated aspiration and reinjection of CSF) of isobaric 
and hyperbaric solutions have not consistently been 
shown to affect block height.91 A slower injection may 
actually increase spread, and this is perhaps also safer 
because forceful injection may cause the syringe to dis-
connect from the needle. Other maneuvers that do not 
appear to affect block height are coughing and straining 
after local anesthetic injection. This is related to the phys-
ics of injecting drugs into a closed column of CSF, which 
instantaneously transmits pressure changes throughout 
the CSF column, such as those that occur with coughing 
or straining.25 The injection of local anesthetic or even 
saline into the epidural space after a spinal anesthetic 
increases the block height. This is discussed separately in 
the combined spinal-epidural section.
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DURATION

The duration of a spinal anesthetic depends on how this 
variable is defined. For example, the duration of surgical 
anesthesia is less than the time for complete block resolu-
tion. In addition, surgical anesthesia depends on the surgi-
cal site because anesthesia is more prolonged at the lower 
lumbar and sacral levels than at those more cephalad from 
where the block regresses first. Duration is affected primar-
ily by the dose,97,125 the intrinsic properties of the local 
anesthetic (which affect elimination from the subarach-
noid space), and the use of additives (if applicable). The 
latter two are described later. Hyperbaric solutions have a 
shorter duration of action than isobaric solutions.125

PHARMACOLOGY

The clinical effects of intrathecal local anesthetics are 
mediated by drug uptake and distribution within the 
CSF and elimination. These in turn are dictated in part 
by the pKa, lipid solubility, and protein binding of the 
local anesthetic solution. Rather than their pharmaco-
logic structure (i.e., amide or ester), it is the duration 
of action—short-acting (i.e., procaine, chloroprocaine, 
articaine), intermediate-acting (i.e., lidocaine, prilocaine, 
mepivacaine), and long-acting (i.e., tetracaine, bupiva-
caine, levobupivacaine, ropivacaine)—that is most often 
used to classify local anesthetics in the clinical setting. 
The choice and dose of local anesthetic depend on both 
the expected duration and the nature (location, ambula-
tory) of surgery. Table 56-4 shows a range of local anes-
thetics used for spinal anesthesia with corresponding 
doses, onset times, and durations of action.

Short- and Intermediate-Acting Local 
Anesthetics
procaiNe. Procaine is a short-acting ester local anesthetic 
and one of the oldest spinal anesthetics, having originally 
replaced cocaine as the drug of choice for spinal anes-
thesia in the early twentieth century. Procaine itself was 
then replaced by lidocaine, but with concerns about lido-
caine and transient neurologic symptoms (TNS), procaine 
has recently been reexamined as an alternative fast-act-
ing local anesthetic. However, it is not commonly used 
because of a more frequent failure rate than lidocaine, sig-
nificantly more nausea, and a slower time to recovery.135 
If used, it is often administered as a hyperbaric drug in a 
dose ranging between 50 and 200 mg in a 10% concen-
tration.

chloroprocaiNe. Chloroprocaine is an ultra–short-acting 
ester local anesthetic that was introduced in the 1950s. 
Its initial popularity stemmed from its rapid metabolism 
by pseudocholinesterase, which translated into minimal 
systemic or fetal effects in the setting of epidural labor 
analgesia. However, its reputation as a spinal anesthetic 
has been tarnished because of reports of neurologic injury 
associated with the preservative once used in older prepa-
rations of the drug136-139 (see Complications, discussed 
later). Recently, interest in chloroprocaine has increased 
for use in spinal anesthesia for ambulatory surgery (see 
Chapter 89). Modern, preservative-free preparations of 
chloroprocaine administered in small doses (30 to 60 mg)  
produce reliable, short-duration spinal anesthesia,126 
with a faster recovery time than procaine, lidocaine, and 
bupivacaine.140-144 TNS can occur with modern chloro-
procaine preparations, albeit at a considerably lesser rate 
(0.6%) than lidocaine (14%).145-147

articaiNe. Articaine is a relatively novel amide local 
anesthetic that also has an ester linkage. The ester linkage 
allows for metabolism by nonspecific cholinesterases. It 
has been widely used since 1973 for dental nerve blocks 
with a good safety profile. Intrathecal articaine has not 
been extensively investigated, but studies do suggest that 
doses of 50 to 80 mg with or without glucose appear to 
TABLE 56-4 DOSE, BLOCK HEIGHT, ONSET TIMES, AND DURATION OF COMMONLY USED  
SPINAL ANESTHETICS

Local Anesthetic Mixture Dose (mg) Duration (min) Onset (min)

To T10 To T4 Plain Epinephrine (0.2 mg)

Lidocaine 5% (with/without dextrose)* 40-75 75-100 60-150† 20%-50% 3-5
Mepivacaine 1.5% (no dextrose) 30-45‡ 60-80§ 120-180¶ — 2-4
Chloroprocaine 3% (with/without dextrose) 30-40 40-60 40-90|| N/R 2-4
Bupivacaine 0.5%-0.75% (no dextrose) 10-15 12-20 130-230# 20%-50% 4-8
Levobupivacaine 0.5% (no dextrose) (ref B) 10-15 12-20 140-230# — 4-8
Ropivacaine 0.5%-1% (with/without 

dextrose)
12-18 18-25 80-210** — 3-8

N/R Not recommended.
Note that duration depends on how the regression of the block is measured, which varies widely between studies.
*Lidocaine is not commonly used now.
†Regression to T12.126-134

‡Note peak with these doses was T12, and not in all cases.
§Median peak block height in this study with 60 mg was T5, not T4.
¶Regression to S1 for block duration.
||Regression to L1.
#Regression to L2.
**Regression to S2.
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provide rapid-onset spinal anesthesia for about 1 hour, 
with a recovery profile faster than bupivacaine.148,149

lidocaiNe. Lidocaine is a hydrophilic, relatively poorly 
protein-bound amide local anesthetic. It has a rapid onset 
and intermediate duration and is used in doses of 50 to 
100 mg for shorter procedures that can be completed in 
1.5 hours or less. It was traditionally prepared as a 5% 
solution in 7.5% dextrose; this preparation has been asso-
ciated with both permanent nerve injury and transient 
neurologic symptoms (TNS, see Complications, discussed 
later). Despite efforts to reduce the concentration of both 
the drug and dextrose,150,151 the use of intrathecal lido-
caine declined and has not yet recovered.

prilocaiNe. Prilocaine is an amide local anesthetic based 
on the structure of lidocaine. Prilocaine was introduced 
in 1965 and has an intermediate duration of action that 
may lend itself to use in the ambulatory surgery setting.152 
A dose of 40 to 60 mg of 2% hyperbaric prilocaine can 
provide a block to T10 for 100 to 130 minutes, whereas as 
little as 20 mg combined with fentanyl has been success-
fully used for ambulatory arthroscopic knee surgery.153 
Prilocaine is rarely associated with TNS.152,154,155 In large 
doses (>600 mg), prilocaine can result in methemoglo-
binemia. This should not be an issue with doses used for 
spinal anesthesia, but it has been reported after epidural 
infusions.156

MepivacaiNe. Mepivacaine is another short-acting amide 
local anesthetic. It was first introduced for spinal anes-
thesia in 1962 and was initially prepared as a hyperbaric 
solution. The use of spinal mepivacaine has declined 
because the incidence of TNS after hyperbaric mepiva-
caine was similar to that of lidocaine,147 although TNS 
was less frequent with the isobaric preparation of mepi-
vacaine.157-159 Doses of 30 to 80 mg with and without 
additives have been used (see Table 56-4) and, when com-
pared with lidocaine, mepivacaine has a slightly longer 
duration of action.160

Long-Acting Local Anesthetics
tetracaiNe. Tetracaine is an ester local anesthetic with a 
rate of metabolism one tenth that of chloroprocaine. It is 
packaged either as niphanoid crystals (20 mg) or as an iso-
baric 1% solution (2 mL, 20 mg). When niphanoid crys-
tals are used, a 1% solution is obtained by adding 2 mL of 
preservative-free sterile water to the crystals. Mixing 1% 
solution with 10% dextrose produces a 0.5% hyperbaric 
preparation that may be used for perineal and abdomi-
nal surgery in doses of 5 and 15 mg, respectively. Tetra-
caine is usually combined with a vasoconstrictor additive 
because the duration of tetracaine alone can be unreli-
able. Although such combinations can provide up to 5 
hours of anesthesia,161-164 the addition of phenylephrine 
in particular has been associated with TNS.165

BupivacaiNe. Bupivacaine was introduced in 1963 and is a 
highly protein-bound amide local anesthetic with a slow 
onset because of its relatively high pKa. It is appropri-
ate for procedures lasting up to 2.5 to 3 hours (see Table 
56-4).166,167 Bupivacaine is available as 0.25%, 0.5%, and 
0.75% clear isobaric solutions and also as a hyperbaric 
0.5% (in Europe) and 0.75% solution containing 80 mg/
mL glucose. At room temperature, plain bupivacaine is 
actually slightly hypobaric compared with CSF. Recovery 
profiles using small doses appear to be similar to that of 
lidocaine168-170 and thus low-dose bupivacaine is used 
in ambulatory procedures. A recent systematic review171 
concluded that 4 to 5 mg of hyperbaric bupivacaine com-
bined with unilateral positioning was adequate for short 
knee arthroscopy procedures. Bupivacaine is rarely associ-
ated with TNS.

levoBupivacaiNe. Levobupivacaine is the pure S (–) enan-
tiomer of racemic bupivacaine. Although it is used in 
similar doses to bupivacaine and has a similar onset and 
duration, levobupivacaine potency appears to be slightly 
less than bupivacaine.129 Nevertheless, the majority of 
clinical studies using identical doses of levobupivacaine 
and bupivacaine have found no significant difference in 
clinical efficacy for spinal anesthesia.129,172-174 The main 
advantage of levobupivacaine is that it is less cardiotoxic 
than bupivacaine,175,176 which is more of a theoretic than 
a real risk in the setting of spinal anesthesia.

ropivacaiNe. Ropivacaine was introduced in 1996 and is 
another highly protein-bound amide local anesthetic. 
It is structurally related to bupivacaine, with the same 
pKa (8.1) and so it is also characterized by slow onset 
and a long duration of action. Compared to bupiva-
caine, the proposed advantages of spinal ropivacaine 
were less cardiotoxicity and greater motor- sensory 
block differentiation, resulting in less motor block. 
Subsequently, the potency of ropivacaine was found 
to be 0.6 that of bupivacaine.179-181 When ropivacaine 
is given in an equivalent dose to bupivacaine, there is 
slightly less motor block and earlier recovery with ropi-
vacaine.8,182-184

Spinal Additives
Whether administered into the CSF in conjunction with a 
local anesthetic or alone, a variety of medications may exert 
a direct analgesic effect on the spinal cord and nerve roots, 
or prolong the duration of sensory and motor blockade. As 
such, the coadministration of these agents often allows for 
a reduction in the required dose of local anesthetic, with 
the advantage of motor block sparing and faster recovery 
while still producing the same degree of analgesia.

opioidS. The effects of opioids within the CSF are com-
plex, because of a combination of direct spinal cord dorsal 
horn opioid receptor activation, cerebral opioid receptor 
activation after CSF transport, and peripheral and central 
systemic effects after vascular uptake. The effect at each 
of these sites depends on both the dose administered and 
the physicochemical properties of the opioid, particularly 
lipid solubility. Highly lipid-soluble drugs such as fen-
tanyl and sufentanil have a more rapid onset and shorter 
duration of action than more hydrophilic opioids. In 
addition to increasing uptake into neural tissue, greater 
lipid solubility results in rapid uptake into both blood 
vessels (with a resultant systemic effect) and fatty tissue. 
The spread of lipophilic opioids within the CSF is there-
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fore more limited than hydrophilic opioids such as mor-
phine, which demonstrate greater spread as a result of 
slower uptake and elimination from the CSF. As a result, 
hydrophilic opioids have a greater risk of late respira-
tory depression, which is one of the rare but most serious 
consequences of intrathecal opioid administration. The 
extent of neural tissue and vascular uptake also affects the 
potency of intrathecal opioids. For example, the relative 
intrathecal to intravenous potency of morphine is 200 to 
300 to 1, whereas for fentanyl and sufentanil it is only 10 
to 20 to 1.185 In addition to respiratory depression, intra-
thecal opioids have other side effects including nausea 
and vomiting, pruritus, and urinary retention. These are 
discussed later in the Complications section.

hydrophilic opioidS. Preservative-free morphine is the 
most widely used hydrophilic opioid in spinal anesthe-
sia. It has a slow onset but provides analgesia for up to 24 
hours.186 Adequate analgesia is achieved with 100 μg, with 
minimal side effects for cesarean deliveries, whereas the 
most efficacious dose for major orthopedic surgery is less 
clear.187 For hip or knee replacement surgery, side effects 
tend to increase without a corresponding improvement 
in analgesia with intrathecal morphine doses of 300 μg 
or more. Doses as high as 500 μg may be used for major 
abdominal surgery or thoracotomies, where it is becoming 
increasingly common to administer spinal opioids alone 
as a simple alternative to epidural local anesthetic–based 
analgesia. The magnitude of the analgesic response and the 
optimal dose remain unclear. Overall, the beneficial effects 
of intrathecal morphine seem most marked in abdominal 
surgery, and within the first 24 hours in particular.186,188

Diamorphine is available for use in the United King-
dom only. It is a lipid-soluble prodrug that crosses the dura 
faster than morphine and is cleared from the CSF more 
quickly than morphine. Once in the dorsal horn of the 
spinal cord, it is converted to morphine and 6-monoacetyl 
morphine, both of which are μ-agonists with a relatively 
long duration of action. It is recommended for use in doses 
of 0.3 to 0.4 mg for cesarean delivery189 and is widely used 
instead of morphine in the United Kingdom.

There are only limited data related to the use of hydro-
morphone for spinal analgesia. It is more commonly used 
epidurally, as discussed later. Limited data suggest that 
intrathecal hydromorphone 50 to 100 μg provides compa-
rable analgesia with similar side effects to 100 to 200 μg of 
morphine, with a similar duration of action. However, it 
has not undergone full neurotoxicity screening and does 
not provide any advantage compared with morphine.190

Meperidine is an opioid of intermediate lipid solubil-
ity, but it also has some local anesthetic properties and 
has been used as the sole intrathecal agent (doses rang-
ing from 0.5 to 1.8 mg/kg) in both obstetric and general 
surgery.191,192 Smaller doses are used in combination with 
local anesthetics. Both 10 mg and 20 mg improve analgesia 
compared with placebo after cesarean delivery,193 although 
side effects were more frequent with the larger dose. How-
ever, this drug is used infrequently because of the availabil-
ity of other opioids and its unknown neurotoxicity profile.

lipophilic opioidS. Fentanyl and sufentanil are used 
frequently in obstetrics for labor analgesia and cesarean 
delivery as discussed elsewhere (also w 77). Sufentanil 2 
to 10 μg and fentanyl 25 μg provide comparable analge-
sia in early labor.194-197 In transurethral prostatectomy 
surgery, when combined with low-dose bupivacaine, suf-
entanil 5 μg provides superior analgesia compared with 
fentanyl 25 μg.198 Fentanyl in doses of 10 to 30 μg is com-
monly used in ambulatory surgery because of its rapid 
onset time of 10 to 20 minutes and relatively short dura-
tion of 4 to 6 hours. Although the local anesthetic dose 
can be reduced and analgesia prolonged,199 the addition 
of fentanyl to bupivacaine may increase side effects and 
delay discharge.171

vaSocoNStrictorS. Vasoconstrictors, such as epineph-
rine and phenylephrine, prolong the duration of sensory 
and motor blockade when added to local anesthetics. 
The mechanism of action is reduced systemic local anes-
thetic uptake caused by an α1-mediated vasoconstriction. 
Epinephrine may also enhance analgesia via a direct  
α2-mediated effect. Traditionally, epinephrine 0.1 to 0.6 
mg, was thought to prolong tetracaine spinal anesthe-
sia, but not bupivacaine or lidocaine spinal anesthesia.22 
This theory was postulated because of differences in the 
vasodilatory action of the local anesthetic drugs; plain 
lidocaine and bupivacaine cause vasodilation, whereas 
plain tetracaine does not. However, lidocaine spinal 
anesthesia can be prolonged by epinephrine when mea-
sured by both two-dermatome regression in the lower 
thoracic dermatomes and by occurrence of pain at the 
operative site for procedures carried out at the level of 
the lumbosacral dermatomes.200,201 Similarly, bupiva-
caine spinal duration may be increased, but because of 
the already long duration, epinephrine is not generally 
added to bupivacaine. There is a concern that potent 
vasoconstrictive action places the blood supply of the 
spinal cord at risk. However, there are no human data 
supporting this theory, and in animal studies,164,202-204 
administering either subarachnoid epinephrine (0.2 mg) 
or phenylephrine (5 mg) does not decrease spinal cord 
blood flow. Phenylephrine 2 to 5 mg prolongs both lido-
caine and tetracaine spinal anesthesia to a similar extent 
as epinephrine.201,205 Bupivacaine spinal anesthesia is 
not prolonged by phenylephrine.206,207 Concepcion and 
co-workers208 compared epinephrine (0.2 and 0.3 mg) 
and phenylephrine (1 and 2 mg) added to tetracaine and 
did not find any differences in duration between the two 
vasoconstrictors. Caldwell and associates163 used larger 
doses of vasoconstrictors, epinephrine at 0.5 mg and 
phenylephrine at 5 mg, and showed that phenyleph-
rine prolonged tetracaine spinal anesthesia significantly 
more than did epinephrine. The addition of phenyle-
phrine has declined in popularity because of its associa-
tion with TNS.165,209

α2-agoNiStS. Clonidine, dexmedetomidine, and epi-
nephrine all act on prejunctional and postjunctional 
α2 receptors in the dorsal horn of the spinal cord. Acti-
vation of presynaptic receptors reduces neurotransmit-
ter release, whereas postjunctional receptor activation 
results in hyperpolarization and reduction of pulse 
transmission.210 In doses of 15 to 225 μg, clonidine pro-
longs the duration of sensory and motor blockade by 
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approximately 1 hour and improves analgesia, reducing 
morphine consumption by up to 40%.211-215 It appears 
to cause less urinary retention than morphine but, as 
with intravenous clonidine administration, spinal cloni-
dine can also cause hypotension. A systematic review 
concluded that the hypotension associated with spinal 
clonidine was not dose-related and that the risk of bra-
dycardia with clonidine was not increased.216 Sedation 
can also occur with spinal clonidine, peaking within 1 
to 2 hours and lasting up to 8 hours.210 Dexmedetomi-
dine is approximately 10-fold more α2-selective than 
clonidine is.217 As little as 3 μg of dexmedetomidine 
can prolong motor and sensory block without hemody-
namic compromise.218,219

other drugS. Neostigmine in doses of 10 to 50 μg has 
analgesic effects after intrathecal administration.220,221 
Intrathecal neostigmine has been shown to prolong motor 
and sensory blockade and reduce postoperative analgesic 
requirements. Neostigmine inhibits the breakdown of 
acetylcholine, therefore increasing acetylcholine concen-
tration, which itself is antinociceptive. It also appears to 
stimulate the release of nitric oxide in the spinal cord. 
Its benefits, however, are limited by nausea, vomiting, 
bradycardia, and, in higher doses, lower extremity weak-
ness,222,223 and is therefore not in widespread use.224 
Midazolam is a γ-aminobutyric acid receptor agonist that 
in doses of 1 to 2 mg appears to increase sensory and 
motor block and decrease analgesic requirements post-
operatively, without the adverse effects observed with α2 
agonists or opioids. Early work raised concerns of spinal 
cord toxicity, but more recent studies suggest that it is 
safe.225 Ketamine, adenosine, tramadol, magnesium, and 
nonsteroidal antiinflammatory drugs have also all been 
administered intrathecally, but further work is required to 
establish whether these drugs have any clinical value.

Technique
Technique should be classified into a series of steps 
(i.e., the four Ps): preparation, position, projection, and 
puncture.

preparatioN. Informed consent must be obtained, with 
adequate documentation of the discussion of risk (see 
Complications, discussed later). Resuscitation equip-
ment must always be readily available whenever a spinal 
anesthetic procedure is performed. The patient should 
have adequate intravenous access and be monitored 
with pulse oximetry, noninvasive arterial blood pressure, 
and electrocardiogram. Pre-prepared packs are now com-
monly used and often contain fenestrated drapes, swabs 
and towels, syringes, needles, filters, spinal needles, ster-
ilizing solution, and local anesthetic for skin infiltration. 
When the local anesthetic for subarachnoid injection is 
chosen, the duration of block should be matched with 
both the surgical procedure and patient variables (see 
Table 56-4).

The most important characteristics of a spinal needle 
are the shape of the tip and the needle diameter. Needle 
tip shapes fall into two main categories: those that cut the 
dura and those with a conical, pencil-point tip. The for-
mer include the Pitkin and the Quincke-Babcock needle, 
and the Whitacre and Sprotte needles belong to the latter 
group (Fig. 56-4). The orifice of the Whitacre needle is 
smaller. If a continuous spinal technique is chosen, use of 
a Tuohy or other thin-walled needle can facilitate passage 
of the catheter. The use of small needles reduces the inci-
dence of post–dural puncture headache from 40% with a 
22-G needle to less than 2% with a 29-G needle. The use 
of larger needles, however, improves the tactile sense of 
needle placement, and so although 29-G needles result in 
a very low rate of post–dural puncture headache, the fail-
ure rate is increased.226,227 Pencil-point needles provide 
better tactile sensation of the different layers encoun-
tered during needle insertion but, more importantly, they 
reduce the incidence of post–dural puncture headache. 
Pencil-point needles of 25, 26, and 27 G probably repre-
sent the optimal needle choice. An introducer needle can 
assist with guidance of smaller-gauge spinal needles in 
particular. Special Luer lock needles and syringes for spi-
nal kits are now also available. These have been designed 
to prevent inadvertent intrathecal injection but still rely 
on the correct drug being drawn up into the “special” 
connector syringe (Fig. 56-4).

Sterility is an issue of utmost importance. One of the 
most common organisms responsible for postspinal bac-
terial meningitis is Streptococcus viridans, which is an oral 
commensal, emphasizing the purpose of wearing a mask 
as part of a full aseptic technique. Hands and forearms 
must be washed and all jewelry removed. A variety of solu-
tions may be used to clean the back, such as chlorhexidine 
or alcohol (alone or in combination), or iodine solutions. 
Chlorhexidine and alcohol together have been concluded 
to be most effective.229-231 If chlorhexidine is used, it is 
important that the solution is allowed to dry completely 
before skin puncture because chlorhexidine is neurotoxic.

poSitioN (Also see Chapter 41). The three primary patient 
positions include the lateral decubitus, sitting, and prone 

Figure 56-4. Scanning electron micrographs of spinal needle tip 
designs: Quincke (left), Sprotte (middle), and Whitacre (right). (Adapted 
from Puolakka R, Andersson LC, Rosenberg PH: Microscopic analysis of 
three different spinal needle tips after experimental subarachnoid punc-
ture, Reg Anesth Pain Med 25:163, 2000.)
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positions, each of which has advantages in specific situ-
ations. The superiority of any one particular position 
is unclear. In the obstetric population, there have been 
small studies demonstrating that block operator perfor-
mance was faster in the sitting position, albeit this ben-
efit was offset by a slower onset time compared with the 
lateral decubitus position232 (see Chapter 77). Current 
consensus guidelines state that neuraxial blocks should 
be undertaken with the patient awake,76 except in those 
circumstances where the physician and patient conclude 
that benefit outweighs the risk. General anesthesia or 
heavy sedation can prevent a patient from recognizing 
warning signs of pain or paresthesia if the needle is in 
close proximity to nervous tissue.

A patient in the lateral decubitus position facilitates 
the administration of sedative medication if required, 
is less dependent on a well-trained assistant than for a 
patient in the sitting position, and is arguably more com-
fortable. Patients are placed with their back parallel to the 
edge of the operating table nearest the anesthesiologist, 
thighs flexed onto the abdomen, with the neck flexed to 
allow the forehead to be as close as possible to the knees 
in an attempt to “open up” the vertebral spaces. The 
assistant may still be invaluable during this positioning 
by encouraging and assisting the patient in assuming the 
ideal lateral decubitus position. Because of the differing 
proportional sizes of hips and shoulders, the spine may 
slope down toward the head in females, with the opposite 
occurring in males. The patient should be positioned so 
that spread of hypobaric, isobaric, or hyperbaric solution 
to the operative site is optimized.

Identification of the midline may be easier when the 
patient is placed in the sitting position, especially when 
obesity or scoliosis renders midline anatomy difficult to 
examine. When placing patients in this position, a stool 
can be provided as a footrest and a pillow placed in the 
lap, or a specially designed stand may be used. The assis-
tant helps to maintain the patient in a vertical plane while 
flexing the patient’s neck and arms over the pillow, relax-
ing the shoulders, and asking the patient to “push out” 
the lower back to open up the lumbar vertebral spaces. 
Care must be taken not to oversedate a patient in this 
position. Hypotension may also be more common for a 
person in the sitting position.

The prone position is rarely used but may be chosen 
when the patient is to be maintained in that position 
(often with the jack-knife modification) during the sur-
gical procedure. Such cases may include rectal, perineal, 
or lumbar procedures. The anesthesiologist may have 
to aspirate for CSF because CSF pressure is minimized 
when insertion of the lumbar needle is carried out in this 
position.

projectioN aNd puNcture. The midline approach relies 
on the ability of patients and assistants to minimize lum-
bar lordosis and allow access to the subarachnoid space 
between adjacent spinous processes, usually at the L2-L3, 
L3-L4, or the L4-L5 space. The spinal cord ends at the level 
of L1-L2 and so needle insertion above this level should 
be avoided. The intercristal line is the line drawn between 
the two iliac crests and traditionally corresponds to the 
level of the L4 vertebral body or the L4-L5 interspace, but 
the reliability of this landmark is questionable as dem-
onstrated by recent ultrasonography studies.233 Once the 
appropriate space has been selected, a subcutaneous skin 
wheal of local anesthetic is developed over this space, 
and the introducer is inserted at a slight cephalad angle 
of 10 to 15 degrees through skin, subcutaneous tissue, 
and supraspinous ligament to reach the substance of the 
interspinous ligament. The introducer is grasped with 
the palpating fingers and steadied while the other hand 
is used to hold the spinal needle like a dart, and the fifth 
finger is used as a tripod against the patient’s back to pre-
vent patient movement and unintentional insertion to 
a level deeper than intended. The needle, with its bevel 
parallel to the midline, is advanced slowly to heighten 
the sense of tissue planes traversed and to prevent skew-
ing of nerve roots, until the characteristic change in 
resistance is noted as the needle passes through the liga-
mentum flavum and dura. On passing through the dura, 
there is often a slight “click” or “pop” sensation. The sty-
let is then removed, and CSF should appear at the needle 
hub. The smaller the needle diameter, the longer the wait 
for CSF flow, particularly if the patient is not in the sit-
ting position. If the CSF does not flow, the needle might 
be obstructed and rotation in 90-degree increments can 
be undertaken until CSF appears. If CSF does not appear 
in any quadrant, the needle should be advanced a few 
millimeters and rechecked in all four quadrants. If CSF 
still has not appeared and the needle is at a depth appro-
priate for the patient, the needle and introducer should 
be withdrawn and the insertion steps should be repeated. 
A common reason for failure is insertion of the needle off 
the midline (Fig. 56-5).

After CSF is freely obtained, the dorsum of the anesthe-
siologist’s nondominant hand steadies the spinal needle 
against the patient’s back while the syringe containing 
the therapeutic dose is attached to the needle. CSF is again 
freely aspirated into the syringe, and the anesthetic dose 
is injected at a rate of approximately 0.2 mL/sec. After 
completion of the injection, 0.2 mL of CSF can be aspi-
rated into the syringe and reinjected into the subarach-
noid space to reconfirm location and clear the needle of 
the remaining local anesthetic.

The paramedian approach exploits the larger “sub-
arachnoid target” that exists if a needle is inserted 
slightly lateral to the midline (Fig. 56-6). The paramedian 
approach may be especially useful in the setting of dif-
fuse calcification of the interspinous ligament. The most 
common error when using the paramedian technique is 
that the needle entry site is placed too far off midline, 
which makes the vertebral laminae barriers to insertion of 
the needle. In the paramedian approach, a skin wheal is 
raised 1 cm lateral and 1 cm caudad to the corresponding 
spinous process. A longer needle (e.g., 3 to 5 cm) is then 
used to infiltrate deeper tissues in a cephalomedial plane. 
The spinal introducer and needle are next inserted 10 to 
15 degrees off the sagittal plane in a cephalomedial plane 
(see Fig. 56-6). Similar to the midline approach, the most 
common error is to angle the needle too far cephalad 
on initial insertion. Nevertheless, if the needle contacts 
bone, it is redirected slightly in a cephalad direction. If 
bone is again contacted, but at a deeper level, the slight 
cephalad angulation is continued because it is likely that 
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Figure 56-6. Vertebral anatomy of the midline and paramedian approaches to centroneuraxis blocks. The midline approach highlighted in the 
inset requires anatomic projection in only two planes: sagittal and horizontal. The paramedian approach shown in the inset and in the posterior 
view requires an additional oblique plane to be considered, although the technique may be easier in patients who are unable to cooperate in 
minimizing their lumbar lordosis. The paramedian needle is inserted 1 cm lateral and 1 cm caudad to the caudad edge of the more superior 
vertebral spinous process. The paramedian needle is inserted approximately 15 degrees off the sagittal plane, as shown in the inset. (Courtesy of 
the Mayo Foundation, Rochester, Minn.)

Figure 56-5. Insertion of the spi-
nal needle. A, The palpating fingers 
are “rolled” in a side-to-side and a 
cephalad-to-caudad direction to 
identify the interspinous space.  
B, During needle insertion, the nee-
dle should be stabilized in a tripod 
fashion while placed in the hand, 
similar to a dart being thrown.

B

A
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the needle is being “walked up” the lamina. As in the 
midline approach, the characteristic feel of the ligaments 
and dura is possible, but only once the ligamentum fla-
vum is reached because the needle is this time not passing 
through the supraspinous and interspinous ligaments. 
After CSF is obtained, the block is carried out in a manner 
similar to that described for the midline approach.

SPECIAL SPINAL TECHNIQUES

Continuous Spinal Anesthesia
Continuous spinal anesthesia allows incremental dosing 
of local anesthetic and therefore predictable titration of 
the block to an appropriate level, with better hemody-
namic stability than a single-shot spinal.40 It is useful in 
controlling arterial blood pressure in such patients with 
severe aortic stenosis or pregnant women with com-
plex cardiac disease. In obstetrics, it may also be used in 
patients with morbid obesity and where previous spinal 
surgery may hinder epidural spread. Spinal catheters also 
serve as an alternative to the combined spinal-epidural 
(CSE) technique for prolonged cases and have been used 
in selected patients for laparotomies where general anes-
thesia may be too great a risk.234 If a continuous spinal 
anesthetic is undertaken, a needle with a laterally fac-
ing opening may be used to perform the lumbar punc-
ture (Fig. 56-7). A midline or paramedian approach may 
be used, with some experts suggesting that use of the 
paramedian approach facilitates insertion of the cath-
eter.235 The catheter should be threaded 2 to 3 cm into 
the subarachnoid space and the needle withdrawn over 
the catheter. The catheter must never be withdrawn 
back into the needle shaft in case a piece of the cath-
eter is sheared off and left in the subarachnoid space. 
Care must also be taken to ensure that the catheter is 
not inserted more deeply into the subarachnoid space 
when the needle is withdrawn over the catheter. Spi-
nal microcatheters exist, but these have been associated 
with cauda equina syndrome,5 probably because of lum-
bosacral pooling of local anesthetic. Catheter-over-the-
needle devices are also available for use with continuous 
spinal anesthesia, with the advantage of minimizing 
leakage of CSF around the catheter,236 but these may be 
more difficult to insert.236 Finally, epidural doses of local 
anesthetic should not be infused or “bloused” into spinal 
catheters, and strict attention must also be paid to sterile 
technique.

Unilateral Spinal Anesthesia and Selective 
Spinal Anesthesia
The terms unilateral spinal anesthesia and selective spinal 
anesthesia overlap slightly, but both refer to small-dose 
techniques that capitalize on baricity and patient posi-
tioning to hasten recovery. A recent systematic review 
found that a dose of 4 to 5 mg of hyperbaric bupivacaine 
with unilateral positioning was adequate for knee arthros-
copy.171 This technique has also been used for unilateral 
inguinal hernia repair with a dose of 8 mg bupivacaine. In 
selective spinal anesthesia, minimal local anesthetic doses 
are used with the goal of anesthetizing only the sensory 
fibers to a specific area.237,238 These doses are discussed in 
more detail in the chapter on anesthesia for ambulatory 
surgery (see Chapter 89).

BLOCK MONITORING

Once the spinal anesthetic has been administered, the 
onset, extent, and quality of the sensory and motor 
blocks must be assessed while heart rate and arterial 
blood pressure are also being monitored for any resultant 
sympathetic blockade. There are many methods of assess-
ing sensory block, but cold sensation and pinprick repre-
senting C- and A-delta fibers, respectively, are used more 
Figure 56-7. Examples of continuous spinal 
needles, including a disposable, 18-G Hustead 
(A) and a 17-G Tuohy (B) needle. Both have dis-
tal tips designed to direct the catheters inserted 
through the needles along the course of the bevel 
opening; 20-G epidural catheters are used with 
these particular needle sizes. BA
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often than mechanical stimuli such as touch, pressure, 
and von Frey hairs, which reflect the A-beta nerves. Loss 
of sensation to cold usually occurs first, verified using an 
ethyl chloride spray, ice, or alcohol, followed by the loss 
of sensation to pinprick, verified using a needle that does 
not pierce the skin.20 Finally, loss of sensation to touch 
occurs. Dermatomal block height also varies with the 
method of assessment, but in general, peak height is mea-
sured most cephalad using loss of cold, and is measured 
lower with pinprick, and lowest with touch.239 Assessing 
dermatomal block height assumes that absence of sensa-
tion to these stimuli equates to blockade of the nocicep-
tive fibers, but this is not necessarily the case.240 Other 
electrical and experimental chemical methods of assess-
ing pain have been used but gentle pinprick remains the 
simplest.91,241 Motor block may also be measured in a 
variety of ways. The modified Bromage scale (Box 56-1) is 
most commonly used, although this represents only lum-
bosacral motor fibers.242 Electromyography and pulmo-
nary function tests have been used to measure abdominal 
and thoracic motor function, but these are neither practi-
cal nor specific.

In practice, the combination of sympathetic block 
with an adequate sensory level and motor block (inability 
to straight-leg raise ensures at least that lumbar nerves 
are blocked) are used to confirm spinal efficacy. Ensuring 
that the level of block using cold or pinprick is two to 
three segments above the expected level of surgical stimu-
lus is commonly considered adequate.

EPIDURAL ANESTHESIA

FACTORS AFFECTING EPIDURAL  
BLOCK HEIGHT

The epidural space is a collapsible, distensible reservoir 
through which drugs spread and are removed by diffu-
sion, vascular transport, and leakage. Spread of anesthetic 

 •  0: No motor block
 •  1: Inability to raise extended leg; able to move knees and feet
 •  2:  Inability to raise extended leg and move knee; able to 

move feet
 •  3: Complete block of motor limb  

BOX 56-1 Modified Bromage Scale
within the epidural space, and subsequent block height, 
is related to a variety of factors, not all of which can be 
manipulated by the anesthesiologist (Table 56-5).26

Drug Factors
The volume and total mass of injectate are the most 
important drug-related factors that affect block height 
after the administration of local anesthetic in the epi-
dural space. As a general principle, 1 to 2 mL of solution 
should be injected per segment to be blocked. Although 
additives such as bicarbonate, epinephrine, and opioids 
influence onset, quality, and duration of analgesia and 
anesthesia, these do not affect spread.

Patient Factors
Age can influence epidural block height.26 There appears 
to be a stronger correlation with age and block height in 
thoracic epidurals, with one study suggesting that 40% 
less volume is required in the elderly (see Chapter 80).243 
Possible reasons include decreased leakage of local anes-
thetic through intervertebral foramina, decreased com-
pliance of the epidural space in the elderly resulting in 
greater spread, or an increased sensitivity of the nerves in 
the elderly. As with spinal anesthesia, it appears that only 
the extremes of patient height influence local anesthetic 
spread in the epidural space. Weight is not well corre-
lated with block height in the settings of either lumbar 
or thoracic epidural anesthesia.244 Less local anesthetic is 
required to produce the same epidural spread of anesthe-
sia in pregnant patients. Although this may be in part 
a result of engorgement of epidural veins secondary to 
increased abdominal pressure, the effect also occurs in 
early pregnancy.245Also, continuous positive airway pres-
sure increases the height of a thoracic epidural block.246,247

Procedure Factors
The level of injection is the most important procedural-
related factor that affects epidural block height. In the 
upper cervical region, spread of injectate is mostly cau-
dal, in the midthoracic region spread is equally cepha-
lad and caudal, and in the low thoracic region spread 
is primarily cephalad.248 After a lumbar epidural, spread 
is more cephalad than caudal. Some studies suggest that 
the total number of segments blocked is less in the lum-
bar region compared with thoracic levels for a given 
volume of injectate. Patient position has been shown to 
affect spread of lumbar epidural injections, with prefer-
ential spread and faster onset to the dependent side in 
TABLE 56-5 FACTORS AFFECTING EPIDURAL LOCAL ANESTHETIC DISTRIBUTION AND BLOCK HEIGHT 

More Important Less Important Not Important

Drug Factors Volume
Dose

Concentration Additives

Patient Factors Elderly age
Pregnancy

Weight
Height
Pressure in adjacent body cavities

Procedure Factors Level of injection Patient position Speed of injection
Needle orifice direction

Adapted from Visser WA, Lee RA, Gielen MJM: Factors affecting the distribution of neural blockade by local anesthetics in epidural anesthesia and a comparison of 
lumbar versus thoracic epidural anesthesia, Anesth Analg 2008;107:708-721.
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the lateral decubitus position.249 The sitting and supine 
positions do not affect epidural block height. However, 
the head-down tilt position does increase spread in 
obstetric patients.250 Needle bevel direction and speed of 
injection also do not appear to influence the spread of a 
bolus injection.

PHARMACOLOGY

Local anesthetics for epidural use may be classified into 
short-, intermediate-, and long-acting drugs. A single 
bolus dose of local anesthetic in the epidural space can 
provide surgical anesthesia ranging from 45 minutes 
up to 4 hours depending on the type of local anesthetic 
administered and the use of any additives (Table 56-6). 
Most commonly, an epidural catheter is left in situ so that 
local anesthetic–based anesthesia or regular analgesia can 
be extended indefinitely.

Short-Acting and Intermediate-Acting Local 
Anesthetics
procaiNe. Similar to spinal anesthesia, procaine is not 
commonly used for epidural anesthesia. Five-percent 
procaine has a slow onset and the resultant block can be 
unreliable and of poor quality.

chloroprocaiNe. Chloroprocaine is available preserva-
tive free in 2% and 3% concentrations for epidural injec-
tion, with the latter preferable for surgical anesthesia 
because the former may not produce muscle relaxation. 
The 3% preparation has an onset time of 10 to 15 min-
utes and a duration of up to 60 minutes. Adding epi-
nephrine prolongs the block for up to 90 minutes. Before 
the development of preservative-free preparations, large 
volumes (>25 mL) of chloroprocaine had been associ-
ated with deep, aching, burning lumbar back pain.251 
This was thought to be secondary to the ethylenediami-
netetraacetic acid that chelated calcium and caused a 
localized hypocalcemia. In addition, chloroprocaine can 
antagonize the effects of epidural morphine.242 This may 
be a result of opioid receptor antagonism by either the 
chloroprocaine or a metabolite. Antagonism of an intra-
cellular messenger and decreased morphine availability 
caused by a reduction in perineural pH are also proposed 
mechanisms. However, morphine and chloroprocaine 
seem like an illogical combination because the beneficial 
ultra-short duration of action of chloroprocaine is offset 
by the addition of morphine.

articaiNe. Articaine is not widely used for epidural anes-
thesia and has not been studied extensively. When 2% 
articaine was compared with epidural lidocaine in one 
study, it had a similar latency, spread, duration, and 
motor block.252 It has also been used for obstetric epidural 
analgesia.148

lidocaiNe. Lidocaine is available in 1% and 2% solutions; 
it has an onset time of 10 to 15 minutes and a duration 
of up to 120 minutes, which can be extended to 180 min-
utes with the addition of epinephrine. Unlike spinal anes-
thesia, TNS is not commonly associated with epidural 
lidocaine.253

prilocaiNe. Prilocaine is available in 2% and 3% solu-
tions. The 2% solution produces a sensory block with 
minimal motor block. Onset time is approximately 15 
minutes, with a duration of approximately 100 minutes. 
When compared with lidocaine, prilocaine has a more 
marked sensory blockade and a longer duration (different 
from Cousins).242 In large doses, prilocaine is associated 
with methemoglobinemia.156,254

MepivacaiNe. Mepivacaine is available as 1%, 1.5%, and 
2% preservative-free solutions. The 2% preparation has an 
onset time similar to lidocaine of approximately 15 minutes,  
but a slightly longer duration (up to 200 minutes with 
epinephrine), making it a preferred option by some cen-
ters for surgery of an intermediate duration.

Long-Acting Local Anesthetics
tetracaiNe. Tetracaine is not widely used for epidural 
anesthesia because of unreliable block height and, in 
larger doses, systemic toxicity.

BupivacaiNe. Bupivacaine is available in 0.25%, 0.5%, 
or 0.75% preservative-free solutions. The onset time is 
around 20 minutes with a duration of up to 225 min-
utes, which is prolonged only slightly by the addition 
of epinephrine (to 240 minutes). More dilute concentra-
tions such as 0.125% to 0.25% can be used for analgesia. 
However, disadvantages include cardiac and central ner-
vous system toxicity and the potential for motor block 
TABLE 56-6 COMPARATIVE ONSET TIMES AND ANALGESIC DURATIONS OF LOCAL ANESTHETICS 
ADMINISTERED EPIDURALLY IN 20- TO 30-ML VOLUMES 

Duration (min)

Drug Concentration (%) Onset (min) Plain 1:200,000 Epinephrine

2-Chloroprocaine 3 10-15 45-60 60-90
Lidocaine 2 15 80-120 120-180
Mepivacaine 2 15 90-140 140-200
Bupivacaine 0.5-0.75 20 165-225 180-240
Etidocaine 1 15 120-200 150-225
Ropivacaine 0.75-1.0 15-20 140-180 150-200
Levobupivacaine 0.5-0.75 15-20 150-225 150-240

Data from Cousins MJ, Bromage PR: Epidural neural blockade. In Cousins MJ, Bridenbaugh PO, editors: Neural blockade in clinical anesthesia and  
management of pain. Philadelphia, 1988, JB Lippincott, pp 255.
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from larger doses. Solutions of 0.5% and 0.75% are used 
to provide surgical anesthesia. Liposomal bupivacaine is 
currently under investigation for epidural use. An epi-
dural bolus of liposomal 0.5% bupivacaine provided simi-
lar onset but longer-lasting analgesia to boluses of plain 
bupivacaine.255 It does not appear to be more toxic than 
plain bupivacaine or to have a differing cardiac safety 
profile. The benefit, as with extended-release morphine 
(discussed later), is the lack of need for an epidural cath-
eter. Conversely, such extended-release boluses are less 
titratable if for any reason the epidural needs to be ter-
minated early.

levoBupivacaiNe. Levobupivacaine can be used as an epi-
dural local anesthetic in 0.5% to 0.75% concentrations 
for surgical anesthesia, whereas analgesia can be achieved 
with concentrations of 0.125% to 0.25%. Levobupi-
vacaine administered epidurally has the same clinical 
characteristics as bupivacaine.129,256,257 The advantage 
of levobupivacaine is that it is less cardiotoxic compared 
with bupivacaine.175,258

ropivacaiNe. Ropivacaine is available in 0.2%, 0.5%, 
0.75%, and 1.0% preservative-free preparations. For surgi-
cal anesthesia, 0.5% to 1.0% is used, whereas 0.1% to 0.2 
% is used for analgesia. Ropivacaine is associated with a 
superior safety profile compared with bupivacaine.259,260 
Data from animal models suggest that bupivacaine has 
a 1.5 to 2.5 lower seizure threshold than ropivacaine. 
Ropivacaine is also less cardiotoxic. When compared with 
bupivacaine and levobupivacaine, ropivacaine at equiva-
lent concentrations has a relatively similar clinical pro-
file. Ropivacaine has a slightly shorter duration of action 
and less motor block, although the reduced motor block 
may in fact reflect different potencies of the drugs rather 
than a true motor-sparing effect of ropivacaine. Epidur-
ally administered ropivacaine is 40% less potent than 
bupivacaine.179,180,261

Epidural Additives
vaSocoNStrictorS. Epinephrine reduces vascular absorp-
tion of local anesthetics in the epidural space. The local 
anesthetics vary in their responsiveness to epinephrine. 
The effect is the most with lidocaine,262 mepivacaine, and 
chloroprocaine (up to 50% prolongation), with a lesser 
effect with bupivacaine, levobupivacaine, and etidocaine, 
and a limited effect with ropivacaine, which already has 
intrinsic vasoconstrictive properties (see Table 56-6). Epi-
nephrine itself may also have some analgesic benefits 
because it is absorbed into the CSF, where it can act on 
dorsal horn α2 receptors.263 Phenylephrine has been used 
in epidural anesthesia less widely than in spinal anesthe-
sia, perhaps because it does not reduce peak blood levels 
of local anesthetic as effectively as epinephrine does dur-
ing epidural use.264

opioidS. Opioids synergistically enhance the analgesic 
effects of epidural local anesthetics, without prolonging 
motor block. A combination of local anesthetic and opi-
oid reduces the dose-related adverse effects of each drug 
independently. The analgesic benefits of neuraxial opi-
oids must be balanced against the dose-dependent side 
effects. As with intrathecal opioids, there appears to be 
a therapeutic ceiling effect above which only side effects 
increase. Opioids may also be used alone, particularly 
when there are concerns regarding hemodynamic insta-
bility. Epidural opioids work by crossing the dura and 
arachnoid membrane to reach the CSF and spinal cord 
dorsal horn. Lipophilic opioids, such as fentanyl and 
sufentanil, partition into epidural fat and therefore are 
found in lower concentrations in CSF than hydrophilic 
opioids, such as morphine and hydromorphone. Fen-
tanyl and sufentanil are also readily absorbed into the 
systemic circulation, and several studies suggest that this 
is the principal analgesic mechanism.265,266

Epidural morphine is administered as a bolus of 1 to  
5 mg, with an onset time of 30 to 60 minutes and duration 
of up to 24 hours. The optimal dose that balances analge-
sia while minimizing side effects is 2.5 to 3.75 mg.267 Alter-
natively, morphine can be administered continuously in 
doses of 0.1 to 0.4 mg/hr through an epidural catheter. 
Hydromorphone is more hydrophilic than fentanyl but 
more lipophilic than morphine. It can be administered 
as a bolus of 0.4 to 1.5 mg, with onset at 15 to 30 min-
utes and a duration of 18 hours. Hydromorphone used as 
an infusion is delivered at rates between 5 and 20 μg/hr.  
The onset of epidural fentanyl and sufentanil is 5 to  
15 minutes and lasts only 2 to 3 hours. Bolus doses of 
10 to 100 μg may be used to provide analgesia. Diamor-
phine is available in the United Kingdom and used in 
doses of 2 to 3 mg as epidural boluses, or approximately  
0.05 mg/mL in an infusion.

Depodur is an extended-release liposomal formulation 
of morphine used as a single-shot lumbar epidural dose, 
thereby avoiding issues and side effects of a continuous 
local anesthetic infusion and indwelling catheters, partic-
ularly in patients receiving anticoagulants. When admin-
istered before surgery (or after clamping of the cord in 
cesarean deliveries), Depodur can provide up to 48 hours 
of pain relief.268,269 A dose of 10 to 15 mg is recommended 
for lower abdominal surgery, and 15 mg is recommended 
for major lower limb orthopedic surgery.

α2-agoNiStS. Epidural clonidine can prolong sensory 
block to a greater extent than motor block. The mecha-
nism appears to be mediated by the opening of potassium 
channels and subsequent membrane hyperpolarization270 
rather than an α2-agonist effect. The addition of clonidine 
reduces both epidural local anesthetic and opioid require-
ments.271-273 Other benefits of clonidine may include a 
reduced immune stress and cytokine response.274 Epi-
dural clonidine does have a variety of side effects includ-
ing hypotension, bradycardia, dry mouth, and sedation. 
The cardiovascular effects may be greatest when cloni-
dine is administered in the epidural space at the thoracic 
level.275 In preliminary studies, epidural dexmedetomi-
dine has also been shown to reduce intraoperative anes-
thetic requirements, improve postoperative analgesia, 
and prolong both sensory and motor block.276

other drugS. Conflicting reports exist regarding the bene-
fit of epidural ketamine and whether it is neurotoxic.277-279 
Epidural neostigmine provides labor analgesia before local 
anesthetic infusion without causing respiratory depression, 
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hypotension, or motor impairment.280 Midazolam, trama-
dol, dexamethasone, and droperidol have also been stud-
ied but are not commonly used.

carBoNatioN aNd BicarBoNate. Many local anesthetic prep-
arations have a pH between 3.5 and 5.5 for chemical stabil-
ity and bacteriostasis. At these low pHs, a higher proportion 
of the drug is in the ionized form and is therefore unable to 
cross nerve membranes to reach the internal binding site 
on sodium channels. Both carbonation of the solution and 
adding bicarbonate have been used in an attempt to increase 
the solution pH, and therefore the non-ionized free-base 
proportion of local anesthetic. Although carbonation may 
theoretically increase the speed of onset and quality of the 
block by producing more rapid intraneural diffusion and 
more rapid penetration of connective tissue surrounding 
the nerve trunk,281,282 available data suggest that there are 
no clinical advantages for carbonated solutions.235,283
EPIDURAL TECHNIQUE

Preparation
Patient preparation as previously described for spinal 
anesthesia must equally be applied to epidural anesthesia, 
namely consent, monitoring, and resuscitation equip-
ment, intravenous access, and choosing the patient and 
drugs appropriately depending on comorbidities and the 
nature of surgery. Sterility is arguably even more impor-
tant than spinal anesthesia because a catheter is often left 
in situ. The extent of the surgical field must be understood 
so that the epidural may be inserted at the appropriate 
level—that is, the lumbar, low-, mid-, or high-thoracic, or 
less commonly, cervical.26 A variety of epidural needles 
have been used for epidural anesthesia, but Tuohy nee-
dles are most common (Fig. 56-8). These needles are usu-
ally 16 to 18 g in size and have a 15- to 30-degree curved, 
blunt “Huber” tip designed to both reduce the risk of 
BA
Figure 56-8. Epidural needles with catheter assortment. A, A 19-G reusable Crawford epidural needle. B, A 19-G disposable Tuohy needle. 

Continued
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Figure 56-8, cont’d. C, Single–end-hole epidural catheter. D, Closed-tip, multiple–side-hole catheter. E, Spring wire–reinforced, polymer-
coated epidural catheter.
accidental dural puncture and guide the catheter cepha-
lad. The needle shaft is marked in 1-cm intervals so that 
depth of insertion can be identified. The catheter is made 
of a flexible, calibrated, durable, radiopaque plastic with 
either a single end hole or multiple side orifices near the 
tip. Several investigators have found that multiple-orifice 
catheters are superior, with a reduced incidence of inad-
equate analgesia.284-286 However, the use of multiorifice 
catheters in pregnant women resulted in a more frequent 
incidence of epidural vein cannulation.287

The method of identifying the epidural space must 
also be predetermined. Most practitioners use a loss-of-
resistance technique to either air or saline, rather than 
the hanging drop technique, both of which are described 
later. If a loss-of-resistance technique is used, an addi-
tional decision about the type of syringe (i.e., glass versus 
low-resistance plastic and Luer-Lok versus friction hub) is 
required.

Position
The sitting and lateral decubitus positions necessary 
for epidural puncture are the same as those for spinal 
anesthesia (see also Chapter 77). As before, inadequate 
positioning of the patient can complicate an otherwise 
meticulous technique. Shorter insertion times occur in 
the sitting position for thoracic epidurals compared with 
the lateral decubitus position, but ultimately, success 
rates are comparable.288 As with spinal anesthesia, epidur-
als are performed with the patient awake.76
Projection and Puncture
The level of needle insertion depends on the location 
of surgery (Table 56-7). Important surface landmarks 
include the intercristal line (corresponding to the 
L4-L5 interspace), the inferior angle of the scapula (cor-
responding to the T7 vertebral body), the root of the 
scapular spine (T3), and the vertebra prominens (C7). 
Ultrasonography may be useful to identify the correct 
thoracic space233; it is less commonly used for thoracic 

TABLE 56-7 SUGGESTED EPIDURAL INSERTION 
SITES FOR COMMON SURGICAL PROCEDURES 

Nature of Surgery

Suggested 
Level of 
Insertion Remarks

Hip surgery
Lower extremity
Obstetric analgesia

Lumbar L2-L5

Colectomy, Anterior 
resection

Upper abdominal surgery

Lower thoracic
T6-T8

Spread more 
cranial than 
caudal

Thoracic T2-T6 Midpoint of 
surgical 
incision

Modified from Visser WA, Lee RA, Gielen MJM: Factors affecting the distribu-
tion of neural blockade by local anesthetics in epidural anesthesia and a 
comparison of lumbar versus thoracic epidural anesthesia, Anesth Analg 
107:708-721, 2008.
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epidural insertion, however, because the acoustic shad-
ows make visualization of landmarks such as the liga-
mentum flavum and intrathecal space more difficult.289 
A variety of different needle approaches exist: midline, 
paramedian, modified paramedian (Taylor approach), 
and caudal.

A midline approach is commonly chosen for lum-
bar and low thoracic approaches. After local anesthetic 
infiltration of the skin, the nondominant hand can be 
rested on the back of the patient, with the thumb and 
index finger holding the needle hub or wing. The angle 
of approach should be only slightly cephalad in the 
lumbar and low-thoracic regions, whereas in the mid-
thoracic region, the approach should be more cepha-
lad because of the significant downward angulation of 
the spinous processes (Fig. 56-9). In a controlled fash-
ion, the needle should be advanced with the stylet in 
place through the supraspinous ligament and into the 
interspinous ligament, at which point the stylet can be 
removed and the syringe attached. If it is in the correct 
location, the needle should rest firmly in the tissues. 
Some advocate needle placement in the ligamentum fla-
vum for both the loss-of-resistance and hanging-drop 
methods before attaching the syringe, but this may be 
difficult, particularly for novices; however, this may 
allow an improved appreciation of epidural anatomy for 
the operator. If the needle is merely inserted into the 
supraspinous ligament and then loss-of-resistance or 
hanging-drop insertion is begun, there is an increased 
chance of false loss-of-resistance, possibly because of 
defects in the interspinous ligament.290 Such false-posi-
tive rates can be as high as 30%.

T6

T7

L2

L3

A    

B C

90°
40°

Figure 56-9. A, Lumbar and thoracic epidural technique. The 
increased angle of needle insertion during thoracic epidural cannula-
tion may provide a slightly longer distance of “needle travel” before 
entering the subarachnoid space. In contrast to lumbar epidural can-
nulation (B), the distance traveled is modified by a more perpendicu-
lar angle of needle insertion (C).
Air or saline are the two most common noncompress-
ible media used to detect a loss-of-resistance when iden-
tifying the epidural space. Each involves intermittent (for 
air) or constant (for saline) gentle pressure applied to the 
bulb of the syringe with the dominant thumb while the 
needle is advanced with the nondominant hand. A com-
bination of air and saline may also be used, incorporating 
2 mL of saline and a small (0.25 mL) air bubble. Usually 
the ligamentum flavum is identified as a tougher struc-
ture with increased resistance, and when the epidural 
space is subsequently entered, the pressure applied to the 
syringe plunger allows the solution to flow without resis-
tance into the epidural space. There are reports that air is 
less reliable in identifying the epidural space, results in a 
higher chance of incomplete block, and may also cause 
both pneumocephalus (which can result in headaches) 
and venous air embolism in rare cases. If air is chosen, 
the amount of air injected after loss-of-resistance should 
therefore be minimized. A recent meta-analysis suggested 
that there was no difference in adverse outcome in the 
obstetric population when air or saline was used.291 
Another meta-analysis found that fluid inserted through 
the epidural needle before catheter insertion reduces 
the risk of epidural vein cannulation by the catheter.287 
One proposed disadvantage of using saline is that it may 
be more difficult to readily detect an accidental dural 
puncture.

An alternative method of identifying the epidural 
space is the hanging-drop technique. After the needle is 
placed into the ligamentum flavum, a drop of solution 
such as saline is placed within the hub of the needle. 
When the needle is advanced into the epidural space, the 
solution should be “sucked in.” The theory behind this 
maneuver has traditionally been attributed to subatmo-
spheric pressure in the epidural space, although recent 
experimental evidence in the cervical region suggests that 
using negative-pressure methods are poorly reliable and 
only useful in the sitting position.292 The subatmospheric 
pressure has been related to expansion of the epidural 
space as the needle pushes the dura away from the liga-
mentum flavum.293 The negative intrathoracic pressure 
may influence the pressure in the epidural space in the 
thoracic region and should be maximal during inspira-
tion. Timing needle advancement to coincide with inspi-
ration may be difficult, however.

When a lumbar midline approach is used, the depth 
from skin to the ligamentum flavum commonly reaches  
4 cm, with the depth in most (80%) patients being 
between 3.5 and 6 cm; it can be longer or shorter in obese 
or very thin patients, respectively. Ultrasonography may 
be useful to predict the depth before needle insertion.233 
In the lumbar region, the ligamentum flavum is 5 to  
6 mm thick in the midline. When a thoracic approach is 
chosen, needle control is of equal or greater importance 
because injury to the spinal cord is possible if the needle 
is advanced too far, although there are no data to suggest 
that approaching the epidural space at the lumbar level 
is any more or less safe than at the thoracic level. This 
may be partly because those using the thoracic technique 
are most often anesthesiologists with considerable expe-
rience in lumbar epidural anesthesia.294 In addition, the 
increased angle of needle insertion in the thoracic region 
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may theoretically provide an element of safety in that the 
more acute angle necessary to gain access to the epidural 
space provides some margin of safety (see Fig. 56-9).

When the epidural space is identified, the depth of the 
needle at the skin should be noted. The syringe can then 
be removed and a catheter gently threaded to approxi-
mately the 15- to 18-cm mark to ensure a sufficient length 
has entered the epidural space. The needle can then be 
carefully withdrawn, and the catheter is withdrawn to 
leave 4 to 6 cm in the space. Catheter space less than 4 cm 
in length in the epidural space may increase the risk of 
catheter dislodgement and inadequate analgesia, whereas 
threading more catheter may increase the likelihood of 
catheter malposition or complications.295-298

As described earlier, a false loss-of-resistance can occur 
and is one of the causes of a failed block. The Tsui test 
may be used to confirm the epidural catheter position.299 
This test stimulates the spinal nerve roots with a low elec-
trical current conducted through normal saline in the 
epidural space and an electrically conducting catheter. A 
metal-containing catheter must be used, with the cath-
ode lead of the nerve stimulator connected to the cath-
eter via an electrode adapter, whereas the anode lead is 
connected to an electrode on the patient’s skin. At cur-
rents of approximately 1 to 10 mA, corresponding muscle 
twitches (i.e., intercostal or abdominal wall muscles for 
thoracic epidural catheters) can be used to identify cath-
eter tip location. Subarachnoid and subdurally positioned 
epidural catheters elicit motor responses at a much lower 
threshold current (<1 mA), because the stimulating cath-
eter is in very close or direct contact with highly conduc-
tive CSF.300,301

When the catheter is positioned at the desired depth, it 
must be secured to the skin. Commercial fixation devices 
exist, and some are superior to tape alone.302 Tunneling 
can reduce catheter migration and improve lasting block 
success.303 However, tunneling has not been compared 
with noninvasive catheter fixation devices in a well-
designed study.

Paramedian Approach
The paramedian approach is particularly useful in the 
mid- to high thoracic region, where the angulation of the 
spine and the narrow spaces render the midline approach 
problematic. The needle should be inserted 1 to 2 cm lat-
eral to the inferior tip of the spinous process correspond-
ing to the vertebra above the desired interspace. The 
needle is then advanced horizontally until the lamina 
is reached and then redirected medially and cephalad to 
enter the epidural space. The Taylor approach is a modi-
fied paramedian approach via the L5-S1 interspace, which 
may be useful in trauma patients who cannot tolerate or 
are not able to maintain a sitting position. The needle is 
inserted 1 cm medial and 1 cm inferior to the posterior 
superior iliac spine and is angled medially and cephalad 
at a 45- to 55-degree angle.

Before initiating an epidural local anesthetic infusion, 
a test dose may be administered. The purpose of this is to 
exclude intrathecal or intravascular catheter placement. 
A small volume of lidocaine 1.5% with epinephrine is 
traditionally used for this purpose. A recent systematic 
review found reasonable evidence that 10 to 15 μg of 
epinephrine alone in nonpregnant adult patients was 
the best pharmacologic method of detecting intravascu-
lar placement, using endpoints of an increase in systolic 
blood pressure more than 15 mm Hg or an increase in 
heart rate more than 10 beats/min. The optimal method 
of detecting intrathecal or subdural placement, however, 
could not be ascertained.304

COMBINED SPINAL-EPIDURAL

Combined spinal-epidural anesthesia was first described 
in 1937 but has subsequently been modified over the past  
30 years305-310 and the CSE technique is now seeing increas-
ing popularity. A CSE allows flexibility in a number of clin-
ical settings because the more rapid onset of spinal block 
compared with epidural anesthesia allows the operative 
procedure to begin earlier, whereas the epidural catheter 
still provides both effective postoperative analgesia and 
allows anesthesia to be extended as the spinal resolves. 
This is particularly useful during labor, where opioid and 
a small dose of local anesthetic may be injected through a 
small spinal needle to provide rapid analgesia, whereas the 
epidural catheter can be used thereafter for both analgesia 
and surgical anesthesia if an operative delivery becomes 
necessary. Another significant advantage of CSE in gen-
eral is the ability to use a low dose of intrathecal local 
anesthetic, with the knowledge that the epidural catheter 
may be used to extend the block if necessary. The addi-
tion of either local anesthetic or saline alone to the epi-
dural space via the catheter compresses the dural sac and 
increases the block height. This latter technique is called 
epidural volume extension (EVE) and has been shown in 
cesarean delivery to provide a comparable sensory block 
to larger doses of intrathecal local anesthetic (with no 
epidural volume extension) but with significantly faster 
motor recovery.311 The principle of using a lower dose of 
spinal anesthetic and titrating the epidural dose after the 
spinal anesthetic to reach the appropriate block height is 
a reduction in side effects,312 with faster recovery, which 
can in turn potentially hasten discharge. This sequential 
technique also provides greater hemodynamic stability 
for high-risk patients using a lower initial mass of drug for 
spinal anesthetic, with subsequent gradual extension of 
the block if necessary using the epidural.

TECHNIQUE

The CSE technique most commonly involves placement 
of the epidural needle first, followed by either a “needle 
through needle” technique to reach the subarachnoid 
space or an altogether separate spinal needle insertion 
at either the same or different interspace. Some but not 
all studies have demonstrated greater success and lower 
failure rates with the separate needle insertion tech-
nique.313-316 This method has the potential advantage of 
being able to confirm that the epidural catheter is func-
tional before spinal anesthesia is administered, which, 
although it is time consuming, may be advantageous if 
the epidural catheter is to be relied upon for anesthesia 
when the spinal component resolves. Conversely, this 
method theoretically risks shearing the epidural catheter 
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that is already in situ. If a needle-through-needle tech-
nique is chosen, special CSE kits are available with long 
spinal needles, some of which can be locked in place for 
the subarachnoid injection.

CAUDAL ANESTHESIA

Caudal anesthesia is popular in pediatric anesthesia (see 
Chapter 93), but the technique also can be used in adults, 
although it is unpredictable when upper abdominal or tho-
racic spread is required. Its indications in adults therefore 
are essentially the same as those for lumbar epidural anes-
thesia, although it may be particularly useful when sacral 
anesthetic spread is desired (e.g., perineal, anal, rectal pro-
cedures), where a spinal surgery scar may prevent a lumbar 
anesthetic technique and, more commonly, in chronic 
pain and cancer pain management (see Chapter 64).  
The use of fluoroscopic guidance and, more recently, 
ultrasonography can help guide correct needle placement 
and reduce the rate of a failed block.317 Ultrasonography 
is of even greater benefit in children because the lack 
of bony ossification allows visualization of both local 
anesthetic spread and the position of caudal epidural 
catheters.318,319

PHARMACOLOGY

The local anesthetics used are similar to those described 
for epidural anesthesia and analgesia. However, in adults 
approximately twice the lumbar epidural dose is required 
to achieve a similar block with the caudal approach. The 
spread is also variable, making this technique in adults 
unreliable for procedures above the umbilicus.

TECHNIQUE

Patient preparation as described before for spinal and epi-
dural anesthesia must be equally applied to caudal anes-
thesia, namely consent, monitoring and resuscitation 
equipment, intravenous access, and the same asepsis pre-
cautions. Caudal anesthesia requires identification of the 
sacral hiatus. The sacrococcygeal ligament (i.e., extension 
of ligamentum flavum) overlies the sacral hiatus between 
the two sacral cornua. To facilitate locating the cornua, 
the posterior superior iliac spines should be located and, 
by using the line between them as one side of an equi-
lateral triangle, the location of the sacral hiatus should 
be approximated (Fig. 56-10). Ultrasonography can also 
be used to identify these landmarks,317-319 as can fluoros-
copy. Three positions (see Chapter 41) are available for 
caudal anesthesia, with the prone position most often 
chosen in adults, the lateral decubitus position most cho-
sen in children, and the knee-chest position the most 
infrequently used. The lateral decubitus position is used 
in children because it is easier to maintain a patent airway 
in this position than in the prone position, and the land-
marks are more easily palpable than they are in adults (see 
Chapter 92). This consideration is valuable because cau-
dal anesthesia is often combined with general anesthesia 
in pediatric patients to decrease the amount of volatile 
agent used intraoperatively or to provide postoperative 
analgesia. In contrast, a caudal block is often adminis-
tered during preoperative sedation in adults and when 
the prone position is applicable. When placing a patient 
in the prone position, a pillow should be inserted beneath 
the iliac crests to rotate the pelvis and make cannulation 
of the caudal canal easier. An additional aid is to spread 
the lower extremities about 20 degrees with the heels 
rotated laterally, which minimizes gluteal muscle con-
traction and eases needle insertion.

After the sacral hiatus is identified, the index and mid-
dle fingers of the palpating hand are placed on the sacral 
cornua, and after local infiltration, the caudal needle (or 
Tuohy needle if a catheter is to be placed) is inserted at an 
angle of approximately 45 degrees to the sacrum. While 
the needle is advanced, a decrease in resistance to needle 
insertion should be appreciated as the needle enters the 
caudal canal. The needle is advanced until bone (i.e., the 
dorsal aspect of the ventral plate of the sacrum) is con-
tacted and then is slightly withdrawn, and the needle is 
redirected so that the angle of insertion relative to the 
skin surface is decreased. In male patients, this angle is 
almost parallel to the coronal plane; in female patients, 
a slightly steeper angle (15 degrees) is necessary. During 
redirection of the needle, loss-of-resistance is sought to 
confirm entry into the epidural space, and the needle 
advanced no more than approximately 1 to 2 cm into the 
caudal canal. In adults, the tip should never be advanced 
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Figure 56-10. Caudal technique. Palpating fingers locate the sacral 
cornua by using the equilateral triangle. Needle insertion is completed 
by insertion and withdrawal in a stepwise fashion (inset, so-called 
1-2-3 insertion) until the needle can be advanced into the caudal canal 
and the solution can be injected easily (without creation of a subcuta-
neous “lump” of fluid).
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beyond the S2 level (approximately 1 cm inferior to 
the posterior superior iliac spine), which is the level to 
which the dural sac extends. Additional advancement 
of the needle increases the risk of dural puncture, and 
unintentional intravascular cannulation becomes more 
likely. One method of increasing the likelihood of correct 
caudal needle placement is to inject 5 mL of saline rap-
idly through the caudal needle while palpating the skin 
overlying the sacrum. If no midline bulge is detected, the 
needle is probably positioned correctly. In contrast, if a 
midline bulge is detected during saline injection, the nee-
dle is positioned incorrectly.

After ensuring correct needle position and before injec-
tion of the therapeutic dose of caudal anesthetic, aspira-
tion should be performed and a test dose administered 
because, as in lumbar epidural anesthesia, a vein or the 
subarachnoid space can be entered unintentionally.

COMPLICATIONS

The physiologic effects of neuraxial blocks may be mis-
interpreted as complications; however, clear distinction 
should be made between the physiologic effects of the 
neuraxial technique and complications, which imply 
some harm to the patient.320 The material risks associ-
ated with neuraxial anesthesia must be intimately under-
stood and respected because catastrophic injury is not 
unknown and serves to remind us that a person’s nervous 
system is at the other end of the needle.321

NEUROLOGIC

Serious neurologic complications associated with neur-
axial anesthesia are rare. As such, prohibitively large 
numbers of patients are required for study to estimate 
the frequency of these events. The true incidence of most 
neurologic injury after neuraxial anesthesia is unknown.

Paraplegia
The frequency of paraplegia related to neuraxial anesthe-
sia is reported to be approximately 0.1 per 10,000,322,323 
and the mechanism of such a severe injury is likely multi-
factorial and difficult to identify for certain.324 Although 
injury resulting from direct needle trauma to the spinal 
cord325-329 may be self-evident, historical cases highlight 
the fundamental danger that accompanies the injection 
of a foreign substance into the CSF. The highly publicized 
cases of Woolley and Roe, two healthy, middle-aged men 
who became paraplegic after spinal anesthesia by the 
same anesthesiologist using the same drug on the same 
day for minor surgery at the same hospital in the United 
Kingdom in 1947, arguably set back the practice of spinal 
anesthesia for decades despite evidence that contamina-
tion by the descaling liquid used to cleanse the procedure 
tray had most likely been responsible.4 Another example 
of catastrophic injury related to intrathecal injectate was 
the chloroprocaine neurotoxicity experience in the early 
1980s, during which several patients developed adhesive 
arachnoiditis, cauda equina syndrome, or permanent 
paresis thought to be related to a combination of low pH 
and the antioxidant sodium bisulfite preservative used in 
early (and discontinued) preparations of the short-acting 
ester local anesthetic chloroprocaine.136-139,330

Profound hypotension or ischemia of the spinal cord 
can be important contributing factors in cases of paraple-
gia associated with neuraxial anesthesia. Anterior spinal 
artery syndrome, characterized by painless loss of motor 
and sensory function, is associated with anterior cord isch-
emia or infarction with sparing of proprioception, which 
is carried by the posterior column. The anterior cord is 
believed to be especially vulnerable to ischemic insult 
because of its single and tenuous source of arterial blood 
supply (the artery of Adamkiewicz). Ischemia caused by 
any one or a combination of profound hypotension, 
mechanical obstruction, vasculopathy, or hemorrhage 
can contribute to irreversible anterior cord damage.331-333

Cauda Equina Syndrome
The rate of cauda equina syndrome is approximately 0.1 
per 10,000 and invariably results in permanent neurologic 
deficit.322 The lumbosacral roots of the spinal cord may be 
particularly vulnerable to direct exposure of large doses of 
local anesthetic, whether it is administered as a single injec-
tion of relatively highly concentrated local anesthetic (e.g., 
5% lidocaine)334 or prolonged exposure to a local anesthetic 
through a continuous catheter.5,335,336 The U.S. Food and 
Drug Administration withdrew approval for spinal catheters 
smaller than 24 G in size in 1992 because of concerns about a 
perceived association between the small-bore catheters and 
the development of cauda equina syndrome.337 Although 
small-bore catheters can reduce the risk of headache, they 
can predispose to pooling of local anesthetic around the 
lumbosacral nerve roots, possibly because of slow injectate 
flow through the fine-bore catheter, thereby exposing them 
to high concentrations of local anesthetic. However, small-
bore spinal catheters are being used effectively in Europe, 
and they are beginning to reappear in the United States, 
although it has taken nearly 15 years for them to emerge 
from the regulatory cloud of the early 1990s.338

Epidural Hematoma
Bleeding within the vertebral canal can cause ischemic 
compression of the spinal cord and lead to permanent 
neurologic deficit if not recognized and evacuated expedi-
tiously. Many risk factors have been associated with the 
development of an epidural hematoma, including difficult 
or traumatic needle or catheter insertion,339 coagulopathy, 
elderly age, and female gender.340 Radicular back pain, 
prolonged blockade longer than the expected duration of 
the neuraxial technique, and bladder or bowel dysfunction 
are features commonly associated with a space-occupying 
lesion within the vertebral canal and should prompt mag-
netic resonance imaging on an urgent basis. Before the 
recently published United Kingdom National Health Ser-
vice (NHS) audit, the largest contemporary studies report 
rates of epidural hematoma of less than 0.06 per 10,000 
after spinal anesthesia, whereas the rates of epidural hema-
toma after epidural blockade may be as much as tenfold 
higher.294,341-345 The United Kingdom NHS audit arguably 
provides the most accurate rates of neurologic complica-
tions associated with neuraxial anesthesia in contemporary 
practice. This unique prospective nationwide audit found 
five cases of epidural hematoma among 707,455 neuraxial 
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techniques (0.07 per 10,000), all of which occurred among 
97,925 perioperative epidural techniques (0.5 per 10,000) 
performed over the course of 1 year.323

Nerve Injury
In 1955, Vandam and Dripps346 were the first to cap-
ture data prospectively on nerve injury from more than 
10,000 patients who underwent spinal anesthesia. No 
severe neurologic injuries occurred in this population. In 
1969, Dawkins347 published the classic review of neuro-
logic complications after 32,718 epidural anesthetics and 
reported the frequency of transient and permanent nerve 
injury to be 0.1% and 0.02%, respectively. Despite interim 
advances in practice and research methodology, some 
of the largest contemporary studies available341,344,348-350 
suggest that the rate of neurologic injury related to neur-
axial anesthesia is mostly unchanged compared with that 
reported nearly a half century ago. Most notable from 
these contemporary data are that epidural (including CSE) 
anesthesia is likely associated with a more frequent rate 
of radiculopathy or peripheral neuropathy compared with 
spinal anesthesia,322 and that neuraxial anesthesia per-
formed in adults for the purposes of perioperative anes-
thesia or analgesia is apparently associated with a higher 
likelihood of neurologic complications compared with 
that performed in the obstetric, pediatric, and chronic 
pain settings.323,341,342,351,352 The rate of permanent nerve 
injury after neuraxial blockade is even more difficult to 
determine because methods of investigation and diagno-
sis, determination of causation, and reporting of outcomes 
are highly variable within the literature.353 The United 
Kingdom NHS audit found the overall rate of permanent 
nerve injury to be 7 in 707,455 or 0.1 per 10,000,323 which 
is remarkably similar to studies published a half century 
earlier by Dawkins. Three cases of nerve injury occurred 
among 293,050 epidurals (0.1 per 10,000), 3 among 
324,950 spinal anesthetics (0.1 per 10,000), and 1 among 
41,875 CSEs (0.2 per 10,000), mostly in young, healthy 
patients. Procedure-related risk factors traditionally asso-
ciated with nerve injury after neuraxial anesthesia in the 
perioperative setting include radicular pain or paresthesia 
occurring during the procedure.321,344,354,355

Post–Dural Puncture Headache
A relatively common complication of neuraxial anesthe-
sia is post–dural puncture headache. As the name implies, 
post–dural puncture headache is believed to result from 
unintentional or intentional puncture of the dura mem-
brane in the setting of neuraxial anesthesia or after 
myelography and diagnostic lumbar puncture. There are 
two possible explanations for the cause of the headache, 
neither of which has ever been proven. First, the loss of 
CSF through the dura is proposed to cause traction on 
pain-sensitive intracranial structures as the brain loses 
support and sags. Alternatively, the loss of CSF initi-
ates compensatory yet painful intracerebral vasodilation 
to offset the reduction in intracranial pressure.356 The 
characteristic feature of a post–dural puncture headache 
is a frontal or occipital headache that worsens with the 
upright or seated posture and is relieved by lying supine. 
Associated symptoms can include nausea, vomiting, neck 
pain, dizziness, tinnitus, diplopia, hearing loss, cortical 
blindness, cranial nerve palsies, and even seizures. In 
more than 90% of cases, the onset of characteristic post–
dural puncture headache symptoms will begin within 3 
days of the procedure,357 and 66% start within the first 48 
hours.358 Spontaneous resolution usually occurs within 7 
days in the majority (72%) of cases, whereas 87% of cases 
resolve by 6 months.359

Post–dural puncture headache can occur in the set-
ting of either spinal or epidural anesthesia, the former 
associated with certain modifiable risk factors during 
intentional dural puncture and the latter associated with 
unintentional puncture of the dura by advancing the 
Tuohy needle. Orienting a needle bevel parallel with the 
axis of the spine, such that the longitudinal fibers of the 
dura would more likely be separated than cut, results in 
a lower incidence of postspinal puncture headache.360 
This clinical observation has been supported by labo-
ratory investigations361 showing that simulated spinal 
puncture with cone-shaped (pencil-point) spinal needle 
tips produces slower transdural loss of fluid than a similar 
puncture with cutting tipped needles does. Indeed a meta-
analysis has shown that noncutting needle tip designs 
have a lower frequency of post–dural puncture headache 
than do cutting spinal needle tip designs.362 Other studies 
suggest that the collagen layers of the dura are oriented 
in a multidirectional fashion, not always in a cephalo-
caudad direction, and are variable in thickness, leading 
to the suggestion that damage to the longitudinal cells of 
the arachnoid membrane is more likely to be influenced 
by the type of bevel and may even be the predominant 
factor affecting post–dural puncture headache.9 Reports 
vary as to whether the incidence of post–dural puncture 
headache is increased with the combined spinal-epidural 
technique compared with epidural alone.363,364

Aside from the type of needle tip (cutting versus pen-
cil-point) and the bevel direction, there are additional 
risk factors common to the performance of both spinal 
and epidural anesthesia that contribute to the likelihood 
of developing a post–dural puncture headache. These risk 
factors are listed in Box 56-2.365

Conservative management for post–dural puncture 
headache includes supine positioning, hydration, caf-
feine, and oral analgesics. Sumatriptan has also been used 
with varying effect but is not without side effects.366,367 

Factors that can Increase the IncIdence oF headache aFter  
spInal puncture

 •  Age: Younger, more frequent
 •  Sex: Females > males
 •  Needle size: Larger > smaller
 •  Needle bevel: Less when the needle bevel is placed in the long 

axis of the neuraxis
 •  Pregnancy: More when pregnant
 •  Dural punctures: More with multiple punctures

Factors that do not Increase the IncIdence oF headache aFter 
spInal puncture

 •  Insertion and use of catheters for continuous spinal anesthesia
 •  Timing of ambulation  

BOX 56-2 Relationships Among Variables  
and Post–Spinal Puncture Headache
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Epidural blood patch is the definitive therapy for post-
dural puncture headache.368 This therapy was introduced 
by Gormley369; its safety and efficacy have been well-doc-
umented, and contemporary practice has validated that 
a single epidural blood patch continues to have a greater 
than 90% initial improvement rate370 and persistent reso-
lution of symptoms in 61% to 75% of cases.371

Epidural blood patch is ideally performed 24 hours 
after dural puncture and after the development of classic 
post–dural puncture headache symptoms. The efficacy 
of prophylactic epidural blood patching is not supported 
by evidence.372,373 By injecting radionuclide-labeled red 
blood cells epidurally, Szeinfeld and co-workers374 dem-
onstrated that approximately 15 mL of blood will spread 
over a mean distance of nine spinal segments, and that 
the direction of spread was preferentially cephalad rel-
ative to the level of blood injection. As a result, these 
authors recommend inserting the blood patch needle 
at or caudad to the level of the previous culprit dural 
puncture. These findings have since been validated by 
magnetic resonance imaging of epidural blood patch 
spread.375 A recent multinational, multicenter, random-
ized, blinded trial suggested that 20 mL of blood is a 
reasonable starting target volume.376 A second epidural 
blood patch may be performed 24 to 48 hours after the 
first in the case of ineffective or incomplete relief of 
symptoms.

Transient Neurologic Symptoms
Traditionally associated with lidocaine, TNS have been 
described after intrathecal administration of every local 
anesthetic used for spinal anesthesia. TNS, previously 
known as transient radicular irritation,377 is usually char-
acterized by bilateral or unilateral pain in the buttocks 
radiating to the legs or, less commonly, isolated buttock 
or leg pain. Symptoms occur within 24 hours of the reso-
lution of an otherwise uneventful spinal anesthetic and 
are not associated with any neurologic deficits or labora-
tory abnormalities.378 The pain can range from mild to 
severe and typically resolves spontaneously in 1 week or 
less.379 The likelihood of TNS is highest after intrathecal 
lidocaine and mepivacaine and is far less frequent with 
bupivacaine.147,159,380 The phenomenon is related to the 
concentration of lidocaine,147 the addition of dextrose or 
epinephrine, or solution osmolarity. The type of needle 
can influence the likelihood of TNS, with the rate reduced 
by a double-orifice needle,381 possibly because single-ori-
fice needles increase the risk of injecting anesthetic cau-
dally in the thecal sac. TNS is not commonly associated 
with epidural procedures but has occurred with epidural 
lidocaine and other local anesthetics.253,382 Finally, TNS 
occurs more commonly in patients who are placed in the 
lithotomy position for surgery. Nonsteroidal antiinflam-
matory drugs are the first line of treatment, but pain can 
be severe and may even require opioids.

CARDIOVASCULAR

Hypotension
Hypotension may be considered a complication of neur-
axial blockade if the patient faces harm. In the setting of 
spinal anesthesia, hypotension (defined as systolic blood 
pressure <90 mm Hg) is more likely to occur with a vari-
ety of factors including peak block height greater than or 
equal to T5, age older than or equal to 40 years, baseline 
systolic blood pressure less than 120 mm Hg, combined 
spinal and general anesthesia, spinal puncture at or above 
the L2-L3 interspace, and the addition of phenylephrine 
to the local anesthetic.51 Hypotension (defined as a reduc-
tion in mean arterial blood pressure >30%) is indepen-
dently associated with chronic alcohol consumption, 
history of hypertension, BMI, and the urgency of sur-
gery.383 Nausea is a common symptom of hypotension in 
the setting of neuraxial anesthesia, as are vomiting, dizzi-
ness, and dyspnea. Although prevention of hypotension 
caused by vasodilatation by a prophylactic (“preloading”) 
infusion of colloid or crystalloid during the performance 
of the neuraxial block (“coloading”) has been reported,384 
this is no longer recommended as a routine practice.384

Bradycardia
The development of severe bradycardia after spinal anes-
thesia has long been recognized as an important risk of 
spinal anesthesia.385,386 Bradycardia stems from blockade 
of the thoracic sympathetic fibers (preganglionic cardiac 
accelerator fibers originating at T1-T5), as well as reflex-
ive slowing of the heart rate as vasodilation reduces the 
venous return to the right atrium where stretch receptors 
respond by a compensatory slowing of the heart rate. Fac-
tors that may increase the likelihood of exaggerated bra-
dycardia (40 to 50 beats/min) include baseline heart rate 
less than 60 beats/min, age younger than 37 years, male 
gender, nonemergency status, β-adrenergic blockade, and 
prolonged case duration. Severe bradycardia (<40 beats/
min) is associated with a baseline heart rate less than 60 
beats/min and male gender.387

Cardiac Arrest (Also see Chapter 108)
In a review of closed insurance claims, Caplan and asso-
ciates388 identified 14 cases of sudden cardiac arrest in 
healthy patients receiving spinal anesthesia. The etiol-
ogy of sudden cardiac arrest after spinal anesthesia is 
not understood. Whether these catastrophic events 
represented lack of vigilant monitoring and treatment 
as opposed to some mysterious physiologic explana-
tion is not known.389 The latter notwithstanding, it is 
clear that hypoxemia and oversedation are complicit in 
the severe bradycardia and asystole that can occur sud-
denly during well-conducted spinal anesthesia.390,391 
Curiously, these rare events seem to be preferentially 
associated with spinal anesthesia rather than epidural 
techniques. In their inaugural survey of French anesthe-
siologists, Auroy and colleagues reported the rate of car-
diac arrest to be 6.4 per 10,000 after spinal anesthesia 
compared with 1 per 10,000 for all other neuraxial and 
peripheral regional anesthesia techniques combined.344 
In their larger follow-up survey of all anesthesiologists 
in France, Auroy and colleagues350 reported 10 cases of 
cardiac arrest after 35,439 spinal anesthetics (2.5 per 
10,000) and none after 5,561 epidural techniques. Most 
recently, Cook and colleagues uncovered three cases of 
cardiovascular collapse among 707,425 neuraxial blocks 
(0.04 per 10,000) during their nationwide audit, two of 
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which were during spinal anesthesia and one in the set-
ting of CSE.323

RESPIRATORY

Neuraxial opioids are commonly added to local anes-
thetic solutions to improve the quality and duration of 
neuraxial anesthesia and analgesia. The risk of respira-
tory depression associated with neuraxial opioids is dose-
dependent, with a reported frequency that approaches 
3% after the administration of 0.8 mg of intrathecal mor-
phine.392 Respiratory depression may stem from rostral 
spread of opioids within the CSF to the chemosensitive 
respiratory centers in the brainstem.65 With lipophilic 
anesthetics, respiratory depression is generally an early 
phenomenon occurring within the first 30 minutes; respi-
ratory depression has never been described more than  
2 hours after the administration of intrathecal fentanyl 
or sufentanil.225 With intrathecal morphine, there is a 
risk of late respiratory depression, occurring as much as  
24 hours after injection. Respiratory monitoring for the 
first 24 hours after the administration of intrathecal mor-
phine is therefore advisable. Patients with sleep apnea 
can be especially sensitive to the potent respiratory-
depressant effects of opioid medications and although 
definitive safety data evidence is lacking, the decision to 
administer neuraxial opioids to these patients is made 
with considerable caution.393,394 Older patients also have 
a higher risk of respiratory depression, and the dose of 
neuraxial opioids should be reduced in this population 
(see Chapter 80). Coadministration of systemic sedatives 
also increases this risk.

INFECTION

Bacterial meningitis and epidural abscess are rare, but 
potentially catastrophic, infectious complications of all 
neuraxial techniques. Sources of infection in neuraxial 
procedures include the equipment, the patient, or the 
practitioner. Staphylococcal infections arising from the 
patient’s skin are one of the most common epidural-
related infections, whereas oral bacteria such as Strep-
tococcus viridans are a common cause of infection after 
spinal anesthesia, underscoring the need for the clini-
cian to wear a facemask when performing neuraxial pro-
cedures. Other factors that may increase the likelihood 
of infection include the presence of a concomitant sys-
temic infection, diabetes, immunocompromised states,90 
and prolonged maintenance of an epidural (or spinal) 
catheter. Large contemporary studies estimate the rate 
of serious neuraxial infection to be less than 0.3 per 
10,000341,348,350 for spinal anesthesia, whereas infectious 
complications after epidural techniques may be at least 
twice as common.341,348,350,395,396,397 Obstetric patients 
are less likely to develop deep infections related to epi-
dural analgesia. The recent United Kingdom NHS audit 
reported no cases of meningitis and eight cases of epi-
dural abscess after 707,455 neuraxial techniques, five 
of which occurred among 293,050 epidural techniques, 
two among 324,950 spinal anesthetics, and one among 
47,550 caudal blocks.323 In 2004, ASRA published prac-
tice guidelines regarding the prevention of infectious 
complications associated with regional anesthesia, spe-
cifically addressing (1) the importance and implications 
of aseptic techniques during regional anesthesia,229 (2) 
regional anesthesia in the febrile or infected patient,90 
(3) regional anesthesia in the immunocompromised 
patient,398 and (4) infectious risk of chronic pain treat-
ments.399 These guidelines concluded that chlorhexidine 
in an alcohol base is the most effective antiseptic for the 
purposes of neuraxial techniques.229 Concerns regarding 
neurotoxicity associated with the routine use of chlorhex-
idine have not been confirmed.230,231

Aseptic meningitis occurred mostly in the early twenti-
eth century, likely secondary to chemical contamination 
and detergents, which are no longer present in modern 
preservative-free preparations.

BACKACHE

Back injury is perhaps the most feared complication of 
neuraxial anesthesia among patients.400 Nonetheless, 
approximately 25% of all surgical patients undergoing 
anesthesia, regardless of anesthetic technique, experi-
ence backache, the incidence of which increases to 50% 
when surgery lasts 4 to 5 hours.401 There is no association 
between epidural analgesia and new-onset back pain up 
to 6 months postpartum.402,403 Moreover, in a random-
ized, controlled trial comparing epidural versus systemic 
analgesia for pain relief during labor, the rates of postpar-
tum back pain were identical between groups, suggesting 
that the neuraxial techniques do not play a role in the 
development of back pain after delivery.

NAUSEA AND VOMITING

There are multiple possible mechanisms that contribute 
to nausea and vomiting in the setting of neuraxial anes-
thesia, including direct exposure of the chemoreceptive 
trigger zone in the brain to emetogenic drugs (e.g., opi-
oids), as well as hypotension associated with general-
ized vasodilation and gastrointestinal hyperperistalsis 
secondary to unopposed parasympathetic activity (see 
also Chapter 97).404 Although regional anesthesia is 
often recommended as an alternative to general anes-
thesia for patients at risk for postoperative nausea and 
vomiting, there are few studies that have primarily 
investigated the effects of neuraxial anesthesia on post-
operative nausea and vomiting with sufficient statisti-
cal power. Factors associated with developing nausea or 
vomiting after spinal anesthesia include the addition of 
phenylephrine or epinephrine to the local anesthetic, 
peak block height greater than or equal to T5, baseline 
heart rate greater than 60 beats/min, use of procaine, 
history of motion sickness, and the development of 
hypotension during spinal anesthesia. Among the opi-
oids commonly added to intrathecal or epidural local 
anesthetics, morphine administration has the most 
frequent risk of nausea or vomiting, whereas fentanyl 
and sufentanil carry the least frequent risk.404 Neuraxial 
opioid-related nausea and vomiting appears to be dose-
dependent. Using less than 0.1 mg morphine reduces 
the risk of nausea and vomiting, without compromising 
the analgesic effect.225



URINARY RETENTION

Urinary retention can occur in as much as one third 
of patients after neuraxial anesthesia. Local anesthetic 
blockade of the S2, S3, and S4 nerve roots inhibits urinary 
function as the detrusor muscle is weakened. Neuraxial 
opioids can further complicate urinary function by sup-
pressing detrusor contractility and reducing the sensation 
of urge.405 Spontaneous return of normal bladder func-
tion is expected once the sensory level decreases to below 
S2-3.406 Although male gender and age have been (albeit 
inconsistently) linked to urinary retention after neuraxial 
anesthesia, the administration of intrathecal morphine is 
strongly associated with this complication.405,407,408

PRURITUS

Pruritus can be distressing to the patient. It is the most com-
mon side effect related to the intrathecal administration 
of opioids, with rates between 30% and 100%.225 Pruritus 
actually occurs more commonly after intrathecal opioid 
administration than after intravenous opioid administra-
tion and is not dependent on the type or dose of opioid 
administered. Reducing the dose of intrathecal sufentanil 
from 5 μg to as little as 1.5 μg can reduce the likelihood of 
pruritus without compromising analgesia when added to 
hyperbaric bupivacaine for cesarean delivery (see Chapter 
77).409 The mechanism of pruritus is unclear but is likely 
related to the central opioid receptor activation rather 
than histamine release because naloxone, naltrexone or 
the partial agonist nalbuphine can be used for treatment. 
Ondansetron and propofol are also useful therapies.

SHIVERING

The rate of shivering related to neuraxial anesthesia 
is as frequent as 55%.410 The intensity of shivering is 
likely related more to epidural anesthesia than spinal.411 
Although there are multiple possible explanations for the 
difference in shivering intensity, this observation may 
simply be related to the inability to shiver because of the 
profound motor block associated with spinal anesthesia 
compared with epidural techniques. Another explana-
tion may be the relatively cold temperature of the epi-
dural injectate, which can affect the thermosensitive 
basal sinuses.410 The addition of neuraxial opioids, spe-
cifically fentanyl and meperidine, reduces the likelihood 
of shivering.410 Recommended strategies to prevent shiv-
ering after neuraxial anesthesia include prewarming the 
patient with a forced air warmer for at least 15 minutes 
and avoiding the administration of cold epidural and 
intravenous fluids.

COMPLICATIONS UNIQUE TO EPIDURAL 
ANESTHESIA

Intravascular Injection
Epidural anesthesia can produce local anesthetic–induced 
systemic toxicity (see Chapter 36), primarily through the 
unintentional administration of drug into an epidural 
vein. The frequency of vascular puncture with the needle 
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or cannulation with the catheter can reportedly approach 
10%, with the highest rates seen in the obstetric popula-
tion, where these vessels are relatively dilated and more 
vulnerable to entry.287,412 The rate of seizures related to 
epidural anesthesia may be as frequent as 1%.294,344,350 In 
obstetrics (see also Chapter 77), the likelihood of intra-
vascular injection is decreased by placing the patient in 
the lateral (as opposed to the sitting) position during nee-
dle and catheter insertion, administering fluid through 
the epidural needle before catheter insertion, using a 
single-orifice rather than multi-orifice catheter or a wire-
embedded polyurethane compared with polyamide epi-
dural catheter, and advancing the catheter less than 6 cm 
into the epidural space. The paramedian as opposed to 
the midline needle approach, and the use of a smaller-
gauge epidural needle or catheter, does not reduce the 
risk of epidural vein cannulation.287

One of the most controversial issues related to epidural 
anesthesia has been the use of an epinephrine-containing 
test dose.413 Epinephrine (15 μg) in 3 mL of local anes-
thetic remains the best pharmacologic method of detecting 
intravascular placement in nonpregnant adult patients.304 
However, controversy surrounds the use of epinephrine 
in obstetric patients, in whom uterine blood flow may be 
decreased by the intravascular injection, thereby putting the 
fetus at risk, and where the cardiovascular changes occur-
ring in active labor may represent a false-positive response 
to epinephrine. Although epinephrine may place the fetus 
at risk in theory,414 no such case has been described. The 
epidural epinephrine test dose can be unreliable in patients 
receiving β-adrenergic blockers415 or if the test dose is 
administered during general anesthesia.416 Because there is 
no fail-safe method of guaranteeing an extravascular loca-
tion of an epidural local anesthetic, prevention of systemic 
toxicity should also involve aspiration of the catheter and 
incremental administration of the local anesthetic. The 
onset of block, quality of the block, and block height are 
unaffected by administration of the epidural drug in 5-mL 
fractions.417

Subdural Injection
Blomberg418 used a fiberoptic technique to demonstrate 
that the subdural extra-arachnoid space is easily entered 
in 66% of autopsy attempts in humans. Despite this 
being an infrequent clinical problem with epidural anes-
thesia (<1%), it does allow a visual understanding of the 
subdural complications of epidural anesthesia.419 This 
space, unlike the epidural space, also extends intracrani-
ally. When an epidural block is performed and a higher-
than-expected block develops, but only after a delay of 15 
to 30 minutes (unlike a total spinal), subdural placement 
of local anesthetic must be considered. With a subdural 
block, the motor block will be modest compared to the 
extent of the sensory block, and the sympathetic block 
may be exaggerated. The treatment is symptomatic.

COMPLICATIONS UNIQUE TO COMBINED 
SPINAL-EPIDURALS

The risk of metal toxicity from abraded spinal needle par-
ticles using the needle-through-needle technique has not 
been confirmed.420
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OUTCOMES

Although the benefit of properly applied epidural anes-
thesia and analgesia as an excellent pain relief modality 
is unquestionable, its effect on postoperative morbidity 
and mortality is less clear. Several recent meta-analyses 
showed a relative risk reduction in overall mortality in 
patients receiving neuraxial blockade, by as much as 
30% in patients undergoing all types of surgery421 to 
11% in patients undergoing intermediate- to high-risk 
noncardiac surgery.422 For cardiac surgery, recent meta-
analyses showed a reduced risk of mortality and myo-
cardial infarction (composite endpoint), a reduced risk 
for acute renal failure, pulmonary complications, and 
supraventricular arrhythmia; and reduced duration of 
postoperative controlled ventilation in patients who 
received combined intraoperative general anesthesia 
and thoracic epidural anesthesia.74,423 For major tho-
racic and abdominal surgery, thoracic epidural analge-
sia reduced mortality, respiratory complications, and 
opioid consumption and improved cough and time to 
ambulation.424,425 However, the effect of epidural anal-
gesia on postoperative outcomes is not consistent, and it 
may be procedure-specific (particularly advantageous for 
thoracic surgery) and technique-specific (i.e., thoracic 
epidural is more advantageous than lumbar epidural, 
and epidural local anesthetic is more advantageous than 
epidural opioid).

Mortality and morbidity aside, there are other advan-
tages of neuraxial blockade. For bilateral total knee 
arthroplasty, neuraxial anesthesia decreases the rate of 
blood transfusion.426 In patients undergoing major vascu-
lar and abdominal surgery, thoracic epidural local anes-
thetic infusion can reverse postoperative paralytic ileus 
associated with pain-induced sympathetic overactivity 
and systemic opioid.427 Lumbar epidural infusion or tho-
racic epidural opioid infusion alone does not speed intes-
tinal function recovery. For fast-track laparoscopic colon 
resection, thoracic epidural analgesia provides superior 
pain relief but fails to speed intestinal function recovery 
or hospital discharge time.

What are the potential effects of neuraxial anesthe-
sia on stress response, the immune system, and cancer 
recurrence?428-430 Functional cell-mediated immunity 
is required for monitoring and eradicating cancer cell 
growth. Lymphocytes, such as the natural killer (NK) 
cells and the cytotoxic T lymphocytes, can lyse the can-
cer cell through the perforin and granzyme pathway 
or through secretion of cytokines (e.g., interferons) to 
induce cancer cell apoptosis. In addition, the helper 
T cells control tumor angiogenesis through interfer-
ons, inhibit oncogenic signaling, and stimulate tumor 
destruction by engaging macrophages and granulocytes 
through interleukin production. There is an inverse rela-
tionship between NK cell activity at the time of surgery 
and the development of metastatic disease. Systemic 
cancer cell seeding happens during surgical dissection 
and manipulation. Unfortunately, this happens at a time 
of significant immunosuppression. Surgically induced 
stress hormone (e.g., corticosteroids), as well as inhaled 
volatile anesthetics and systemic opioids (morphine and 
fentanyl), can diminish NK cell function. Morphine also 
has proangiogenic properties that may promote dis-
semination of angiogenesis-dependent tumors. Thoracic 
epidural anesthesia and analgesia may be beneficial by 
virtue of its opioid and general anesthetic sparing and 
surgical stress–alleviating properties. Some encouraging 
data indicate a reduction of cancer recurrence associ-
ated with the use of perioperative epidural anesthesia 
and analgesia in patients undergoing retropubic pros-
tatectomy,431,432 rectal cancer,433 and ovarian cancer 
resection.434,435

RECENT ADVANCES

ULTRASOUND

There is a growing interest in ultrasound imaging to 
guide neuraxial blockade, because it can accurately 
identify the intervertebral levels, the midline spinous 
process, the midline interspinous window, and the para-
median interlaminar window (see also Chapter 58).233 
Bone does not permit ultrasound beam transmission, 
thus casting a hypoechoic (dark) shadow on the image. 
Conversely, passage of the ultrasound beam through 
the interspinous and interlaminar windows allows visu-
alization of the hyperechoic dura (a bright line), the 
subarachnoid space, and the posterior aspect of the ver-
tebral body.436 Visualization of the ligamentum flavum 
and epidural space is often more difficult. Successful 
transverse or longitudinal scan facilitates identifica-
tion of the optimal location for proper needle insertion 
during neuraxial block and an estimation of the skin-
to-dura distance. This is particularly useful in patients 
with difficult surface anatomic landmarks (e.g., obesity), 
spine pathology (e.g., scoliosis), and previous spine sur-
gery (e.g., laminectomy).437

Ultrasound-facilitated neuraxial block involves prepro-
cedure scanning of the spine to determine the best pos-
sible intervertebral level and window for needle insertion 
without actual real-time guidance (a highly challenging 
technique). Imaging of the lumbar spine is significantly 
easier than that of the thoracic spine, which has narrow 
interspinous and interlaminar windows, especially at 
T5-T8 levels.438 Ultrasonography in the pediatric popu-
lation is impressive because the vertebral column with 
limited ossification not only permits visualization of the 
spinal canal sonoanatomy, but the inserted needle and 
catheter tip, dural displacement, and the extent of cranial 
spread can be visualized during a fluid bolus injection in 
young infants and children (also see Chapter 93).439,440 
Several outcome studies have confirmed the utility of 
ultrasonography when neuraxial block is performed 
by the novice and in patients with difficult anatomic 
landmarks.441
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Peripheral Nerve Blocks
TERESE T. HORLOCKER • SANDRA L. KOPP • DENISE J. WEDEL

K e y  P o i n t s

 •  Regional anesthesia is only successful when local anesthetic is inserted in close 
proximity to the targeted nerves. From the inception of regional anesthesia over 
a century ago, there have been several techniques designed and available to 
facilitate the correct placement of local anesthetic, including paresthesia-seeking, 
peripheral nerve stimulator, and most recently ultrasound guidance.

 •  Continuously administered peripheral nerve block improves outcome and 
rehabilitation after major surgery to the extremities, including surgery to the knee, 
hip, and shoulder.

 •  Total local anesthetic dosage should be determined and kept within acceptable 
limits. Accumulation may occur with continuous techniques.

 •  The frequency of neurologic complications after peripheral blockade is less than 
that associated with neuraxial techniques. Neurotoxicity and direct needle trauma 
are the major causes of neurologic complications.

 •  There are no data to support the superiority of one nerve localization technique—
paresthesia, nerve stimulation, ultrasound—over another with regard to reducing 
the risk of nerve injury.

 •  A lipid infusion improves success of resuscitation from cardiac arrest because of 
local anesthetic toxicity if given immediately after a local anesthetic overdose (see 
Chapter 36)
The techniques of peripheral neural blockade were devel-
oped early in the history of anesthesia. The American 
surgeons Halsted and Hall1,2 described the injection of 
cocaine into peripheral sites, including the ulnar, mus-
culocutaneous, supratrochlear, and infraorbital nerves, 
for minor surgical procedures in the 1880s. James Leon-
ard Corning3 recommended the use of an Esmarch ban-
dage in 1885 to arrest local circulation, prolonging the 
cocaine-induced block and decreasing the uptake of that 
local anesthetic from the tissues. This concept was fur-
thered by Heinrich F.W. Braun,4 who substituted epi-
nephrine, a “chemical tourniquet,” in 1903. Braun5 also 
introduced the term conduction anesthesia in his 1905 
textbook on local anesthesia, which described techniques 
for every region of the body. In 1920, the French sur-
geon Gaston Labat was invited by Charles Mayo to teach 
innovative methods of regional anesthesia at the Mayo 
Clinic. During his appointment there, Labat authored 
Regional Anesthesia: Its Technic and Application.6 The book 
was considered the definitive text on regional anesthesia 
for at least 30 years after its publication. Labat’s textbook 
focused on the intraoperative management of patients 
undergoing intraabdominal, head, neck, and extrem-
ity procedures using infiltration, peripheral, plexus, and 
splanchnic blockade. Neuraxial techniques were not 
widely applied at the time.

The use of peripheral nerve blockade has grown in 
popularity because it decreases pain as assessed by visual 
analog scale scores postoperatively, decreases the need for 
postoperative analgesics, decreases the incidence of nau-
sea, shortens postanesthesia care unit time, and increases 
patient satisfaction.7 Peripheral nerve blocks can be cus-
tomized and used for anesthesia, postoperative analgesia, 
and diagnosis and treatment of chronic pain disorders 
(see Chapters 64 and 98). The regional technique cho-
sen depends on the surgical site, the anticipated length 
of the procedure, ambulation requirements, and the 
desired duration of postoperative pain control. Detailed 
anatomic knowledge enables the anesthesia provider to 
choose the appropriate technique for the intended surgi-
cal procedure and to salvage inadequate nerve blocks with 
local anesthetic supplementation. In addition, important 
side effects and complications of peripheral regional tech-
niques must be understood. With appropriate selection 
1721
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and sedation, these techniques can be used in all age 
groups. Skillful application of peripheral neural blockade 
broadens the anesthesia provider’s range of options in 
providing optimal anesthetic care.

TECHNIQUES FOR LOCALIZING NEURAL 
STRUCTURES

PARESTHESIA TECHNIQUES

The paresthesia-seeking technique has a long, successful 
history as a simple technique that requires little special-
ized equipment. A paresthesia is elicited when a needle 
makes direct contact with a nerve. Paresthesia-seeking 
techniques are reliant on patient cooperation and partici-
pation to guide the local anesthetic injection accurately; 
therefore, only small doses of sedation medication are rec-
ommended. Paresthesia techniques have been criticized 
for causing patient discomfort, although clinical studies 
have not shown a significant increase in neurologic com-
plications with this technique.8 Caution should be used 
when initiating the injection of local anesthetic to ensure 
that the needle is not intraneural. There is controversy 
in the literature regarding the use of B-bevel (blunt bevel 
or short bevel) needles versus sharp needles regarding 
the incidence and severity of nerve injury if the needle 
inadvertently contacts the nerve. Because B-bevel needles 
have a blunt tip, which is likely to push the nerve aside, 
they are much less likely to penetrate the nerve; how-
ever, when an injury does occur, it appears to be more 
severe.9 In contrast, sharp needles are more likely to pen-
etrate the nerve, but the injury appears to be less destruc-
tive.10 Success with the paresthesia technique is highly 
dependent on the skill of the practitioner and requires a 
thorough understanding of anatomy. This technique was 
slowly replaced by many in the 1980s when peripheral 
nerve stimulation was introduced. Currently, no single 
technique has been shown to be superior with respect to 
success rate or incidence of complications.

PERIPHERAL NERVE STIMULATION

Peripheral nerve stimulators transmit a small electric cur-
rent to the end of a stimulating needle that will cause 
depolarization and muscle contraction when the tip of 
the needle is in close proximity to a neural structure. This 
technique allows for localization of a specific peripheral 
nerve without requiring the elicitation of a paresthesia, 
thus allowing patients to be more heavily sedated during 
block placement. A thorough understanding of anatomy 
is a prerequisite to this technique and all techniques of 
peripheral nerve blockade. It is necessary to attach the 
cathode (negative terminal) to the stimulating needle and 
the anode (positive terminal) to the surface of the patient 
because depolarization occurs as the cathode allows cur-
rent to flow from the needle to the adjacent nerve. Current 
flows away from the needle causing hyperpolarization if 
the terminals are reversed. Most current-stimulating nee-
dles are coated with a thin layer of insulation along the 
needle with the exception of the tip. This allows for a 
more discrete field of stimulation only at the tip of the 
needle. Higher current output (>1.5 mA) is more likely to 
stimulate neural structures through tissue or fascial planes 
and can be associated with painful, vigorous muscle con-
tractions. After localization of the correct motor response, 
the current is gradually decreased to a current of 0.5 mA 
or less. A motor response at a current of approximately 
0.5 mA is appropriate when used to facilitate the location 
of the injection of local anesthetic or catheter placement.

ULTRASOUND-GUIDED REGIONAL 
ANESTHESIA

Ultrasound-guided regional anesthesia is an exciting and 
rapidly developing technique used to visualize and local-
ize nerve structures (see Chapter 58). Ultrasound allows 
visualization of the nerve target, the approaching needle, 
and the deposition of local anesthetic around the nerve. 
Superficial nerve structures (e.g., brachial plexus) are easily 
imaged in most patients and therefore are most suited for 
ultrasound guidance. Practitioners must become familiar 
with the fundamentals of ultrasound equipment, as well 
as sonoanatomy, to become proficient in ultrasound-
guided regional anesthesia.11

CERVICAL PLEXUS BLOCK

The cervical plexus is derived from the C1, C2, C3, and 
C4 spinal nerves and supplies branches to the prever-
tebral muscles, strap muscles of the neck, and phrenic 
nerve. The deep cervical plexus supplies the musculature 
of the neck segmentally and the cutaneous sensation of 
the skin between the trigeminally innervated face and 
the T2 dermatome of the trunk. Blockade of the superfi-
cial cervical plexus results in anesthesia of only the cuta-
neous nerves.

Clinical Applications
Blocks of the cervical plexus are easy to perform and pro-
vide anesthesia for surgical procedures in the distribution 
of C2 to C4, including lymph node dissections, plastic 
repairs, and carotid endarterectomy. The ability to moni-
tor the awake patient’s neurologic status continuously is 
an advantage of this anesthetic technique for the latter 
procedure and has resulted in an upsurge in the popular-
ity of this technique.12 Bilateral blocks can be used for 
tracheostomy and thyroidectomy.

Technique
Superficial cervical plexuS. The superficial cervical 
plexus is blocked at the midpoint of the posterior border 
of the sternocleidomastoid muscle. A skin wheal is made 
at this point, and a 22-gauge, 4-cm needle is advanced, 
injecting 5 mL of solution along the posterior border and 
medial surface of the sternocleidomastoid muscle (Fig. 
57-1). It is possible to block the accessory nerve with 
this injection, resulting in temporary ipsilateral trapezius 
muscle paralysis.

Deep cervical plexuS. The deep cervical plexus block 
is a paravertebral block of the C2 to C4 spinal nerves 
as they emerge from their foramina in the cervical ver-
tebrae (Fig. 57-2). The traditional approach uses three 
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separate injections at C2, C3, and C4. The patient lies 
supine with the neck slightly extended and the head 
turned away from the side to be blocked. A line is drawn 
connecting the tip of the mastoid process and the Chas-
saignac tubercle (the transverse process of C6); a second 
line is drawn 1 cm posterior to this first line. The C2 
transverse process lies 1 to 2 cm caudad to the mastoid 

Superficial
cervical plexus

Sternocleido-
mastoid muscle

Figure 57-1. Anatomic landmarks and method of needle placement 
for a superficial cervical plexus block.
process, where it can usually be palpated. The C3 and 
C4 transverse processes lie at 1.5-cm intervals along the 
second line. After skin wheals are raised over the trans-
verse processes of C2, C3, and C4, three 22-gauge, 5-cm 
needles are advanced perpendicular to the skin entry site 
with a slight caudad angulation. The transverse process 
is contacted at a depth of 1.5 to 3 cm. If a paresthesia is 
obtained, 3 to 4 mL of solution is injected after careful 
aspiration for blood and cerebrospinal fluid. If no pares-
thesia is elicited initially, the needle is walked along the 
transverse process in the anteroposterior plane until a 
paresthesia is obtained.

This block can also be performed with a single injec-
tion of 10 to 12 mL at the C4 transverse process.13 Cepha-
lad spread of the local anesthetic usually anesthetizes the 
C2 and C3 nerves. Cervical plexus anesthesia can also be 
observed after injection at the interscalene level for bra-
chial plexus blockade. Maintenance of distal pressure and 
a horizontal or slightly head-down position can facilitate 
the onset of cervical plexus blockade using the intersca-
lene technique.

Side Effects and Complications
Although these blocks are technically straightforward, 
needle placement for the deep cervical block allows local 
anesthetic injection in close proximity to a variety of neu-
ral and vascular structures. Complications and side effects 
include intravascular injection, blockade of the phrenic 
and superior laryngeal nerve, and spread of local anes-
thetic solution into the epidural and subarachnoid spaces.
Sternocleido-
mastoid muscle

Transverse
processes

C6 transverse
process
(Chassaignac
tubercle)

Mastoid process

C3

C4

C5

C6

Figure 57-2. Anatomic landmarks and method of needle placement for deep cervical plexus blocks at C2, C3, and C4.
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ACCESSORY NERVE BLOCK

The accessory nerve (cranial nerve XI) is occasionally 
blocked to supplement the interscalene brachial plexus 
approach for shoulder procedures. A blockade of the acces-
sory nerve results in motor paralysis of the trapezius muscle, 
ensuring a lack of patient movement during the surgical 
procedure. The nerve traverses the posterior triangle of the 
neck (bordered by the posterior border of the sternocleido-
mastoid muscle, middle third of the clavicle, and anterior 
border of the trapezius muscle) in a superficial position after 
emerging from the substance of the sternocleidomastoid 
muscle at the junction of the superior and middle thirds of 
that muscle’s posterior border. It can be blocked easily at 
that site by an injection of 6 to 10 mL of local anesthetic. 
This nerve is often unintentionally anesthetized when a 
superficial cervical plexus block is performed.

UPPER EXTREMITY BLOCKS

Blockade of the brachial plexus (C5-T1) at several loca-
tions from the roots to the terminal branches will allow 
for surgical anesthesia of the upper extremity and shoul-
der. Successful regional anesthesia of the upper extremity 
requires knowledge of brachial plexus anatomy from its 
origin, where the nerves emerge from the intervertebral 
foramina, to its termination in the peripheral nerves.

ANATOMY

The brachial plexus is derived from the anterior primary 
rami of the fifth, sixth, seventh, and eighth cervical 
nerves and the first thoracic nerve, with variable con-
tributions from the fourth cervical and second thoracic 
nerves. After leaving their intervertebral foramina, these 
nerves course anterolaterally and inferiorly to lie between 
the anterior and middle scalene muscles, which arise 
from the anterior and posterior tubercles of the cervical 
vertebra, respectively. The anterior scalene muscle passes 
caudad and laterally to insert into the scalene tubercle 
of the first rib; the middle scalene muscle inserts on the 
first rib posterior to the subclavian artery, which passes 
between these two scalene muscles along the subclavian 
groove. The prevertebral fascia invests the anterior and 
middle scalene muscles, fusing laterally to enclose the 
brachial plexus in a fascial sheath.

Between the scalene muscles, these nerve roots unite 
to form three trunks, which emerge from the interscalene 
space to lie cephaloposterior to the subclavian artery as it 
courses along the upper surface of the first rib. The supe-
rior (C5 and C6), middle (C7), and inferior (C8 and T1) 
trunks are arranged accordingly and are not in a strict hor-
izontal formation, as often depicted. At the lateral edge of 
the first rib, each trunk forms anterior and posterior divi-
sions that pass posterior to the midportion of the clavicle 
to enter the axilla. Within the axilla, these divisions form 
the lateral, posterior, and medial cords, named for their 
relationship with the second part of the axillary artery. 
The superior divisions from the superior and middle 
trunks form the lateral cord, the inferior divisions from 
all three trunks form the posterior cord, and the anterior 
division of the inferior trunk continues as the medial cord.

At the lateral border of the pectoralis minor, the three 
cords divide into the peripheral nerves of the upper 
extremity. The lateral cord gives rise to the lateral head of 
the median nerve and the musculocutaneous nerve; the 
medial cord gives rise to the medial head of the median 
nerve, as well as the ulnar, the medial antebrachial, and 
the medial brachial cutaneous nerves; and the posterior 
cord divides into the axillary and radial nerves (Fig. 57-3).

Aside from the branches from the cords that form the 
peripheral nerves as described, several branches arise from 
the roots of the brachial plexus providing motor inner-
vation to the rhomboid muscles (C5), the subclavian 
muscles (C5 and C6), and the serratus anterior muscle  
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Figure 57-3. Roots, trunks, divisions, cords, and branches of the brachial plexus.
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(C5, C6, and C7). The suprascapular nerve arises from C5 
and C6, supplies the muscles of the dorsal aspect of the 
scapula, and makes a significant contribution to the sen-
sory supply of the shoulder joint.

Branches arising from the cervical roots are usually 
blocked only with the interscalene approach to the bra-
chial plexus. Sensory distributions of the cervical roots 
and the peripheral nerves are shown in Figure 57-4.

INTERSCALENE BLOCK

Clinical Applications
The principal indication for interscalene block is sur-
gery on the shoulder. Blockade occurs at the level of the 
superior and middle trunks. Although this approach can 
be used for forearm and hand surgery, blockade of the 
inferior trunk (C8 through T1) is often incomplete and 
requires supplementation of the ulnar nerve for adequate 
surgical anesthesia in that distribution.14

Technique
peripheral Nerve StimulatioN or pareStheSia. The bra-
chial plexus shares a close physical relationship with sev-
eral structures that serve as important landmarks for the 
performance of interscalene block. In its course between 
the anterior and middle scalene muscles, the plexus is 
superior and posterior to the second and third parts of 
the subclavian artery. The dome of the pleura lies antero-
medial to the inferior trunk.

This technique can be performed with the patient’s 
arm in any position and is technically simple because of 
easy identification of necessary landmarks.13 The patient 
should be in the supine position, with the head turned 
away from the side to be blocked. The posterior border 
of the sternocleidomastoid muscle is readily palpated by 
having the patient briefly lift the head. The interscalene 
groove can be palpated by rolling the fingers postero-
laterally from this border over the belly of the anterior 
scalene muscle into the groove. A line is extended later-
ally from the cricoid cartilage to intersect the intersca-
lene groove, indicating the level of the transverse process 
of C6. Although the external jugular vein often overlies 
this point of intersection, it is not a constant or reliable 
landmark.

After injection of a skin wheal, a 22- to 25-gauge, 
4-cm needle is inserted perpendicular to the skin with a 
45-degree caudad and slightly posterior angle (Fig. 57-5). 
The needle is then advanced until a paresthesia or nerve 
stimulator response is elicited. This usually occurs at a 
superficial level. Paresthesia or motor response of the arm 
or shoulder is equally efficacious as a distal response.15 If 
a blunt needle is used, a “click” may be detected as the 
needle passes through the prevertebral fascia. If bone is 
encountered within 2 cm of the skin, it is likely to be a 
transverse process, and the needle can be “walked” across 
A B

Anterior
Anterior

Posterior
Posterior

C6

C7

C8

T8

C6

C7

Upper lateral
cutaneous
nerve of arm

Medial 
cutaneous
nerve of arm
and intercostal
brachial nerve

Cutaneous
branches 
of radial nerve

Medial
cutaneous
nerve of forearm

Ulnar nerve

Radial nerve

Median nerve

Lateral
cutaneous
nerve of
forearm

Figure 57-4. A, Cutaneous distribution of the cervical roots. B, Cutaneous distribution of the peripheral nerves.
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Figure 57-5. Interscalene block. The fin-
gers palpate the interscalene groove, and the 
needle is inserted with a caudad and slightly 
posterior angle.

Sternocleido-
mastoid muscle

Anterior
scalene muscle

Middle
scalene muscle
this structure to locate the nerve. Contraction of the dia-
phragm indicates phrenic nerve stimulation and anterior 
needle placement; the needle should be redirected poste-
riorly to locate the brachial plexus.

After the appropriate paresthesia or motor response 
is obtained, and after negative aspiration, 10 to 30 mL 
of solution is injected incrementally, depending on the 
desired extent of blockade. Radiographic studies sug-
gest a volume-to-anesthesia relationship, with 40 mL of 
solution associated with complete cervical and brachial 
plexus block.13 Clinical studies, however, indicate vari-
able blockade of the lower trunk (i.e., ulnar nerve), even 
with large volumes of solution.14

ultraSouND GuiDeD. This block is well suited to the 
use of ultrasound guidance. It is often easiest to obtain 
a supraclavicular view of the subclavian artery and bra-
chial plexus and then trace the plexus up the neck with 
the ultrasound probe until the plexus trunks are visual-
ized as hypoechoic structures between the anterior and 
medial scalene muscles (Fig. 57-6). The needle can then 
be advanced in an out-of-plane, or an in-plane approach. 
After negative aspiration, a small test dose is administered, 
and local anesthetic spread around the brachial plexus 
confirms appropriate placement of the needle. Volumes 
as little as 5 mL may be successful and associated with a 
decreased frequency of diaphragmatic paresis.16

Side Effects and Complications
At the conventional level (C6) of blockade, ipsilateral 
phrenic nerve block resulting in diaphragmatic paresis 
occurs in 100% of patients undergoing interscalene block-
ade,17 even with dilute solutions of local anesthetics, and 
is associated with a 25% reduction in pulmonary func-
tion.18,19 This effect probably results from anterior spread 
of the solution over the anterior scalene muscle and may 
cause subjective symptoms of dyspnea. Although rare, 
respiratory compromise can occur in patients with severe 
respiratory disease. Techniques to decrease blockade of 
the phrenic nerve include using very small volumes of 
local anesthetic and localizing the brachial plexus at a 
lower level in the neck.20

Involvement of the vagus, recurrent laryngeal, and 
cervical sympathetic nerves is rarely significant, but the 
patient experiencing symptoms related to these side 
effects may require reassurance. The risk of pneumothorax 
is small when the needle is correctly placed at the C5 or C6 
level because of the distance from the dome of the pleura.

Severe hypotension and bradycardia (i.e., Bezold-Jarisch 
reflex) can occur in awake, sitting patients undergoing 
shoulder surgery under an interscalene block. The cause 
is presumed to be stimulation of intracardiac mechanore-
ceptors by decreased venous return, producing an abrupt 
withdrawal of sympathetic tone and enhanced parasym-
pathetic output. This effect results in bradycardia, hypo-
tension, and syncope. The frequency is decreased when 
prophylactic β-adrenergic blockers are administered.21

Sternocleidomastoid
muscle

Brachial
plexus

Subclavian
artery

First rib

Lung

Figure 57-6. Ultrasound image of the brachial plexus at the level of 
interscalene block.
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Figure 57-7. A, Supraclavicular block. The needle 
is systematically walked anteriorly and posteriorly 
along the rib until the plexus is located. B, The three 
trunks are compactly arranged at the level of the first 
rib.
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Some surgical approaches to the shoulder, such as total 
shoulder arthroplasty, are associated with neurologic risk 
to the brachial plexus. In such cases, an interscalene block 
can be placed postoperatively after the surgical service has 
ascertained and documented that no neurologic damage 
has occurred. Epidural and intrathecal injections can occur 
with this block, a finding emphasizing the importance of 
inserting the needle in a caudad direction.22 The proxim-
ity of significant neurovascular structures can increase the 
risk of serious neurologic complications when intersca-
lene block is performed in heavily sedated or anesthetized 
patients.23 Accordingly, an interscalene block should be 
placed with the patient awake or under light sedation.24

SUPRACLAVICULAR BLOCK

Clinical Applications
Indications for supraclavicular block are operations on the 
elbow, forearm, and hand. Blockade occurs at the distal 
trunk-proximal division level. At this point, the brachial 
plexus is compact, and a small volume of local anesthetic 
produces rapid onset of reliable blockade of the brachial 
plexus. An additional advantage is that the block can also 
be performed with the patient’s arm in any position.

Technique
peripheral Nerve StimulatioN or pareStheSia. Several 
anatomic points are important in the performance of the 
supraclavicular approach. The three trunks are clustered 
vertically over the first rib cephaloposterior to the sub-
clavian artery, which can often be palpated in a slender, 
relaxed patient. The neurovascular bundle lies inferior to 
the clavicle at about its midpoint. The first rib acts as a 
medial barrier to the needle’s reaching the pleural dome 
and is short, broad, and flat, with an anteroposterior ori-
entation at the site of the plexus.

The patient is placed in a supine position, with the 
head turned away from the side to be blocked. The arm 
to be anesthetized should be adducted, and the hand 
should be extended along the side. In the classic tech-
nique, the midpoint of the clavicle should be identified 
and marked. The posterior border of the sternocleidomas-
toid can be easily palpated when the patient raises the 
head slightly. The palpating fingers can then roll over the 
belly of the anterior scalene muscle into the interscalene 
groove, where a mark should be made approximately 1.5 
to 2.0 cm posterior to the midpoint of the clavicle. Palpa-
tion of the subclavian artery at this point confirms the 
landmark.

After injection of a skin wheal, the anesthesiologist 
stands at the side of the patient facing the patient’s head. 
A 22-gauge, 4-cm needle is directed in a caudad, slightly 
medial, and posterior direction until a paresthesia or 
motor response is elicited or the first rib is encountered. 
If a syringe is attached, this orientation causes the needle 
shaft and syringe to lie almost parallel to a line joining the 
skin entry and the patient’s ear. If the first rib is encoun-
tered without elicitation of a paresthesia, the needle can 
be systematically walked anteriorly and posteriorly along 
the rib until the plexus or the subclavian artery is located 
(Fig. 57-7). Location of the artery provides a useful land-
mark. The needle can be withdrawn and reinserted in 
a more posterolateral direction that usually results in a 
paresthesia or motor response. After localization of the 
brachial plexus, aspiration for blood should be performed 
before incremental injections of a total volume of 20 to 
30 mL of local anesthetic.
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The rib usually is contacted at a needle depth of 3 to 
4 cm; however, in an obese patient or in the presence of 
tissue distortion resulting from hematoma or injection of 
solution, the depth may exceed the needle length. None-
theless, before the needle is advanced further, gentle 
probing in the anterior and posterior directions should 
be done at the 2- to 3-cm depth if paresthesias are not 
obtained. Multiple injections can improve the quality or 
shorten the onset of blockade.

ultraSouND GuiDeD. The use of ultrasound for the supra-
clavicular block allows the practitioner to see the brachial 
plexus structures, as well as the subclavian artery and 
pleura, just below the first rib. The inherent safety of this 
technique requires continuous visualization of the needle 
tip during needle advancement (see Chapter 58).

Side Effects and Complications
Although the block is more difficult in obese patients (see 
Chapter 71), an increased risk of complications has not 
been documented.25 The prevalence of pneumothorax 
after supraclavicular block is 0.5% to 6% and diminishes 
with increased experience. Importantly, although the 
use of ultrasound has perhaps decreased the incidence of 
pneumothorax, the risk has not been eliminated.26 The 
onset of symptoms is usually delayed, and it can take 
up to 24 hours. Thus, routine chest radiography after 
the block is not justified. The supraclavicular approach 
is best avoided when the patient is uncooperative or 
cannot tolerate any degree of respiratory compromise. 
Other complications include frequent phrenic nerve 
block (40% to 60%), Horner’s syndrome, and neurop-
athy. The presence of phrenic or cervical sympathetic 
nerve block usually requires only reassurance. Although 
nerve damage can occur, it is uncommon and usually is 
self-limited.

INFRACLAVICULAR BLOCK

Clinical Applications
Infraclavicular block provides anesthesia to the arm 
and hand. Blockade occurs at the level of the cords and 
offers the theoretical advantages of avoiding pneumotho-
rax while affording block of the musculocutaneous and 
axillary nerves. No special arm positioning is required. 
A nerve stimulator ultrasound visualization is required 
because there are no palpable vascular landmarks to aid 
in directing the needle.

Technique
peripheral Nerve StimulatioN or pareStheSia. The 
needle is inserted 2 cm below the midpoint of the infe-
rior clavicular border and is advanced laterally, using a 
nerve stimulator to identify the plexus.27 Marking a line 
between the C6 tubercle and the axillary artery with 
the arm abducted is helpful in visualizing the course of 
the plexus. An incremental injection of 20 to 30 mL of 
solution is sufficient after the needle is correctly placed. 
Success rate is improved with a distal motor response.28 
A coracoid technique, with needle insertion site 2 cm 
medial and 2 cm caudal to the coracoid process, has also 
been described.29 However, the more lateral insertion site 
can result in the absence of blockade of the musculo-
cutaneous nerve, removing the major advantage of this 
approach over the simpler axillary block.

ultraSouND GuiDeD. Ultrasound guidance is frequently 
used to visualize the neurovascular bundle and ideally, 
local anesthetic spread should be visualized around the 
axillary artery (see Chapter 58).

Side Effects and Complications
Because of the blind approach to the plexus, the risk of 
intravascular injection may be increased. Exaggerated 
medial needle direction may result in pneumothorax.

AXILLARY BLOCK

Clinical Applications
The axillary approach to the brachial plexus is popu-
lar because of its ease, reliability, and safety.30 Block-
ade occurs at the level of the terminal nerves. Although 
blockade of the musculocutaneous nerve is not always 
produced with this approach, it can be supplemented 
at the level of the axilla or at the elbow. Indications for 
axillary block include surgery to the forearm and hand. 
Elbow procedures are also performed successfully using 
the axillary approach.31 This block is ideally suited for 
outpatients and is easily adapted to the pediatric popula-
tion32 (see Chapter 92). However, axillary block is unsuit-
able for surgical procedures on the upper arm or shoulder, 
and the patient must be able to abduct the arm to per-
form the block.

Anatomic concepts that should be considered before 
an axillary block include the following:

 1.  The neurovascular bundle is multicompartmental.33

 2.  The axillary artery is the most important landmark
 3.  Although anatomic variations exist, typically, the 

median nerve is found superior to the artery, the ulnar 
nerve is inferior, and the radial nerve is posterior and 
somewhat lateral (Fig. 57-8).

 4.  At this level, the musculocutaneous nerve has already 
left the sheath and lies with the coracobrachialis 
muscle.

 5.  The intercostobrachial nerve, a branch of the T2 inter-
costal nerve, is usually blocked by the skin wheal over-
lying the artery; however, adequate anesthesia for the 
tourniquet can be ensured by extending the wheal 1 to 
2 cm caudad and cephalad.

Technique
peripheral Nerve StimulatioN, pareStheSia, or Sheath. 
The patient should be in the supine position with the arm to 
be blocked placed at a right angle to the body and the elbow 
flexed to 90 degrees. The dorsum of the hand rests on the 
bed or pillow; hyperabduction of the arm with placement of 
the hand beneath the patient’s head is not recommended, 
because this position frequently obliterates the pulse.

The axillary artery is palpated, and a line is drawn trac-
ing its course from the lower axilla as far proximally as 
possible. The artery is then fixed against the patient’s 



Chapter 57: Peripheral Nerve Blocks 1729
Figure 57-8. Axillary block. The arm 
is abducted at right angles to the 
body. Distal digital pressure is main-
tained during needle placement and 
injection of the local anesthetic.
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Ulnar nerve
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humerus by the index and middle fingers of the left hand, 
and a skin wheal is raised directly over the artery at a 
point in the axilla approximating the skin crease. Proxi-
mal needle placement and maintenance of distal pressure 
facilitate proximal spread of the solution.

Several methods of identifying the axillary sheath have 
been described, all with reportedly good results. Overall, 
paresthesias are unnecessary; however, multiple injec-
tions can shorten the onset and improve the reliability 
of blockade.

 1.  Paresthesias can be sought with a 25-gauge, 2-cm nee-
dle, beginning deeply (i.e., radial nerve) or with the 
nerves supplying the surgical site. Needles longer than 
2 cm are rarely needed to reach the neurovascular 
bundle. Smaller needles and a short needle bevel may 
be associated with a less frequent risk of nerve dam-
age.9 Each paresthesia is injected with 10 mL of local 
anesthetic.

 2.  A nerve stimulator can also be used with an insu-
lated needle to locate the nerves. Stimulation with a 
low current threshold (0.5 mA) decreases onset time, 
but increases block performance time compared with 
higher-threshold stimulation (1.0 mA).34

 3.  A short-bevel needle can be advanced until the axil-
lary sheath is entered, as evidenced by a fascial click, 
whereupon 40 to 50 mL of solution is injected after 
negative aspiration.
 4.  A transarterial technique can be used, whereby the 
needle pierces the artery and 40 to 50 mL of solution 
is injected posterior to the artery. Alternatively, half of 
the solution is injected posterior and half is injected 
anterior to the artery. Great care must be taken to 
avoid intravascular injection with this technique, par-
ticularly because the pressure of injection within the 
compartments of the axillary sheath may move ana-
tomic structures in relation to the immobile needle.

 5.  Ultrasound guidance with visualization of local anes-
thetic spread around the four nerves (with and without 
motor stimulation) decreases block onset time and can 
reduce the number of needle redirections; however, 
the rates of success and complications are similar to 
other approaches.35,36 Ultrasound can also help with 
the success with smaller volumes of local anesthetic, 
although the overall duration of sensory and motor 
block will be markedly decreased.37

  

Classically, upon completion of the injection, the arm 
should be adducted and returned to the patient’s side to 
prevent the humeral head from obstructing proximal flow 
of the local anesthetic solution. However, maintaining 
the arm in abduction decreases onset time and prolongs 
both sensory and motor block.38 If the musculocutaneous 
nerve is not blocked by the axillary approach, it can be 
blocked by injection within the body of the coracobra-
chialis muscle or at the elbow superficially at the lateral 



PART IV: Anesthesia Management1730
aspect of the antecubital fossa just above the interepicon-
dylar line.

Success Rate With Axillary Block Techniques
The success rate for an axillary block depends on the defi-
nition of a successful block (i.e., surgical anesthesia versus 
blockade of all four terminal nerves of the upper extrem-
ity), the technique used to localize the brachial plexus, 
and the number of injections. Success rates with single-
injection techniques can vary.39 Thompson and Rorie33 
concluded that the presence of multiple compartments 
limits diffusion of the local anesthetic (and the success 
of single injection compared to multiple injection tech-
niques). Although Partridge and coworkers40 confirmed 
the presence of these compartments, they concluded 
that the “septa” dividing them were incomplete based 
on injections of methylene blue and latex solutions into 
cadavers. The controversy surrounding single- versus 
multiple-injection techniques remains unresolved.

Eliciting a paresthesia is as efficacious as peripheral nerve 
stimulation (with a motor response of 0.5 to 1.0 mA). Most 
studies suggest that two-injection transarterial techniques 
are equivalent to single-paresthesia or single-nerve stimu-
lation approaches. In general, the efficacy of paresthesia 
and peripheral nerve stimulator techniques increases when 
multiple injections are used. Conversely, success rates 
with perivascular or fascial click approaches are variously 
reliable.41

Side Effects and Complications
Nerve injury and systemic toxicity are the most signifi-
cant complications associated with the axillary approach. 
The assertion that neuropathies are more common with 
the paresthesia technique is not supported by the avail-
able data. Even when paresthesias are not sought, they 
often occur unintentionally.8 Injection of large volumes 
of local anesthetic, particularly with the transarterial 
approach, increases the risk of intravascular injection 
and systemic toxicity of local anesthetics. Hematoma and 
infection are rare complications.

PERIPHERAL BLOCKS AT THE MIDHUMERAL 
LEVEL, ELBOW, AND WRIST

Clinical Applications
As techniques for brachial plexus blockade have gained 
popularity, indications for peripheral nerve blockade at 
the wrist and elbow have diminished. However, these 
techniques can be useful when limited anesthesia is 
required, when contraindications to brachial plexus block 
(e.g., infection, bilateral surgery, coagulation abnormali-
ties, bleeding diathesis, difficult anatomy) exist, or when 
brachial plexus blockade is incomplete. Only the mid-
humeral approach provides anesthesia for the use of a 
tourniquet. Peripheral blocks performed at the level of 
the elbow and wrist are typically performed as “field” 
blocks without neural localization. However, ultrasound 
imaging or peripheral nerve stimulation can be used.

Midhumeral Block
Midhumeral block involves blocking each of the four 
nerves of the brachial plexus separately in the humeral 
canal at the level of the proximal one third and distal two 
thirds of the humerus. At this level, the median and ulnar 
nerves are located on the lateral and medial aspects of 
the brachial artery, respectively. The musculocutaneous 
nerve is identified within the body of the biceps muscle, 
and the radial nerve lies adjacent to the humerus. A vol-
ume of 8 to 10 mL of local anesthetic is injected after 
localization of each nerve with a nerve stimulator (or 
ultrasound). Midhumeral block has been reported to have 
a higher success rate than traditional (defined as stimu-
lation of two nerves) axillary brachial plexus block.42 In 
this study, time to complete the block was not different 
between the two techniques; however, the onset of com-
plete sensory block was shorter in the axillary approach, 
whereas the success rate of blockade of all four major 
nerves was higher in the midhumeral group.

Median Nerve Block
Block of the median nerve provides anesthesia of the pal-
mar aspects of the thumb and index finger, the middle 
finger and radial half of the ring finger, and the nail beds 
of the same digits. Motor block includes the muscles of 
the thenar eminence, lumbrical muscles of the first and 
second digits, and in the case of the block at the elbow, 
median-innervated wrist flexor muscles of the forearm.

techNique at the elbow. With the patient’s arm placed in 
the anatomic position (palm up), a line is drawn connect-
ing the medial and lateral epicondyles of the humerus. 
The major landmark for this technique is the brachial 
artery, which is found medial to the biceps tendon at the 
intercondylar line. The median nerve lies medial to the 
artery (Fig. 57-9) and can be blocked with 3 to 5 mL of 
solution after eliciting a paresthesia. If no paresthesia is 
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Figure 57-9. Anatomic landmarks for median and radial nerve blocks 
at the elbow.



Chapter 57: Peripheral Nerve Blocks 1731
obtained, the local anesthetic can be injected in a fanlike 
pattern medial to the palpated artery.

techNique at the wriSt. The median nerve is located 
between the flexor carpi radialis and palmaris longus ten-
dons and can be blocked at a point 2 to 3 cm proximal 
to the wrist crease (Fig. 57-10). (The palmaris longus ten-
don is congenitally or postsurgically absent from some 
patients.) A loss of resistance is felt as the needle passes 
through the flexor retinaculum, at which point 2 to 4 
mL of solution should be injected. A superficial palmar 
branch supplying the skin of the thenar eminence can be 
blocked by injecting 0.5 to 1 mL of local anesthetic sub-
cutaneously above the retinaculum. Paresthesias should 
not be sought because of the confinement of this nerve 
within the carpal tunnel.

Radial Nerve Block
Block of the radial nerve provides anesthesia to the lateral 
aspect of the dorsum of the hand (i.e., thumb side) and 
the proximal portion of the thumb, index, middle, and 
lateral half of the ring fingers.

techNique at the elbow. The radial nerve can be blocked 
at the elbow as it passes over the anterior aspect of the 
lateral epicondyle. The intercondylar line and lateral edge 
of the biceps tendon are marked. A 22-gauge, 3- to 4-cm 
needle is inserted at a point 2 cm lateral to the biceps 
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Figure 57-10. Anatomic landmarks for median and ulnar nerve 
blocks at the wrist. An alternative method for ulnar nerve block, from 
the ulnar side of the wrist, is shown.
tendon and is advanced until bone is encountered (see 
Fig. 57-9). A fanlike injection is made using 3 to 5 mL of 
local anesthetic.

techNique at the wriSt. The radial nerve block at the 
wrist is a field block of the multiple peripheral branches 
descending along the dorsum and radial side of the wrist. 
The extensor pollicis longus tendon can be identified 
when the patient extends the thumb. The needle insertion 
is over this tendon at the base of the first metacarpal; the 
injection is superficial to the tendon. A volume of 2 mL of 
local anesthetic is injected proximally along the tendon, 
and an additional 1 mL is injected as the needle passes at 
a right angle across the anatomic snuffbox (Fig. 57-11).

Ulnar Nerve Block
Blockade of the ulnar nerve provides anesthesia of the ulnar 
side of the hand, the little finger, and the ring finger and all 
the small muscles of the hand, except those of the thenar 
eminence and the first and second lumbrical muscles.

techNique at the elbow. Although the ulnar nerve is eas-
ily accessible at its subcutaneous position posterior to the 
medial epicondyle, blockade at this site is associated with 
a high incidence of nerve injury. The nerve is surrounded 
by fibrous tissue at this point, requiring an intraneural 
injection for successful blockade. Use of a very fine needle 
with a small volume of local anesthetic (1 mL) dimin-
ishes the risk; however, the nerve can be blocked satis-
factorily with 5 to 10 mL of local anesthetic at a site 3 to 
5 cm proximal to the elbow. The local anesthetic should 
be injected in a fanlike fashion without elicitation of a 
paresthesia.

techNique at the wriSt. At the wrist, the ulnar nerve lies 
beneath the flexor carpi ulnaris tendon between the ulnar 
artery and the pisiform bone. At this point, it has already 
given off its palmar cutaneous and dorsal branches. The 
nerve can be approached by directing the needle medi-
ally from the radial side of the tendon or, alternatively, 
by directing the needle radially from the ulnar side of the 
tendon (see Fig. 57-10). After eliciting a paresthesia, 3 to 
5 mL of anesthetic solution is injected or spread in a fan-
like fashion.

Musculocutaneous Nerve Block
The musculocutaneous nerve terminates as the lateral 
cutaneous nerve of the forearm. This nerve provides 

Extensor pollicis longus tendon

Extensor pollicis brevis tendon

Radial nerve

Figure 57-11. Anatomic landmarks and method of needle insertion 
for a radial nerve block at the wrist.
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sensory innervation to the skin on the radial side of the 
forearm up to the radiocarpal joint. This block is usually 
performed to supplement the axillary approach to bra-
chial plexus anesthesia.

techNique at the elbow. The lateral cutaneous nerve of 
the forearm can be blocked 1 cm proximal to the inter-
condylar line immediately lateral to the biceps tendon. 
Fanlike infiltration of 3 to 5 mL of local anesthetic sub-
cutaneously at this site provides excellent anesthesia of 
this nerve.

Peripheral Blockade at the Elbow  
Versus the Wrist
The forearm cutaneous nerves arise in the upper arm, 
and they are not anesthetized by block of the peripheral 
nerves at the elbow. There is no advantage of a block of 
the peripheral nerves of the upper extremity when com-
paring elbow with wrist techniques; both provide sensory 
anesthesia of the hand.

Side Effects and Complications
In general, distal peripheral blocks have a less frequent 
risk of complications. However, intravascular injection 
can occur, and the usual precautions of incremental 
injection after aspiration are recommended. The risk of 
nerve injury is more frequent when more distal periph-
eral blocks are performed, possibly because of superficial 
nerve placement between bony and ligamentous struc-
tures, thereby offering ready access to the probing needle 
point.

INTRAVENOUS REGIONAL BLOCKS

Intravenous regional blocks were first described by a 
German surgeon, August Bier, in 1908.43 Early methods 
involved two tourniquets and the first synthetic local 
anesthetic, procaine. The technique lost popularity as 
reliable methods of blocking the brachial plexus evolved.

Clinical Applications
The Bier block has multiple advantages, including ease 
of administration, rapidity of recovery, rapid onset, mus-
cular relaxation, and controllable extent of anesthesia. It 
is an excellent technique for short (<90 minutes) open 
surgical procedures and for closed reductions of bony 
fractures.

Technique
An intravenous cannula is placed in the upper extremity 
to be blocked as distally as possible; the patient should 
also have an intravenous cannula in the nonoperative 
upper extremity for administration of fluids and other 
drugs. Traditionally, a double tourniquet is placed on the 
operative side; both cuffs should have secure closures and 
reliable pressure gauges. After exsanguination of the arm, 
the proximal cuff is inflated to approximately 150 mm Hg 
greater than the systolic pressure, and absence of a radial 
pulse confirms adequate tourniquet pressure. The total 
dose of local anesthetic is based on the patient’s weight, 
and it is injected slowly (3 mg/kg of 0.5% prilocaine or 
lidocaine, without epinephrine). The use of bupivacaine 
for intravenous regional anesthesia has been associated 
with local anesthetic toxicity and death44 and is not rec-
ommended (see Chapter 36). However, dilute solutions 
(0.125% levobupivacaine) of long-acting amides and the 
addition of adjuvants (tramadol, ketorolac, clonidine) 
have been used to prolong sensory block and analgesia 
after tourniquet deflation.45

The onset of anesthesia is usually within 5 minutes. 
When the patient complains of tourniquet pain, the 
distal tourniquet, which overlies anesthetized skin, is 
inflated, and the proximal tourniquet is released. Use of 
a single, wide cuff allows use of smaller inflation pres-
sures during intravenous regional anesthesia. The postu-
lated advantage is that the smaller pressures will decrease 
the incidence of neurologic complications related to high 
inflation pressures with the narrow double cuffs.46 The 
tourniquet can be released safely after 25 minutes, but 
the patient should be closely observed for local anesthetic 
toxicity for several minutes after the tourniquet release. 
Slow injection of local anesthetic solutions at a distal site 
decreases the risk of toxicity.47

Side Effects and Complications
Technical problems with this block include tourniquet 
discomfort, rapidity of recovery leading to postopera-
tive pain, difficulty in providing a bloodless field, and 
the necessity of exsanguination in the case of a painful 
injury. Accidental or early deflation of the tourniquet or 
use of excessive doses of local anesthetics can result in 
toxic reactions. Injection of the drug as distally as pos-
sible at a slow rate decreases blood levels and theoretically 
may increase safety.47 Cyclic deflation of the tourniquet 
at 10-second intervals increases the time to peak arterial 
lidocaine levels that can decrease potential toxicity.48 
Other rare complications associated with this technique 
include phlebitis (with 2-chloroprocaine), development 
of compartment syndrome, and loss of a limb.

BLOCKS OF THE THORAX AND ABDOMEN

PARAVERTEBRAL BLOCK

Anatomic landmarks of the wedge-shaped paravertebral 
space include the parietal pleura anteriorly; the verte-
bral body, intervertebral disk, and foramen medially; 
and the posterior intercostal membrane laterally and the 
superior costotransverse ligament posteriorly. The neu-
ral structures within the paravertebral space include the 
intercostal nerve, the dorsal rami and communications, 
and the sympathetic chain. The intercostal nerve itself is 
fragmented within the paravertebral space and is blocked 
easily with local anesthetics. Awareness of the spinous 
processes, transverse processes, ribs, and costotransverse 
ligaments are essential while performing the block.

Clinical Applications
The paravertebral block can be used to provide anes-
thesia or analgesia to patients undergoing intratho-
racic, abdominal, or pelvic procedures or surgery to the 
breast.49,50 Bilateral and continuous applications have 
been described.51,52 In patients undergoing thoracotomy, 
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thoracic paravertebral block provides analgesia compara-
ble to epidural techniques, but with fewer side effects and 
complications.53,54 Paravertebral block can be useful in the 
diagnosis and treatment of certain chronic pain disorders, 
including postthoracotomy and postmastectomy pain.

Technique
thoracic paravertebral block. Thoracic paravertebral 
blockade occurs as the spinal nerves emerge from the ver-
tebral foramina. This results in somatic and sympathetic 
block of multiple contiguous thoracic dermatomes above 
and below the injection site.

Neural localizatioN. Peripheral nerve stimulation has 
been used to signify entry into the paravertebral space 
and guard against pleural puncture. The peripheral nerve 
stimulator will elicit a motor response on the intercostal 
muscles before the needle enters the pleura. Caution needs 
to be taken during a multilevel block, because local anes-
thetic injected at one level can spread to the contiguous 
levels and either modify or abolish the intercostal motor 
response. Ultrasound measurements of the depth from 
skin to the transverse process and from skin to the parietal 
pleura have been found to correlate closely to the actual 
needle depth. Theoretically, knowing the maximal inser-
tion depth could minimize the risk of pneumothorax.

Thoracic paravertebral block can be performed with the 
patient in the sitting, lateral, or prone position; the sitting 
position allows easy identification of landmarks. Typi-
cally, the thoracic spinous processes are identified, and the 
needle is inserted 2.5 to 3 cm lateral to the most cephalad 
aspect of the spinous process and advanced perpendicular 
to the skin in all planes to contact the transverse process of 
the vertebra below, typically at a depth of 2 to 4 cm. After 
the transverse process is identified, traditionally, the nee-
dle is redirected cephalad and gradually advanced until a 
loss of resistance is felt 1 to 1.5 cm past the superior edge. 
However, walking the needle caudad can decrease the risk 
of pneumothorax.51 The safety of this procedure relies on 
the proceduralist not advancing the needle farther than 1 
to 1.5 cm past the skin-transverse process distance.

Although spread of local anesthetic is variable, a single 
injection of 15 mL produces unilateral somatic blockade 
over four or five dermatomes; there is a tendency for cau-
dal (compared with cephalad) spread.51 To achieve greater 
spread, 3 to 4 mL of a local anesthetic may be injected at 
each segment.55

lumbar paravertebral block. Lumbar nerves exit the 
vertebral foramina inferior to the caudad edge of the 
transverse process. Each nerve divides into anterior and 
posterior branches; the anterior branches of L1 through 
L4 (with a contribution from T12) form the lumbar plexus.

The patient is placed in the prone position as described 
for intercostal blockade. Lines are drawn across the cepha-
lad edges of the lumbar vertebral spinous processes. These 
lines lie opposite the caudad edges of the homologous 
transverse processes (Fig. 57-12, A). A skin wheal is raised 
3 cm lateral to the midline, and a 20-gauge, 10-cm needle 
is advanced perpendicularly until it contacts the trans-
verse process at a depth of 3 to 5 cm. The needle is then 
redirected to walk off the caudad edge of the transverse 
process. At 1 to 2 cm (the thickness of the transverse pro-
cess) beyond this point, 6 to 10 mL of local anesthetic is 
injected (see Fig. 57-12, B). Elicitation of a paresthesia or 
use of a nerve stimulator is helpful in confirming correct 
needle placement.

Side Effects and Complications
Because of the proximity of the neuraxis, epidural or sub-
arachnoid injection of local anesthetic is a risk.49 Intra-
vascular injection through the lumbar vessels, vena cava, 
or aorta is possible. Pleural puncture and pneumotho-
rax have occurred with frequencies of 1.1% and 0.5%, 
respectively.51

INTERCOSTAL NERVE BLOCK AND 
INTERPLEURAL CATHETER PLACEMENT

The intercostal nerves are the primary rami of T1 through 
T11. T12 is technically a subcostal nerve, and it supplies 
branches to the ilioinguinal and iliohypogastric nerves. 
Fibers from T1 contribute to the brachial plexus; T2 and 
T3 provide a few fibers to the formation of the intercos-
tobrachial nerve, which supplies the skin of the medial 
aspect of the upper arm. Each intercostal nerve has four 
branches: the gray ramus communicans, which passes 
anteriorly to the sympathetic ganglion; the posterior 
cutaneous branch, supplying skin and muscle in the para 
vertebral area; the lateral cutaneous branch, arising just 
anterior to the midaxillary line and sending subcutane-
ous branches anteriorly and posteriorly; and the anterior 
cutaneous branch, which is the termination of the nerve.

Medial to the posterior angles of the ribs, the intercos-
tal nerves lie between the pleura and the internal inter-
costal fascia. At the posterior angle of the rib, the nerve 
lies in the costal groove accompanied by the intercostal 
vein and artery.

Clinical Applications
Few surgical procedures can be performed with an inter-
costal block alone, and the application of these blocks in 
combination with other techniques has largely been sup-
planted by epidural blockade. However, in patients with 
contraindications to neuraxial blockade, these techniques 
can be used alone or combined with celiac plexus blocks 
and light general anesthesia to provide excellent surgi-
cal conditions for intraabdominal procedures. In a similar 
fashion, intrathoracic surgery can be accomplished using 
intercostal and stellate ganglion blocks with endotracheal 
sedation. Although surgical applications are possible, the 
majority of indications are for postoperative analgesia.

Interpleural catheter placement for management of 
postoperative pain was first described by Reiestad and 
Stromskag in 1986.56 Because the mechanism of action 
is poorly understood, and reports of efficacy have varied, 
the use of this technique has varied in frequency over 
time. Overall, the results with cholecystectomy have been 
most favorable. The advantages of interpleural analgesia 
are more difficult to prove in patients undergoing tho-
racotomy, perhaps because of technical problems relat-
ing to blood in the pleural space and chest tube drainage. 
Recent applications include analgesia after minimally 
invasive cardiopulmonary bypass surgery.57
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Figure 57-12. A, Patient positioning and surface landmarks for a lumbar paravertebral nerve block. B, For a paravertebral nerve block, the 
needle is advanced perpendicularly until it contacts the transverse process. It is redirected to walk off the caudad edge of the transverse process 
and advanced 1 to 2 cm.
Technique
iNtercoStal block. The intercostal nerve can be readily 
blocked at the angle of the rib just lateral to the sacro-
spinalis muscle group. The patient is placed in the prone 
position with a pillow placed under the abdomen to 
reduce the lumbar curve (Fig. 57-13, A). A line is drawn 
along the posterior vertebral spines. Nearly parallel lines 
are drawn along the posterior angles of the rib, which 
can be palpated 6 to 8 cm from the midline. These lines 
angle medially at the upper levels to prevent overlying of 
the scapula. The inferior edge of each rib is palpated and 
is marked on the line intersecting the posterior angle of 
the rib. After appropriate skin preparation, skin wheals 
are injected at each of these points. A 22-gauge, short-
bevel, 4-cm needle is attached to a 10-mL syringe. Begin-
ning at the lowest rib, the index finger of the left hand 
displaces the skin up over the patient’s rib. The needle 
is inserted at the tip of the finger until it rests on the 
rib. The fingers of the left hand are shifted to grasp the 
needle hub firmly. The left hand then walks the needle 3 
to 5 mm off the lower rib edge, where 3 to 5 mL of local 
anesthetic are injected (see Fig. 57-13, B, C). This process 
is repeated at each rib. Appropriate intravenous sedation 
providing analgesia and some degree of amnesia is desir-
able for the patient’s comfort. Ultrasound imaging of the 
intercostal nerves has been reported, but the visibility is 
highly variable.
Alternatively, intercostal block can be performed in 
the supine patient at the midaxillary line. Theoretically, 
the lateral cutaneous branch of the nerve can be missed, 
but computed tomography studies show that injected 
solutions spread several centimeters along the costal 
groove. Further injection of 1 to 2 mL of local anesthetic 
as the needle is withdrawn blocks the subcutaneous 
branches.

iNterpleural catheter. The technique for interpleural 
catheter placement is simple and can be performed with 
the patient in a lateral (and slightly oblique) or sitting 
position. The sixth or seventh intercostal space is identi-
fied. Needle insertion is performed approximately 10 cm 
lateral from the posterior midline, and an epidural nee-
dle tip is advanced until it rests on the cephalad edge of 
the rib below the intercostal space to be entered. A glass 
syringe filled with saline or air is then attached to the 
needle, and the unit is advanced slowly over the supe-
rior edge of the rib. When the tip of the needle enters 
the parietal pleura, the solution in the syringe is drawn 
into the chest cavity because of the negative intrathoracic 
pressure. This effect can be observed in mechanically and 
spontaneously ventilating patients, but it is accentuated 
in the latter group.

The catheter is then inserted approximately 5 to 8 cm 
into the interpleural space and is secured on the chest 
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Figure 57-13. A, Patient positioning for an intercostal nerve block. B, The index finger displaces the skin up over the rib. The needle is inserted at 
the tip of the finger and rests on the rib. The needle is walked off the lower rib edge and inserted 3 to 5 mm. C, An intercostal nerve and its branches.
wall. During needle positioning and catheter place-
ment, care must be taken to minimize entrainment of air 
through the needle. Lung parenchymal damage can occur 
with loss-of-resistance techniques or insertion of exces-
sive lengths of catheter.

Side Effects and Complications
The major complication feared with intercostal blockade 
is pneumothorax. The actual incidence, however, was 
as low as 0.07% in a large series performed by anesthe-
siologists at all levels of training. Routine postoperative 
chest radiographs showed an incidence of nonsymptom-
atic pneumothorax of 0.42%.58 If this unusual complica-
tion occurs, treatment is usually limited to observation, 
administration of oxygen, or needle aspiration. Rarely, 
chest tube drainage is required when these treatments are 
unsuccessful.

The risk of systemic local anesthetic toxicity is present 
with multiple intercostal blocks because of the large vol-
umes and rapid absorption of the solutions. Use of epi-
nephrine has been shown to decrease blood levels. Patients 
should be monitored and observed carefully during the 
block and for at least 20 to 30 minutes afterward. Inter-
pleural block should not be performed in patients with 
pleural fibrosis or inflammation, pleural effusion, lung 
parenchymal disease associated with pleural disease, or 
bleeding diathesis. Pleural disease can result in poor spread 
of local anesthetic solutions or rapid uptake in the case 
of inflammation. Patients with severe pulmonary disease 
who rely on their intercostal muscles can exhibit respira-
tory decompensation after bilateral intercostal blockade.

TRANSVERSUS ABDOMINUS PLANE BLOCK

The lateral abdominal wall consists of subcutaneous tis-
sue, the external oblique muscle, the internal oblique 
muscle, and the transversus abdominis muscle progress-
ing from superficial to deep. The fascial sheath that lies 
deep to the internal oblique muscle and superficial to the 
transversus abdominis muscle is the target for the trans-
versus abdominus plane (TAP) block. The nerves that exit 
the thoracolumbar spinal column pass laterally through 
the fascial layer to innervate the abdominal wall.

The landmarks for the TAP block are referred to as the 
triangle of Petit, and they consist of the iliac crest, the latis-
simus dorsi muscle, and the external oblique muscle. The 
triangle of Petit is located along the midaxillary line infe-
rior to the lower costal margin and superior to the iliac 
crest.

Indications
TAP blocks are indicated for any lower abdominal sur-
gery, including hernia repair, appendectomy, caesarian 
delivery, abdominal hysterectomy, laparoscopic surgery, 
renal transplantation, and prostatectomy.59-61 Bilateral 
blocks can be used for midline incisions or laparoscopic 
procedures. It is reasonable to expect analgesia between 
T10 and L1 with a single injection.

Technique
loSS of reSiStaNce (bliND iNjectioN). The point of entry 
for the blind TAP block is the lumbar triangle of petit. 
This is situated between the lower costal margin and 
iliac crest. It is bound anteriorly by the external oblique 
muscle and posteriorly by the latissimus dorsi. This 
technique relies on feeling double “pops” as the needle 
traverses the external oblique and internal oblique mus-
cles. A blunt needle will make the loss of resistance more 
significant.

ultraSouND-GuiDeD. The patient is positioned supine. 
Using sterile technique the ultrasound probe is placed 
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firmly several centimeters superior and parallel to the 
iliac crest. A 21-gauge, 10-cm insulted needle is inserted 
several centimeters medial to the probe using an in-plane 
approach. Bowel peristalsis can often be seen just deep to 
the transversus abdominis muscle layer. After negative 
aspiration, 15 to 20 mL of local anesthetic is incrementally 
injected under ultrasound visualization (see Chapter 58).

Side Effects and Complications
Peritoneal puncture is possible (even with ultrasound 
guidance),62 and there has been one reported case of a 
liver hematoma following a blind TAP block technique.63

ILIOINGUINAL AND ILIOHYPOGASTRIC 
BLOCKS

The ilioinguinal and iliohypogastric nerves arise from 
the first lumbar spinal root. They pierce the transversus 
abdominus cephalad and medial to the anterior superior 
iliac spine and lie between the transversus abdominus 
and internal oblique muscles. After traveling a short dis-
tance caudal and medially, their ventral rami pierce the 
internal oblique muscle before giving off branches, which  
then pierce the external oblique and provide sensory 
fibers to the skin. The ilioinguinal nerve courses anterior 
and inferiorly to the inguinal ring, where it exits to sup-
ply the skin on the proximal, medial portion of the thigh. 
The iliohypogastric nerve supplies the skin in the ingui-
nal region.

Indications
Ilioinguinal and iliohypogastric blocks are used for anal-
gesia following inguinal hernia repair and for lower 
abdominal procedures utilizing a Pfannenstiel incision. 
These blocks have been shown to reduce pain associated 
with herniorrhaphy significantly, although they do not 
provide visceral analgesia, and they cannot be used as 
the sole anesthetic during surgery. Despite the relatively 
simple technique, a failure rate as frequent as 10% to 25% 
has been reported.

The ilioinguinal and iliohypogastric nerves arise from 
the first lumbar spinal root. They pierce the transversus 
abdominus cephalad and medial to the anterior supe-
rior iliac spine and lie between the transversus abdomi-
nus and internal oblique muscles. After traveling a short 
distance caudal and medially, their ventral rami pierce 
the internal oblique muscle before giving off branches, 
which then pierce the external oblique and provide sen-
sory fibers to the skin. The ilioinguinal nerve courses 
anterior and inferiorly to the inguinal ring, where it exits 
to supply the skin on the proximal, medial portion of the 
thigh. The iliohypogastric nerve supplies the skin in the 
inguinal region.

Technique
laNDmark techNique. These blocks are performed using a 
loss-of-resistance technique. The local anesthetic should 
be inserted between the transversus abdominus and the 
internal oblique and between the internal and external 
oblique muscles.

The anterior superior iliac spine is located and a mark 
is made 2 cm cephalad and 2 cm medial. A blunt needle is 
inserted perpendicular to the skin through a small punc-
ture site. Increased resistance is noted as the needle passes 
into the external oblique muscle. A loss of resistance is 
then observed as the needle passes through the external 
oblique muscle to lie between it and the internal oblique 
muscle. After negative aspiration, 2 mL of local anes-
thetic is injected. The needle is then inserted farther until 
another loss of resistance is noted as the needle passes 
out of the internal oblique to lie between it and the trans-
versus abdominus muscle where another 2 mL of local 
anesthetic is injected. The needle is withdrawn, and the 
same procedure is repeated two more times in a fanlike 
distribution between the internal and external oblique 
and then the internal oblique and the transversus abdo-
minus muscle. A total of approximately 12 mL of local 
anesthetic is used.

It is often difficult to appreciate the loss of resistance. 
Given the potential complications of advancing the nee-
dle too far, ultrasound guidance is often used for these 
blocks (see Chapter 58).

Side Effects and Complications
Blind injection can result in inadvertent injury to the 
intestine or blood vessels. Perforation of the large and 
small bowel and pelvic hematoma have been reported. 
Lower extremity weakness owing to local anesthetic 
spread and subsequent femoral nerve blockade can occur.

LOWER EXTREMITY BLOCKS

Knowledge of the anatomy of the lumbosacral plexus and 
peripheral nerves of the lower extremity enables anes-
thesiologists to provide comprehensive anesthetic care. 
These blocks are safe and have certain advantages, such 
as postoperative pain relief and lack of complete sympa-
thectomy, which make them ideal for selected patients.

Historically, lower extremity blocks were less popu-
lar than blocks used routinely for surgical procedures of 
the upper extremity, in part because of the widespread 
acceptance and safety of spinal and epidural anesthe-
sia. Unlike the brachial plexus, the nerves supplying the 
lower extremity are not anatomically clustered where 
they can be blocked easily with a relatively superficial 
injection of local anesthetic. Because of the anatomic 
considerations, lower extremity blocks are technically 
more difficult and require more training and practice 
before expertise is acquired. Many of these blocks were 
classically performed using paresthesia, loss of resis-
tance, or field block technique, and success rates varied. 
Advances in needles, catheters, nerve stimulator tech-
nology, and ultrasound imaging have facilitated local-
ization of neural structures and improved success rate.64 
Recent applications have focused on postoperative anal-
gesia (rather than intraoperative anesthesia) to improve 
patient comfort and to assist in rehabilitation and hos-
pital dismissal.

ANATOMY

The nerve supply to the lower extremity is derived from 
the lumbar and sacral plexuses. The lumbar plexus 
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Figure 57-14. The lumbar plexus 
lies in the psoas compartment 
between the psoas major and qua-
dratus lumborum muscles.
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is formed by the anterior rami of the first four lumbar 
nerves, frequently including a branch from T12 and occa-
sionally from L5 (Fig. 57-14). The plexus lies between the 
psoas major and quadratus lumborum muscles in the so-
called psoas compartment. The lower components of the 
plexus, L2, L3, and L4, primarily innervate the anterior 
and medial thigh. The anterior divisions of L2, L3, and 
L4 form the obturator nerve; the posterior divisions of 
the same components form the femoral nerve; and the 
lateral femoral cutaneous nerve is formed from posterior 
divisions of L2 and L3.

The sacral plexus gives off two nerves that are impor-
tant for lower extremity surgery: the posterior cuta-
neous nerve of the thigh and the sciatic nerve. The 
posterior cutaneous nerve of the thigh and the sciatic 
nerve are derived from the first, second, and third sacral 
nerves plus branches from the anterior rami of L4 and 
L5, respectively. These nerves pass through the pelvis 
together, and the greater sciatic foramen and are blocked 
by the same technique. The sciatic nerve is a combina-
tion of two major nerve trunks, the tibial (i.e., ventral 
branches of the anterior rami of L4, L5, S1, S2, and S3) 
and the common peroneal (i.e., dorsal branches of the 
anterior rami of L4, L5, S1, S2, and S3), which form the 
sciatic nerve. The trunks separate at or above the popli-
teal fossa, with the tibial nerve passing medially and the 
common peroneal laterally. The cutaneous distributions 
of the lumbosacral and peripheral nerves are shown in 
Figure 57-15.
PSOAS COMPARTMENT BLOCK 
(POSTERIOR APPROACH TO THE  
LUMBAR PLEXUS)

The psoas compartment block uses a technique in which 
a needle is placed into the space between the psoas major 
and quadratus lumborum muscles. The block was initially 
performed using a loss-of-resistance technique and a large 
volume of injected solution to provide anesthesia to the 
hip and anterolateral thigh.65

Clinical Applications
The psoas compartment block provides blockade of the 
three main components of the lumbar plexus with a sin-
gle injection.66 The technique must be combined with a 
sciatic block for anesthesia of the entire lower extremity. 
Psoas compartment block is often used to provide postop-
erative analgesia for patients undergoing major knee and 
hip surgery.67,68

Technique
Although loss-of-resistance or paresthesia techniques 
are feasible,69 most practitioners use nerve stimulation 
to confirm the location of the lumbar plexus.64 With 
the classic technique, the patient is placed in the lateral 
position, with hips flexed and operative extremity upper-
most. A line is drawn to connect the iliac crests (i.e., 
intercristal line), identifying the fourth lumbar spine. 
A skin wheal is raised 3 cm caudad and 5 cm lateral to 
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Figure 57-15. A, Cutaneous distribution of the lumbosacral nerves. B, Cutaneous distribution of the peripheral nerves of the lower extremity.

Figure 57-16. Psoas compartment 
block. Needle entry is marked 1 cm 
cephalad to the intercristal line, two 
thirds the distance from the midline 
to the posterior superior iliac spine 
line. The lumbar plexus is identified 
between the transverse processes of 
L4 and L5. Dural sleeves extend 3 to 
5 cm laterally. The cross is the site of 
needle insertion.

Iliac crest

Posterior
superior
iliac spine
the midline on the side to be blocked. A 21-gauge, 10-cm 
stimulating needle is then advanced perpendicular to the 
skin entry site until it contacts the fifth lumbar transverse 
process. The needle is redirected cephalad until it slides 
off the transverse process. The lumbar plexus is identified 
by elicitation of a quadriceps motor response, and after 
negative aspiration, 30 mL of local anesthetic is incre-
mentally injected.

Based on anatomic imaging studies, Capdevila and 
colleagues70 modified the classic psoas technique (Fig. 
57-16). Needle insertion site is the junction of the lateral 
third and medial two thirds of a line between the spinous 
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process of L4 and a line parallel to the spinal column 
passing through the posterior superior iliac spine. (The 
spinous process of L4 was estimated to be approximately 
1 cm cephalad to the upper edge of the iliac crests.) The 
needle is advanced perpendicularly to the skin until con-
tact with the transverse process of L4 is obtained and is 
then advanced under the transverse process until quadri-
ceps femoris muscle twitches are elicited. Despite a differ-
ence between men and women in the depth of the lumbar 
plexus, the distance from the L4 transverse process to the 
lumbar plexus was comparable (median value, 2 cm) in 
both sexes (see Fig. 57-12). It is crucial to achieve con-
tact with the L4 transverse process to establish appropri-
ate needle depth and position. A more recent study using 
ultrasound imaging demonstrated that the intersection 
of the middle and lateral thirds of the intercrestal line 
between the midline, and a parallel line through the pos-
terosuperior iliac spine was too lateral to permit needle–
transverse process contact in 50% of patients.71

Ultrasound-Guided Psoas Compartment 
Block
Despite the recent popularity of ultrasound guidance in 
regional anesthesia, there has been limited interest in 
using ultrasound for lumbar plexus blockade (see Chapter 
58). This is likely due to the deep nature of the block; the 
increasing number of obese patients (also see Chapter 71);  
and the need for specialized curved-array, low-frequency 
transducers. Although images of the lumbar plexus have 
been obtained in volunteers and cadavers, the actual clin-
ical experience for using ultrasound guidance to facilitate 
the placement of lumbar plexus blocks has not been well 
described.

Side Effects and Complications
Unlike the relatively minor complications associated with 
other lower extremity nerve blocks, the risks associated 
with a posterior lumbar plexus block can be quite severe.72 
Because of the proximity of the neuraxis, intrathecal or 
epidural local anesthetic or catheter placement is a poten-
tial complication. Epidural spread of local anesthetic is 
the most common complication with an incidence rang-
ing from 1.8% to 16%.64,66,67,70 Factors that contribute 
to epidural spread are a medially directed needle, large 
volumes of local anesthetic, and the presence of a spinal 
deformity (scoliosis). Less commonly, intrathecal or sub-
arachnoid injection or catheter placement can lead to risk 
of widespread spinal anesthesia.

Because the psoas compartment block results in injec-
tion of local anesthetic into large, richly vascularized 
muscles (e.g., psoas, quadratus lumborum), the early 
plasma concentrations are significantly higher than levels 
obtained during a femoral block. Patients must be mon-
itored for signs of local anesthetic toxicity when given 
large boluses of local anesthetics. Because of the same rich 
vascular supply, severe retroperitoneal or renal capsular 
hematomas have occurred in patients who have under-
gone a psoas compartment block while anticoagulated, 
or who received anticoagulation medication shortly 
after block placement or in the presence of a continuous 
psoas catheter. Although larger studies are needed, the 
American Society of Regional Anesthesia conservatively 
recommends that patients having a lumbar plexus block 
be managed in much the same way as those undergo-
ing neuraxial blockade when thromboprophylaxis is 
ordered.73

PERIVASCULAR THREE-IN-ONE (FEMORAL) 
NERVE BLOCK

The femoral nerve is formed within the psoas major 
muscle by posterior divisions of the second, third, and 
fourth lumbar nerves. It emerges from the lateral border 
of the psoas muscle to descend in the groove between the 
psoas and iliacus muscles and enters the thigh by pass-
ing beneath the inguinal ligament lateral to the femo-
ral artery. At this point, the nerve divides into multiple 
terminal branches, which have been classified as anterior 
and posterior. The anterior branches are primarily cuta-
neous, and the deep branches are chiefly motor.The fem-
oral nerve supplies the anterior compartment muscles of 
the thigh (i.e., quadriceps, sartorius) and the skin of the 
anterior thigh from the inguinal ligament to the knee. Its 
terminal branch is the saphenous nerve, which supplies an 
area of skin along the medial side of the leg from the knee 
to the big toe.

Clinical Applications
The perivascular approach (i.e., three-in-one block) to the 
lumbar plexus is based on the premise that injection of a 
large volume of local anesthetic within the femoral canal 
while maintaining distal pressure will result in proxi-
mal spread of the solution into the psoas compartment 
and subsequent lumbar plexus block.74 However, imag-
ing studies suggest that blockade occurs through lateral 
(lateral femoral cutaneous nerve) and medial (obturator 
nerve) spread of injected local anesthetic.75

Indications for femoral nerve block include anesthesia 
for knee arthroscopy in combination with intraarticular 
local anesthesia and analgesia for femoral shaft fractures, 
anterior cruciate ligament reconstruction, and total knee 
arthroplasty as a part of multimodal regimens. Their use 
in complex knee operations is associated with smaller 
pain scores and fewer hospital admissions following 
same-day surgery.64,67

Technique
femoral block

PeriPheral Nerve StimulatioN or PareStheSia. The patient is 
placed in the supine position. A line is drawn between the 
anterior superior iliac spine and the pubic tubercle, identi-
fying the inguinal ligament. The femoral artery is marked. 
A 22-gauge, 4-cm needle is advanced lateral to this line (Fig. 
57-17, A). Elicitation of a motor response (or paresthesia) 
verifies correct needle position. Commonly, the anterior 
branch of the femoral nerve is identified first. Stimula-
tion of this branch leads to contraction of the sartorius 
muscle and should not be accepted. The needle should  
be redirected slightly laterally and with a deeper direction 
to encounter the posterior branch of the femoral nerve. 
Stimulation of this branch is identified by patellar ascen-
sion as the quadriceps contract. A total of 20 to 40 mL of 
local anesthetic is injected incrementally after negative 
aspiration. Reliable anesthesia of the femoral and lateral 
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Figure 57-17. A, Anatomic landmarks for lateral femoral cutaneous, femoral, and obturator nerve blocks. B, For an obturator nerve block, the 
needle is walked off the inferior pubic ramus in a medial and cephalad direction until it passes into the obturator canal.
femoral cutaneous nerves can be predicted with 20 mL; 
however, obturator nerve block might not occur even 
with volumes greater than 30 mL.

ultraSouNd Guided. The use of ultrasound can be use-
ful in patients in whom it is difficult to palpate a femoral 
pulse, because of weight, anatomic variability, or changes 
to the needle insertion site (before radiation or surgery). 
The femoral nerve can be identified lateral to the artery as 
a triangular shaped structure.

Technique
faScia iliaca Nerve (moDifieD femoral) block. The 
fascia iliaca block was originally described in children 
(see Chapter 92). The clinical applications for its use 
are the same as those for femoral nerve block.64,76 
The simplicity of the double pop technique has been 
emphasized. The double pop refers to the sensation felt 
as the needle traverses the fascia lata then the fascia 
iliaca. Penetration of both layers of fascia is important 
for successful fascia iliaca blockade (see Fig. 57-17). To 
facilitate the appreciation of the “clicks” or “pops,” the 
use of a short bevel or bullet-tipped needle has been 
advocated to provide more tactile feedback than cut-
ting needles. The needle entry site for the fascia iliaca 
block is determined by drawing a line between the 
pubic tubercle and the anterior superior iliac crest and 
dividing this line into thirds. The needle entry point is 
one centimeter caudal to the intersection of the medial 
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two thirds and lateral one third along this line. This site 
is well away from the femoral artery, which is useful for 
patients in whom femoral artery puncture is contrain-
dicated. Ultrasound can also be used to visualize the 
two fascial layers and spread of local anesthetic behind 
the fascia iliaca.

Side Effects and Complications
Intravascular injection and hematoma are possible because 
of the proximity of the femoral artery. Anatomically, the 
nerve and artery are located in separate sheaths approxi-
mately 1 cm apart. In most patients with normal anatomy, 
the femoral artery can be easily palpated, allowing correct, 
safe needle positioning lateral to the pulsation. The pres-
ence of femoral vascular grafts is a relative contraindica-
tion to these techniques. Nerve damage is rare.

LATERAL FEMORAL CUTANEOUS NERVE 
BLOCK

The lateral femoral cutaneous nerve (L2 and L3) emerges 
at the lateral border of the psoas muscle immediately cau-
dad to the ilioinguinal nerve. It descends under the iliac 
fascia to enter the thigh deep to the inguinal ligament 1 
to 2 cm medial to the anterior superior iliac spine. The 
nerve emerges from the fascia lata 7 to 10 cm below the 
spine and divides into anterior and posterior branches. 
The skin of the lateral portion of the thigh from the hip 
to midthigh is supplied by the posterior branch; the ante-
rior branch supplies the anterolateral thigh to the knee.

Clinical Applications
The lateral femoral cutaneous nerve block is useful for 
skin graft harvesting and can be used in concert with 
other peripheral nerve blocks for complete anesthesia of 
the lower extremity.

Technique
A point is marked 2 cm medial and 2 cm caudad to the 
anterior superior iliac spine. A 22-gauge, 4-cm needle 
is advanced perpendicular to the skin entry site until a 
sudden release indicates passage through the fascia lata. 
As the needle is moved in a fanlike pattern laterally and 
medially, 10 to 15 mL of solution is injected, deposit-
ing local anesthetic above and below the fascia (see Fig. 
57-17, A). Although a sensory nerve, the lateral femoral 
cutaneous nerve can be localized using a nerve stimulator 
technique by seeking pulsatile tingling in the distribution 
of the nerve.77

Side Effects and Complications
There is an infrequent risk of associated complications 
because there are no large blood vessels near this nerve. 
In addition, the likelihood of rapid uptake or intravascu-
lar injection is low.

SAPHENOUS NERVE BLOCK

Indications
The saphenous nerve provides innervation to the 
medial aspect of the lower extremity from the knee to 
the medial malleolus. Saphenous nerve blocks are com-
monly combined with popliteal and ankle blockade. Sev-
eral approaches to the saphenous nerve block have been 
described using both a transsartorial (above the knee) 
and paravenous (below the knee) approach.78 Ultrasound 
guidance can be used for both techniques. The saphenous 
nerve can also be blocked at the level of the ankle and will 
be described as part of the ankle block.

Anatomy
The saphenous nerve is a cutaneous sensory branch off 
the posterior division of the femoral nerve. It runs in the 
adductor canal along the posterior border of the sartorius 
muscle. The nerve emerges and divides at the level of the 
knee before continuing distally along the medial border 
of the tibia, posterior to the great saphenous vein. The 
saphenous nerve is located approximately 1 cm medial 
and 1 cm posterior to the saphenous vein at the level of 
the tibial tuberosity.

Technique
The saphenous nerve is purely sensory; therefore, a field 
block technique is most common. Ultrasound guid-
ance can also be used to identify the neural and vascular 
structures.

paraveNouS approach. At the level of the tibial tuberos-
ity, approximately 5 to 10 mL of local anesthetic is infil-
trated deep to the great saphenous vein.

localizeD fielD block. Approximately 5 to 10 mL of local 
anesthetic may be infiltrated from the medial condyle of 
the tibia anteriorly to the tibial tuberosity and posteriorly 
to the medial head of the gastrocnemius muscle. Success 
rates for this technique range from 33% to 65%.

traNSSartorial approach. The sartorius muscle is pal-
pated on the medial side of the leg, just cephalad to the 
patella. At the upper pole of the patella, a 22-gauge, 5-cm 
needle is advanced 45 degrees from the coronal plane, 
through the muscle belly of the sartorius until a fascial 
pop is noted. Approximately 5 to 10 mL of local anes-
thetic is injected. Success rates for this technique range 
from 70% to 80%.

ultraSouND GuiDeD. Ultrasound-guided saphenous 
nerve block can be performed either above or below the 
knee. For the transsartorial technique, the nerve can be 
found lying medial to the vastus medialis muscle within 
the fascia.

Side Effects and Complications
The risks of complications with this block are low, 
although the same theoretical risks all regional anesthetic 
techniques apply to this block. Given that the great saphe-
nous vein is used as a landmark for the field block tech-
nique, minor hematoma formation is not uncommon.

OBTURATOR NERVE BLOCK

The obturator nerve is derived primarily from the third 
and fourth lumbar nerves, with an occasional minor 
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contribution from L2. The nerve lies deep in the obtura-
tor canal, having descended from the medial border of 
the psoas muscle. As the nerve leaves the obturator canal, 
it divides into anterior and posterior branches. The ante-
rior branch supplies an articular branch to the hip and 
the anterior adductor muscles and a variable cutaneous 
branch to the lower medial thigh. The posterior branch 
innervates the deep adductor muscles and may send an 
articular branch to the knee.

Clinical Applications
The obturator nerve usually is blocked as part of regional 
anesthesia for knee surgery.67 Because it is primarily a 
motor nerve, it is rarely blocked on its own; however, 
obturator nerve block can be useful in treating or diagnos-
ing the extent of adductor spasm in patients with cerebral 
palsy and other muscle or neurologic diseases affecting 
the lower extremities before surgical intervention (e.g., 
adductor tenotomy).

Technique
The patient is placed in the supine position, and a mark is 
made 1 to 2 cm lateral and 1 to 2 cm caudad to the pubic 
tubercle. A skin wheal is raised, and a 22-gauge, 8- to 
10-cm needle is advanced perpendicular to the skin entry 
site with a slight medial direction. The inferior pubic 
ramus is encountered at a depth of 2 to 4 cm, and the 
needle is walked in a lateral and caudad direction until 
it passes into the obturator canal. The obturator nerve is 
located 2 to 3 cm past the initial point of contact with 
the pubic ramus (see Fig. 57-17, B). After negative aspira-
tion, 10 to 15 mL of local anesthetic is injected. A nerve 
stimulator is helpful in locating the obturator nerve, and 
correct needle position is evidenced by contraction of the 
adductor muscles of the medial thigh.

The classic approach to obturator nerve block involves 
painful periosteal contact and multiple needle redirec-
tions. An alternate interadductor approach was described 
by Wasseff.79 In this technique, the needle is inserted 
behind the adductor tendon, near its pubic insertion, 
and is directed laterally toward a mark on the skin 1 to 2 
cm medial to the femoral artery and immediately below 
the inguinal ligament representing the obturator canal. 
The nerve is identified by a motor response to peripheral 
nerve stimulation in the adductor muscle. An inguinal 
approach, with needle insertion in the inguinal crease at 
the midpoint of a line drawn between the inner border of 
the adductor longus tendon and the femoral arterial pulse 
has been recently described.80

Side Effects and Complications
Complications are rare, but this block is technically more 
difficult than other lower extremity blocks. The obturator 
canal contains vascular and neural structures, and there 
is a theoretical risk of intravascular injection, hematoma, 
and nerve damage.

PARASACRAL BLOCK

Parasacral block will consistently block both components 
of the sciatic nerve and the posterior cutaneous nerve of 
the thigh. Spread of local anesthetic may also anesthetize 
other branches of the sacral plexus including the supe-
rior and inferior gluteal and pudendal nerves. The pelvic 
splanchnic nerves (S2-S4), the terminal portion of the 
sympathetic trunk, the inferior hypogastric plexus, and 
the obturator nerve all lie in close proximity to the ele-
ments of the sacral plexus and can all be anesthetized 
with this approach.81

Clinical Applications
For procedures about the knee, the parasacral block can 
provide an advantage over more distal approaches to the 
sciatic nerve because of the block of both the sciatic and 
posterior cutaneous nerves, particularly if a tourniquet 
is used. For procedures below the knee, the adductor 
weakness from the obturator and superior gluteal nerve 
block may actually be disadvantageous for mobilization 
of the patient. This technique is also useful when imme-
diate access to the individual nerves of the sacral plexus 
is not possible, such as owing to trauma or infection.

Technique
This approach is based on the bony relationship of the 
posterior superior iliac spine and the ischial tuberosity. 
The patient is positioned laterally with the side to be 
blocked uppermost. The most prominent aspects of the 
posterior superior iliac spine and the ischial tuberosity are 
identified, and a line is drawn joining these two points. 
Along the line, a mark is made at 6 cm inferior to the 
posterior superior iliac spine, defining the needle inser-
tion site (Fig. 57-18). A 21-gauge, 10-cm, insulated needle 
is advanced in a sagittal plane until an evoked motor 
response is elicited, typically at a depth of 5 to 7 cm from 
the skin. Once the needle is placed properly, 20 to 30 mL 
of local anesthetic is injected slowly and incrementally. 
Plantar flexion of the foot (tibial nerve component) or 
dorsiflexion (common peroneal nerve) is an acceptable 
motor response. Because of the proximal nature of the 
block, a hamstring motor response also is acceptable.

Complications
Because the sacral nerves represent the parasympathetic 
portion of the autonomic nervous system, sympathetic 
blockade and its potential for hypotension are not seen 
with transsacral block unless excessive volumes of solu-
tion spread proximally to the lumbar sympathetic fibers. 
Loss of parasympathetic function to bowel, bladder, 
and sphincters can occur.82 Injection of local anesthetic 
through misdirected needles into the subarachnoid or 
vascular compartments is a remote risk. Classically, the 
dural sac terminates at the lower border of S2; however, 
there are clinical reports of subarachnoid puncture with a 
6- to 7-cm caudal needle to suggest individual variations 
below this “classic” location. Finally, an appreciation of 
the pelvic contents, especially colon, rectum, and blad-
der, is important. Should a deeply inserted needle enter 
the colon or rectum and not be noticed, it can result in 
contamination of the sacral canal.

SCIATIC NERVE BLOCK

The sciatic nerve (L4 and L5, S1 through S3) is the larg-
est of the four peripheral nerves of the lower extremity, 
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Figure 57-18. Parasacral block. This is the most 
proximal approach to the sciatic nerve, and it 
results in block of the posterior femoral cutaneous 
nerve. The most prominent aspects of the poste-
rior superior iliac spine and the ischial tuberosity 
are identified, and a line is drawn joining these 
two points. Needle insertion site is along the line, 
6 cm inferior to the posterior superior iliac spine.
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Figure 57-19. Patient positioning for the posterior approach to the sciatic nerve.
with a width of 2 cm as it leaves the pelvis with the pos-
terior cutaneous nerve of the thigh. The sciatic nerve is 
composed of two nerves bound by a common sheath 
of connective tissue; the tibial component is medial 
and anterior, and the common peroneal component is 
lateral and slightly posterior. After passing through the 
sacrosciatic foramen beneath the piriformis muscle, 
it lies between the greater trochanter of the femur and 
the ischial tuberosity. The nerve becomes superficial at 
the lower border of the gluteus maximus muscle, where 
it begins its descent down the posterior aspect of the 
thigh to the popliteal fossa. The nerve supplies cutaneous 
innervation to the posterior aspect of the thigh and the 
entire leg and foot below the knee, except a thin medial 
strip supplied by the saphenous nerve.

Clinical Applications
Because of its wide sensory distribution, the sciatic nerve 
block can be used, together with a saphenous or femoral 
nerve block, for any surgical procedure below the knee 
that does not require a thigh tourniquet. It can also be 
combined with other peripheral nerve blocks to provide 
anesthesia for surgical procedures involving the thigh 
and knee. This form of anesthesia avoids the sympa-
thectomy associated with neuraxial blocks and therefore 
may be advantageous when any shift in hemodynam-
ics could be deleterious, such as in patients with severe 
aortic stenosis.

Technique
claSSic (poSterior) approach of labat. For the classic 
(posterior) approach of Labat, the patient is positioned lat-
erally, with the leg to be blocked rolled forward onto the 
flexed knee as the heel rests on the knee of the dependent 
nonoperative leg (modified Sims position; Fig. 57-19).6 A 
line is drawn to connect the posterior superior iliac spine 
to the greater trochanter of the femur. A perpendicular 
line is drawn bisecting the first line and extending 5 cm 
caudad. A second line is drawn from the greater trochan-
ter to the sacral hiatus. The intersection of this line with 
the perpendicular line indicates the point of needle entry 
and falls 3 to 5 cm along the line. A 22-gauge, 10- to 12-cm 
needle is advanced until a motor response (or paresthesia) 
is elicited or bone is contacted (Fig. 57-20). Stimulation 
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Figure 57-20. Anatomic landmarks for the classic posterior approach of Labat for sciatic nerve block.
of the tibial nerve component produces plantar flexion 
and inversion of the foot, and common peroneal nerve 
stimulation produces dorsiflexion and eversion. If bone is 
encountered, the needle is redirected medially; if blood is 
apirated (superior gluteal artery), the needle is redirected 
laterally. After the needle is placed properly, a total of 20 
to 30 mL of local anesthetic is injected.

SubGluteal approach. With this approach, the patient is 
positioned laterally in a modified Sims position; the leg 
to be blocked is rolled forward onto the flexed knee as 
the heel rests on the knee of the dependent (nonopera-
tive) leg. This approach is based on the bony relationship 
to the greater trochanter and the ischial tuberosity. The 
most prominent aspects of the greater trochanter and the 
ischial tuberosity are identified by palpation, and a line 
is drawn joining these two points. A perpendicular line is 
drawn bisecting this line and extending 4 to 6 cm caudad. 
The second line approximates the location of the sciatic 
nerve. The site of the needle insertion can be at the inter-
section of the two lines or as far as 6 cm distally along the 
second line. A 21-gauge, 10- to 12-cm needle is inserted 
perpendicularly and advanced until a tibial or peroneal 
motor response (or paresthesia) in the ankle or foot is 
elicited, and 20 to 30 mL of local anesthetic is injected 
incrementally (Fig. 57-21). If no response is elicited, the 
needle can be redirected 1 to 2 cm medially or laterally 
to the original direction of the needle. It may be helpful 
to palpate or visualize the groove on the posterior aspect 
of the thigh. If bony contact is made, the needle is with-
drawn and redirected medially.

ultraSouND GuiDeD. A curvilinear probe is placed just dis-
tal to the gluteal cleft and scanned lateral to medial. The 
sciatic nerve can be identified as a flat hyperechoic struc-
ture medial to the greater trochanter and lateral to the 
hyperechoic border of the ischial tuberosity. The needle is 
advanced in an out-of-plane approach towards the sciatic 
nerve (see also Chapter 58).

aNterior approach. The anterior approach is useful 
when the patient cannot be positioned for the classic pos-
terior approach because of pain.83 With the patient in the 
supine position, a line drawn along the inguinal ligament 
from the anterior superior iliac crest to the pubic tubercle 
is trisected. A second line parallel to the inguinal liga-
ment is drawn, beginning at the tuberosity of the greater 
trochanter. The intersection of this second line with the 
more medial of the perpendicular lines represents the 
point of needle entry. A 22-gauge, 10.5- to 12-cm needle is 
inserted perpendicularly with a slightly lateral angulation  
at the point where the line representing the juncture of 
the middle and medial thirds crosses the second line. The 
needle is advanced until it contacts bone, the lesser tro-
chanter of the femur (Fig. 57-22). The needle is redirected 
medially past the femur, and a paresthesia or nerve stimu-
lator response is sought at a depth of about 5 cm past the 
bone. A total of 20 to 25 mL of solution is injected incre-
mentally after careful aspiration.

other approacheS. The sciatic nerve can also be blocked 
with the patient in the lateral84 and lithotomy posi-
tions,85 although these are rarely used clinically.

Side Effects and Complications
Serious complications of sciatic nerve block are rare; how-
ever, theoretical concerns regarding muscle trauma and 
puncture of a variety of vascular structures, must be consid-
ered. Sciatic nerve block is primarily a somatic nerve block. 
It does carry some sympathetic fibers to the extremity, 
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however, and may therefore allow pooling of small quanti-
ties of blood that is usually insufficient to cause significant 
hypotension. On some occasions, such as limb reimplanta-
tions and sympathetically mediated pain conditions, this 
sympathetic block may be advantageous. Residual dyses-
thesias for periods of 1 to 3 days are not uncommon, but 
usually resolve within several months.72,86 Importantly, 
many orthopedic surgical procedures (including total hip 
and knee replacement) are associated with neuropraxia 
to one or both components of the sciatic nerve. Thus, 
thoughtful application of this technique is required to 
optimize neurologic outcome for patients considered to be 
at high risk of perioperative nerve injury from surgery or 
preexisting neurologic dysfunction.

POPLITEAL FOSSA BLOCK

The posterior muscles of the thigh are the biceps femoris, 
the semimembranosus, semitendinosus, and the poste-
rior portion of the adductor magnus. As these muscles are 
traced distally from their origin on the ischial tuberosity, 
they separate into medial (semimembranosus, semitendi-
nosus) and lateral (biceps) musculature, and they form the 
upper border of the popliteal fossa. The lower border of the 
popliteal fossa is defined by the two heads of the gastroc-
nemius. In the upper part of the popliteal fossa, the sciatic 
nerve lies posterolateral to the popliteal vessels. The popli-
teal vein is medial to the nerve, and the popliteal artery is 
most anterior, lying on the popliteal surface of the femur. 
Near the upper border of the popliteal fossa, the two com-
ponents of the sciatic nerve separate. The peroneal nerve 
diverges laterally, and the larger tibial branch descends 
almost straight down through the fossa. The tibial nerve 
and popliteal vessels then disappear deep to the converg-
ing heads of the gastrocnemius muscle.

Figure 57-21. Sciatic nerve block (subgluteal 
approach). The sciatic nerve is relatively super-
ficial at this level. Needle insertion is near the 
gluteal crease, between the hamstring muscles.
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Figure 57-22. Anatomic landmarks for the anterior approach to a 
sciatic nerve block.
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Clinical Applications
This block is chiefly used for foot and ankle surgery. Pop-
liteal fossa block is preferable to ankle block for surgical 
procedures requiring the use of a calf tourniquet. The 
components of the sciatic nerve may be blocked at the 
level of the popliteal fossa through posterior or lateral 
approaches. Supplemental block of the saphenous nerve 
is required for surgical procedures to the medial aspect 
of the leg or when a calf tourniquet or Esmarch bandage 
are used.

Technique
poSterior approach: peripheral Nerve StimulatioN or 
pareStheSia. The classic approach to the popliteal fossa is 
posteriorly, with the patient positioned prone. However, 
access can also occur with the patient in the lateral posi-
tion (operative side nondependent) or supine position 
(with leg flexed at the hip and knee).

The borders of the popliteal fossa are identified by flex-
ing the knee joint. A triangle is constructed, with the base 
consisting of the skin crease behind the knee, and the 
two sides composed of the semimembranosus (medially) 
and the biceps (laterally). A bisecting line is drawn from 
the apex to the base of the triangle, and a 5-cm needle is 
inserted at a site 5 to 10 cm above the skin fold and 0.5 
to 1 cm lateral to the bisecting line (Fig. 57-23, A). Clas-
sically, the 5-cm distance was described; however, in an 
attempt to block the sciatic nerve before its division, a 7- 
to 10-cm distance has been recommended.87 The needle 
is advanced at a 45-degree angle until a motor response 
(or paresthesia) is elicited. With a nerve stimulator tech-
nique, inversion is the motor response that best predicts 
complete neural block of the foot.88 Injection of approxi-
mately 30 mL of local anesthetic solution is sufficient.

The success rate is typically 90% to 95%.88 No formal 
comparison between paresthesia and nerve stimulator 
techniques has been performed to assess efficacy and 
complications. It is believed that incomplete block is the 
result of poor diffusion (because of the size of the sciatic 
nerve), the separate fascial coverings of the tibial and 
peroneal nerves, or blockade of only a single component 
of the sciatic nerve. Identification of the tibial and pero-
neal components decreases onset time and improves the 
success rate.89
Figure 57-23. A, Anatomic landmarks for 
the posterior approach to the sciatic nerve in 
the popliteal fossa. B, Anatomic landmarks 
for the lateral approach to the sciatic nerve 
in the popliteal fossa.

Medial

Semitendinosus muscle

Semimembranosus muscle

Popliteal artery and vein

Gastrocnemius muscle

Lateral

Biceps femoris muscle

Common peroneal nerve

Lateral sural
cutaneous nerve

Medial sural
cutaneous nerve

Tibial nerve

A

Patella

Vastus
lateralis

Biceps
femoris

Common 
peroneal nerve

Femur

Popliteal vein and artery

Tibial nerve

B



ultraSouND GuiDeD. The use of ultrasound can help iden-
tify the point of divergence of the sciatic nerve into the 
peroneal and tibial branches. Blockade at this level allows 
for a single (rather than a double) injection with compa-
rable success90 (see Figs. 57-23 and 57-24)

lateral approach. A lateral approach to blockade of the 
sciatic nerve in the popliteal fossa has been described.91 
Although block time is somewhat longer, onset and 
quality of block are similar to the posterior approach.92 
The lateral approach allows the patient to be positioned 
supine and eliminates the need for repositioning. The 
patient’s leg is extended, with the long axis of the foot 
at a 90-degree angle to the table. The site of insertion is 
the intersection of the vertical line drawn from the upper 
edge of the patella and the groove between the lateral 
border of the biceps femoris and vastus lateralis. A 10-cm 
needle is advanced at a 30-degree angle posterior to the 
horizontal plane (see Fig. 57-23, B). Because the common 
peroneal nerve is located lateral to the tibial nerve, the 
stimulating needle often encounters the common pero-
neal nerve first with the lateral approach. As with the 
classic posterior approach, a tibial response is sought.93 If 
a response associated with common peroneal nerve stim-
ulation (e.g., eversion) is elicited, the needle is redirected 
more posteriorly.

Side Effects and Complications
Intravascular injection can occur because of the presence of 
vascular structures within the popliteal fossa. Performance 
of popliteal fossa block in patients with previous total knee 
arthroplasty or vascular bypass (femoral-popliteal) obvi-
ously should be performed extremely carefully. However, 
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there have been no cases of graft disruption or joint infec-
tions related to needle placement in these patients.

NERVE BLOCKS AT THE ANKLE

Four of the five individual nerves that can be blocked at 
the ankle to provide anesthesia of the foot are terminal 
branches of the sciatic nerve: the posterior tibial, sural, 
superficial peroneal, and deep peroneal branches. The sci-
atic nerve divides at or above the apex of the popliteal 
fossa to form the common peroneal and tibial nerves. 
The common peroneal nerve descends laterally around 
the head of the fibula, where it divides into the superficial 
and deep peroneal nerves.

The tibial nerve divides into the posterior tibial and 
sural nerves in the lower leg. The posterior tibial nerve 
becomes superficial at the medial border of the Achilles 
tendon near the artery of the same name, and the sural 
nerve emerges laterally to the Achilles tendon.

Clinical Applications
Ankle blocks are simple to perform and offer adequate 
anesthesia for surgical procedures of the foot not requir-
ing a tourniquet above the ankle.

Technique
poSterior tibial Nerve. The posterior tibial nerve can be 
blocked with the patient in either the prone or the supine 
positions. The posterior tibial artery is palpated, and a 
25-gauge, 3-cm needle is inserted posterolateral to the 
artery at the level of the medial malleolus (see Fig. 57-24, 
A, B). A paresthesia is often elicited; however, it is not nec-
essary for a successful block. If a paresthesia is obtained,  
Figure 57-24. A, Anatomic landmarks for a block of 
the posterior tibial and sural nerves at the ankle. B, Pos-
terior tibial nerve and method of needle placement for a 
block at the ankle. C, Sural nerve and method of needle 
placement for a block at the ankle.
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3 to 5 mL of local anesthetic should be injected. Other-
wise, 7 to 10 mL of local anesthetic should be injected 
as the needle is slowly withdrawn back from the poste-
rior aspect of the tibia. Blockade of the posterior tibial 
nerve provides anesthesia of the heel, plantar portion of 
the toes, and the sole of the foot, as well as some motor 
branches in the same area. Ultrasound imaging of the pos-
terior tibial nerve can shorten onset time94 (Fig. 57-25).

Sural Nerve. The sural nerve is located superficially 
between the lateral malleolus and the Achilles tendon. 
A 25-gauge, 3-cm needle is inserted lateral to the tendon 
and is directed toward the malleolus as 5 to 10 mL of 
solution is injected subcutaneously (Fig. 57-26, A, C). This 
block provides anesthesia of the lateral foot and the lat-
eral aspects of the proximal sole of the foot.

Deep peroNeal, Superficial peroNeal, aND SapheNouS 
NerveS. The deep peroneal, superficial peroneal, and 
saphenous nerves can be blocked through a single nee-
dle entry site (see Fig. 57-26). A line is drawn across the 
dorsum of the foot connecting the malleoli. The exten-
sor hallucis longus tendon is identified by having the 
patient dorsiflex the big toe. The anterior tibial artery lies 
between this structure and the tendon of the extensor 
digitorum longus muscle and is palpable at this level. A 
skin wheal is raised just lateral to the pulsation between 
the two tendons on the intermalleolar line. A 25-gauge, 
3-cm needle is advanced perpendicular to skin entry site, 
and 3 to 5 mL of local anesthetic is injected deep to the 
extensor retinaculum to block the deep peroneal nerve. 
This technique anesthetizes the skin between the first and 
second toes and the short extensors of the toes.

The needle is directed laterally through the same skin 
wheal while injecting 3 to 5 mL of local anesthetic sub-
cutaneously, blocking the superficial peroneal nerve and 
resulting in anesthesia of the dorsum of the foot, exclud-
ing the first interdigital cleft. The same maneuver can be 
performed in the medial direction, thereby anesthetizing 
the saphenous nerve, a terminal branch of the femoral 
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Figure 57-25. Ultrasound image of the medial aspect of the ankle 
showing the posterior tibial artery (red) and the posterior tibial nerve 
(yellow).
nerve that supplies a strip along the medial aspect of the 
foot.

Side Effects and Complications
Multiple injections are required for some techniques, 
resulting in discomfort for the patient. Persisting pares-
thesias can occur, but they are self-limited. The presence 
of edema or induration in the area of the ankle block 
can make palpation of landmarks difficult. Intravascular 
injection is possible but unlikely if aspiration for blood 
is negative. The volume of local anesthetic used is small, 
thereby decreasing the risk of local anesthetic toxicity.

CONTINUOUS CATHETER TECHNIQUES

The advantages cited for continuous nerve blockade 
include prolongation of surgical anesthesia, decreased risk 
of toxicity because of lower incremental doses, and post-
operative pain relief and sympathectomy. Catheter place-
ment using over-needle and through-needle methods 
have been described. Advances in equipment technology, 
including the development of stimulating needles and 
catheters and portable pumps allowing local anesthetic 
infusion after hospital dismissal, have increased the suc-
cess rate and popularity of continuous peripheral block-
ade (Fig. 57-27).95 Although concern regarding accurate 
catheter placement and maintenance still exists, the use 
of stimulating catheters and radiographic confirmation 
may further improve the functionality.96 Overall, contin-
uous peripheral nerve block provides superior analgesia 
compared with conventional opioid therapy. Minor tech-
nical problems such as catheter kinking, displacement 
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Figure 57-26. A, Anatomic landmarks for a block of the deep pero-
neal, superficial peroneal, and saphenous nerves at the ankle. B, Method 
of needle placement for a block of the deep peroneal, superficial pero-
neal, and saphenous nerves through a single needle entry site.
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or leakage, and bacterial colonization are frequent, with 
no adverse clinical consequences in the large majority of 
cases. However, major neurologic and infectious adverse 
events are rare.97

Methods of providing continuous brachial plexus 
anesthesia have been described since at least the 1940s. 
These methods frequently offer ingenious solutions 
for the placing and securing of the needle or catheter. 
This technique is especially applicable to patients with 
upper extremity or digit replantation, total shoulder or 
elbow arthroplasty, or reflex sympathetic dystrophies, 
for which prolonged pain relief and sympathectomy are 
advantageous.95

Continuous lower extremity techniques were also 
described decades ago, but remained underused com-
pared with continuous upper extremity and neuraxial 
approaches until recently. Reliable, improved success 
rates and the risk of spinal hematoma after neuraxial 
techniques led clinicians to reconsider continuous lower 
extremity blocks. Contemporary applications for con-
tinuous psoas compartment, sciatic, femoral, and popli-
teal fossa blockade have been reported. Compared with 
conventional systemic and neuraxial analgesic methods, 
continuous lower extremity blocks provide superior anal-
gesia with fewer side effects, improve perioperative out-
comes, and accelerate hospital dismissal after major joint 
replacement.95,98

CHOICE OF LOCAL ANESTHETIC

The choice of local anesthetic for a peripheral nerve 
block obviously depends to some degree on the duration 
of the surgical procedure, although other factors are also 
important (see Chapter 36). Prolonged blockade for up to 
24 hours often occurs with long-acting local anesthetics 
such as bupivacaine or ropivacaine. Although this feature 
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Figure 57-27. Portable infusion pumps. A, Accufuser (McKinley 
Medical, Wheat Ridge, Colo.). B, Sgarlato (Sgarlato Labs, Los Gatos, 
Calif.). C, Stryker PainPump (Stryker Instruments, Kalamazoo, Mich.). 
D, MedFlo II (MPS Acacia, Brea, Calif.). E, C-Bloc (I-Flow, Lake Forest, 
Calif.). F, Microject PCA (Sorenson Medical, West Jordan, Utah). (From 
Ilfeld BM, Morey TE, Enneking FK: The delivery rate accuracy of portable 
infusion pumps used for continuous regional analgesia, Anesth Analg 
95:1331-1336, 2002.)
results in superb postoperative pain relief for the inpa-
tient, it may be undesirable for the ambulatory patient 
because of the possible risk of nerve or tissue injury in a 
partially blocked limb. A short- or medium-acting local 
anesthetic, such as lidocaine or mepivacaine, may be 
more appropriate in the outpatient setting (see Chapter 
89). Whatever drug is chosen, the total dosage should be 
calculated for each patient and should be kept within safe 
limits (see Chapter 36 for details).

The highest concentrations of local anesthetic drugs 
are not appropriate for peripheral neural blockade; there-
fore, 0.75% bupivacaine or ropivacaine, 2% lidocaine, 
2% mepivacaine, and 3% 2-chloroprocaine are not rec-
ommended. The lowest concentrations of the same local 
anesthetics (i.e., 0.25% bupivacaine or ropivacaine and 
0.5% mepivacaine or lidocaine) might not provide com-
plete motor blockade.

Vasoconstrictors, usually epinephrine, can be added to 
the chosen local anesthetic to improve onset of action, 
to decrease drug uptake, and to prolong action. A con-
centration of 1:200,000 epinephrine is usually recom-
mended. Ideally, the epinephrine should be added to the 
local anesthetic at the time the block is to be performed. 
Commercially prepared solutions with epinephrine have 
a lower pH than those in which it is freshly added, result-
ing in a higher percentage of ionized drug molecules. 
These ionized molecules do not readily cross the neu-
ral membrane, delaying the onset of drug action after 
injection. Epinephrine should not be added to the local 
anesthetic for blocks of the digits or penis because tis-
sue ischemia can result. Various other additives, includ-
ing clonidine, opioids, and ketamine, have been reported 
to enhance or prolong local anesthetic peripheral nerve 
blockade.41,64

COMPLICATIONS

Nerve injury is a recognized complication of peripheral 
regional techniques (Box 57-1). In a combined series 
involving more than 250,000 regional anesthetics, the 
frequency of neurologic complications after peripheral 
blockade was less than that associated with neuraxial tech-
niques and was associated with pain on needle placement 
or injection of local anesthetic.72,99 Risk factors contribut-
ing to neurologic deficit after regional anesthesia include 
neural ischemia, traumatic injury to the nerves during 
needle or catheter placement, infection, and choice of 
local anesthetic solution. However, postoperative neuro-
logic injury due to pressure from improper patient posi-
tioning, tightly applied casts or surgical dressings, and 
surgical trauma is often attributed to the regional anes-
thetic. Patient factors such as body habitus or a preexist-
ing neurologic dysfunction can also contribute.

Although needle gauge, type (i.e., short versus long 
bevel), and bevel configuration can influence the degree 
of nerve injury after peripheral nerve block, the findings 
are conflicting, and there are no confirmatory human 
studies. Theoretically, localization of neural structures 
with a nerve stimulator or ultasound imaging would allow 
a high success rate without increasing the risk of neuro-
logic complications, but this has not been established.11 
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Likewise, prolonged exposure, high dose, or high con-
centrations of local anesthetic solutions can also result 
in permanent neurologic deficits. In laboratory models, 
the addition of epinephrine increases the neurotoxicity 
of local anesthetic solutions and decreases nerve blood 
flow; however, the clinical relevance of these findings in 
humans remains unclear. Nerve damage caused by trau-
matic needle placement, local anesthetic neurotoxicity, 
and neural ischemia during the performance of a regional 
anesthetic can worsen neurologic outcome in the pres-
ence of an additional patient factor or surgical injury.100

Hemorrhagic complications have been described with 
nearly every peripheral technique and range from localized 
bruising and tenderness to severe hematomas or hemor-
rhagic complications. Patients who are receiving hemostasis-
altering medications (e.g., low-molecular-weight heparin, 
warfarin, antiplatelet or antithrombotic medications) are at 
the highest risk. The risk of hematoma in anticoagulated 
patients undergoing peripheral nerve blockade is less clear 
than the risk of spinal hematoma in anticoagulated patients 
undergoing neuraxial blockade. The placement of periph-
eral nerve blocks in patients with a coagulopathy should be 
performed with caution, especially in a deep, noncompress-
ible site where an expanding hematoma could go unnoticed 
(lumbar plexus) or in a location where a hematoma could 
compress the airway (interscalene).73

Infectious complications can be caused by exogenous 
(contaminated medication or equipment) or endogenous 

 •  The superiority of one nerve localization technique—paresthe-
sia, nerve stimulation, ultrasound—over another concerning 
reducing the likelihood of nerve injury is not clear.

 •  Animal data have linked high injection pressures to subsequent 
fascicular injury, but the effectiveness of injection pressure 
monitoring for limiting nerve injury has not been confirmed in 
humans.

 •  The superiority of one local anesthetic or additive over another 
concerning reducing the likelihood of neurotoxicity has not 
been confirmed in humans.

 •  Patients with diseased or previously injured nerves (e.g., dia-
betes mellitus, severe peripheral vascular disease, or chemo-
therapy) may theoretically be at increased risk for block-related 
nerve injury. Although isolated case reports have described 
new or progressive neurologic deficits after regional anesthetic 
techniques in patients with multiple sclerosis or previous expo-
sure to chemotherapy, clinical experience can neither refute 
nor confirm these concerns. Based on limited animal data, 
consideration may be given to avoiding potent local anesthet-
ics, reducing local anesthetic doses or concentration, and 
avoiding or limiting vasoconstrictive additives in these patients.

 •  If damage to protective tissue barriers, such as the perineu-
rium, is suspected from an abnormally painful paresthesia or 
pain on injection of local anesthetic, further injection should 
be terminated immediately, and the needle repositioned. Con-
sideration may be given to aborting the block procedure to 
avoid further deposition of local anesthetic and vasoconstric-
tive additives.  

BOX 57-1 Recommendations for Limiting 
Peripheral Nerve Injury

From Neal JM, Bernards CM, Hadzic A, Hebl JR, et al: Asra practice advisory 
on neurologic complications in regional anesthesia and pain medicine, Reg 
Anesth Pain Med 33:404, 2008.
sources.101 Infection at the site of needle placement is an 
absolute contraindication to peripheral nerve blockade, 
although caution should be used in patients with nearby 
cellulitis or systemic blood infections (bacteremia or sep-
sis). Although bacterial colonization of peripheral nerve 
catheters is not uncommon, cellulitis, abscess, or bactere-
mia are extremely rare.97

Prevention of neurologic complications begins dur-
ing the preoperative visit with a careful evaluation of 
the patient’s medical history and appropriate preopera-
tive discussion of the risks and benefits of the available 
anesthetic techniques. It is imperative that all preopera-
tive neurologic deficits are documented to allow early 
diagnosis of new or worsening neurologic dysfunction 
postoperatively. Postoperative sensory or motor deficits 
must also be distinguished from residual (prolonged) 
local anesthetic effect. Imaging techniques, such as com-
puted tomography and magnetic resonance imaging, are 
useful in identifying infectious processes and expanding 
hematomas. Although most neurologic complications 
resolve completely within several days or weeks, signifi-
cant neural injuries necessitate neurologic consultation 
to document the degree of involvement and coordinate 
further workup. Neurophysiologic testing, such as nerve 
conduction studies, evoked potentials, and electromy-
ography, are often useful in establishing a diagnosis and 
prognosis.

Several large studies have established that severe sys-
temic toxicity (seizures with or without cardiac arrest) 
occur on the order of 1:1000 for peripheral nerve blocks, 
depending on the type of block.99 Therefore, practitioners 
of regional anesthesia must be familiar with the immedi-
ate detection and treatment of systemic local anesthetic 
toxicity. Systemic local anesthetic toxicity can occur 
immediately from an intravascular injection or it may 
be delayed because of rapid or excessive systemic absorp-
tion of local anesthetic. In addition to frequent aspira-
tion during injection of local anesthetic, the addition of 
epinephrine will help alert the practitioner to potential 
intravascular injection. Attaching intravenous tubing to 
the needle allows immobility of the needle during injec-
tion. Typically, an assistant will aspirate with the syringe 
after each 5 mL injection of local anesthetic. Recent stud-
ies indicate that a lipid infusion improves success of resus-
citation from cardiac arrest due to local anesthetic toxicity 
if given immediately after a local anesthetic overdose.102

SUMMARY

It is possible to perform all surgical procedures while the 
patient is under general anesthesia, but the addition of 
peripheral nerve block techniques adds flexibility and 
skills that benefit the patient intraoperatively and post-
operatively. Successfully mastering these techniques 
and applying them to the appropriate clinical situations 
add valuable options to the anesthetic care. Knowledge 
of regional anesthesia is also essential for the diagnosis 
and treatment of acute and chronic pain syndromes (see 
Chapters 64 and 98).
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Ultrasound Guidance for Regional 
Anesthesia
JENS KESSLER • ANDREW T. GRAY

K e y  P o i n t s

 •  Ultrasound is a highly useful tool for discovery, particularly enlightening and 
revealing to those who practiced regional anesthesia before the advent of direct 
nerve imaging. Ultrasound imaging can elucidate the structure of peripheral 
nerves and adjacent anatomic structures for regional block. Anatomic variation 
in nerve position and course, which is a potential source of block failure, can be 
directly visualized.

 •  Peripheral nerves have a characteristic honeycomb echotexture formed by their 
connective tissue and nerve fibers.

 •  Ultrasound provides real-time imaging for needle tip placement and drug 
injection. Successful local anesthetic injections clarify the border of the nerve and 
track along the nerve path and its branches.

 •  Ultrasound guidance results in more consistent procedure times for peripheral 
nerve blocks1 and can be applied to many regional anesthesia procedures.2
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INTRODUCTION

The last decade of clinical practice has witnessed a revolu-
tion in how regional anesthesia is performed. Ultrasound 
imaging allows direct visualization of peripheral nerves, 
the block needle tip, and local anesthetic distribution.3 
This imaging modality has proven highly useful for guid-
ing targeted drug injections and catheter placement. This 
chapter describes the general principles of ultrasound 
imaging for regional blocks and gives specific examples 
of peripheral nerve block procedures.

FUNDAMENTAL ASSUMPTIONS AND 
ARTIFACTS IN ULTRASOUND IMAGING

Ultrasound is sound with a frequency above the audible 
range (greater than 20,000 cycles per second). The fre-
quencies used in clinical imaging are within the range of 1 
to 20 megahertz (MHz). High-frequency ultrasound beams 
are well collimated and therefore can provide high reso-
lution. For most regional blocks, the highest frequency 
is selected that adequately penetrates the depth of field. 
Sound waves reflected at the interface of two tissues with 
different acoustic impedances generate echoes. Ambient 
lighting has a large effect on visual discrimination; there-
fore, dim lighting without glare is especially useful for 
imaging low-contrast targets such as peripheral nerves.

Ultrasound imaging is predicated on several common 
assumptions.4 First, the speed of sound through soft tissue 
is 1540 m/sec, meaning 13 microseconds elapse for each 
centimeter of soft tissue traversed back and forth for the 
total fly-back time of received echoes. This assumption 
allows interconversion of time and distance for echo-rang-
ing. Local heterogeneities in soft tissue can cause artifac-
tual bending of the block needle on ultrasound scans, the 
so-called bayonet artifact5,6 (Fig. 58-1). Bayonet artifacts are 
commonly observed during the lateral in-plane approach 
to popliteal block (see “Sciatic Nerve Blocks in the Popli-
teal Fossa”) because more adipose tissue is present over 
the nerves near the posterior midline of the leg. (Adipose 
tissue has a slower speed of sound than the adjacent mus-
cle.) The speed of sound artifacts relate both to time-of-
flight considerations and to refraction that occurs at the 
interface of tissues with different speeds of sound.

Second, ultrasound waves are assumed to take a straight 
path to and from tissue. When this does not occur, rever-
beration artifacts are displayed deep to the reflector. Rever-
beration artifacts are commonly observed from the block 
needle shaft at shallow angles of insertion because sound 
waves bounce back and forth between the walls of the nee-
dle before returning to the transducer (Fig. 58-2). Comet 
tail artifact is another type of reverberation artifact and 
helps identify strong reflectors such as the pleura during 
supraclavicular and intercostal blocks. At low receiver gain, 
the comet tail is seen as a tapering series of discrete echo 
bands just deep to a strongly reflecting structure. The spac-
ing between the bands represents the distance between the 
anterior and posterior walls of the object.7 Internal rever-
berations (arising from within the object) cause the comet 
tail artifact, most intensely observed when the anatomic 
object is perpendicular to the beam. Comet-tail artifact 
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from the pleura relates to lung water content, because 
small collections of lung water lined by the strongly reflect-
ing pleura can allow the sound beam to enter and then 
return at varying times to the transducer (Fig. 58-3).

Third, all reflectors are assumed to be on the central 
ray of the transducer beam. When this assumption is 
not true, out-of-plane artifacts are observed (slice thick-
ness artifacts). Definitive proof of out-of-plane artifacts 
requires multiple views, which are recommended when 
such ambiguities arise.

Unlike adjacent soft tissue, most biologic fluids do not 
significantly attenuate the sound beam and therefore cause 
acoustic enhancement (sometimes referred to as posterior 
acoustic enhancement or increased through-transmission). Acous-
tic enhancement artifacts deep to blood vessels can be errone-
ously interpreted as peripheral nerves (Fig. 58-4). For example, 
acoustic enhancement deep to the second part of the axil-
lary artery in the axilla can be mistaken for the radial nerve.  

Figure 58-1. Bayonet artifact is observed during popliteal block of 
the sciatic nerve. In this sonogram, the block needle appears to bend 
as it approaches the sciatic nerve in the popliteal fossa (long arrow). 
The slower speed of sound in the overlying adipose tissue, compared 
with the adjacent muscle (short arrow), produces this artifact.

Figure 58-2. Reverberation artifact is observed during femoral nerve 
block. Sound waves reverberate back and forth between the walls of 
the needle and then return later to the transducer. Because the sound 
waves return at a later time, they are displayed deep within the field 
of imaging. No reverberation artifact is observed from the needle tip 
because the bevel opening does not have opposing walls.
In the infraclavicular region, acoustic enhancement deep to 
the axillary artery can be mistaken for the posterior cord of 
the brachial plexus (similarly, for the femoral artery and the 
femoral nerve in the inguinal region).

Acoustic shadowing occurs deep to strong reflecting 
structures, such as the cortical surface of mature bone 
(Fig. 58-5). Acoustic shadows from refraction (refractile 
shadowing or lateral edge shadowing) are often observed 
deep to the edges of blood vessels when the vessels are 
imaged in the short-axis view. Refractive edge shadows 
can be seen from the carotid artery during stellate gan-
glion block or from the second part of the axillary artery 
during infraclavicular block. Refraction artifacts (e.g., 
refractile shadowing) are less apparent when spatial 
compound imaging (refer to the discussion later in this 
chapter) is used to reduce angle-dependent artifacts.

TRANSDUCER SELECTION, 
MANIPULATION, AND MODES  
OF IMAGING

Ultrasound transducers consist of piezoelectric crystals 
that emit and receive high-frequency sound waves by inter-
converting electrical and mechanical energy. Transducer 
selection is important to the success of ultrasound-guided 

Figure 58-3. Comet-tail artifact is observed during the scanning of 
the upper airway (arrows). Small collections of water near the air inter-
face, which also are seen during scanning of the pleura, generate this 
artifact.

Figure 58-4. Posterior acoustic enhancement artifact is observed 
during femoral nerve block. The echoes deep to the femoral artery 
are enhanced (white arrow) and may be incorrectly identified as the 
femoral nerve (yellow arrow).
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regional anesthesia procedures. High-frequency sound 
waves provide the best resolution but will not penetrate 
far into tissue. The frequency range is therefore chosen 
to be the highest that will allow adequate insonation of 
the entire depth of field. A low-frequency transducer can 
be used to image large nerves that lie deep, such as the 
cords of the brachial plexus that surround the second part 

A

B

Figure 58-5. Acoustic shadowing occurs during regional blocks.  
A, During block of the axillary nerve in the proximal arm, the corti-
cal surface of the humerus reflects and absorbs sound waves, thereby 
producing acoustic shadowing deep to the bone surface. B, During 
femoral nerve block, air inadvertently injected into the field layers to 
produce strong reflection and acoustic shadowing (arrow).
of the axillary artery or the proximal sciatic nerve in the 
gluteal region.

The footprint size (i.e., the length of the active face 
transducer that contacts the skin) is chosen to provide a 
broad enough view of the structures of interest. As a gen-
eral rule, the footprint should be at least as large as the 
anticipated depth of field. A square or landscape view is 
better than a keyhole view (depth greater than footprint) 
for guidance. For in-plane technique (see “Approaches to 
Regional Block With Ultrasound”), the millimeter of the 
footprint is approximately the millimeter of guidance.

Linear-array transducers generally have a higher scan 
line density than curved arrays and therefore produce the 
best image quality. Images from linear arrays are usually 
displayed in a rectangular format. When a linear trans-
ducer is needed but space at the site of block is limited 
by anatomic structures such as adjacent bone, a compact 
linear (hockey stick) transducer that has a smaller foot-
print can be very useful. Curved arrays provide a broad 
field of view for a given footprint size and are generally 
used when space is limited (e.g., infraclavicular region). 
Curved probes are easier to rock (see “Infraclavicular 
Blocks”) and produce images in sector format.

Universal precautions should be used when handling 
dirty equipment. External surface probes require disin-
fection between every use and after extended periods of 
nonuse, per instructions of the manufacturer. Do NOT 
drop any ultrasound transducer, because the active face 
of the transducer is especially sensitive to contact with 
hard surfaces.

One of the essential skills to acquire for regional block 
with ultrasound is transducer manipulation (Fig. 58-6). 
Standardized nomenclature has been established8:
  

 •  Sliding (moving contact) the transducer along the 
known course of the nerve using a short-axis view 
often helps with nerve identification.
A B C

D E

Figure 58-6. Transducer manipulation. Sliding (A), tilting (B), compression (C), rocking (D), and rotation (E) of the transducer are shown.
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 •  Tilting (cross-plane, side-to-side) will vary the echo-
brightness of peripheral nerves. Optimizing this angle 
is critical to promote nerve visibility.

 •  Compression is often used to confirm venous structures. 
To improve imaging, compression not only provides 
better contact, but it also brings the structures closer 
to the surface of the transducer. Soft tissue is subject 
to compression; therefore, estimates of tissue distances 
will vary.

 •  Rocking (in-plane, toward or away from the indicator) 
is often necessary to improve visibility of the needle 
and anatomic structures when the working room is 
limited.

 •  Rotation of the probe will produce true short-axis views 
rather than oblique or long-axis views.

  

Anisotropy is the change in echogenicity with incli-
nation of the transducer. In general, when objects are 
obliquely imaged, they appear less echogenic (Fig. 58-7). 
This relationship is most pronounced for tendons but also 
occurs for muscle and nerves.9 Although the term anisot-
ropy was first used to describe changes in received echoes 
when rocking the transducer with structures viewed in 
long axis, it has also been used for short-axis views when 
tilting the transducer. With experience, operators learn to 
rock and tilt the transducer naturally to fill in the received 
echoes from peripheral nerves. Sliding and rotating the 
transducer achieves needle tip localization after optimiz-
ing peripheral nerve echoes by tilting.

Spatial compound imaging steers ultrasound beams in 
different, predetermined angles, typically within approx-
imately 20 degrees from the perpendicular (Fig. 58-8). 
These multiple lines of insonation are then combined 
to produce a single composite image. Spatial compound 
imaging appears to reduce angle-dependent artifacts, 
anisotropic effects, and acoustic shadows. Another 
advantage for regional block is that the definition of 
tissue planes and the detection of nerve borders can be 
improved. In the systems that have been tested, spatial 
compound imaging improves needle tip visibility over 
a limited range of needle insertion angles (less than 30 
degrees). The stray lines of sight (i.e., those that travel off 
the field underneath the transducer) can be used to form 
a wider field of view in a trapezoidal format.

A Doppler shift occurs when a wave source and receiver 
are moving relative to each other, which produces a 
change in frequency such that the frequencies of the 
transmitted and reflected sound waves are not the same. 
When a wave source and receiver are moving toward each 
other, the observed frequency is greater than the source 
frequency; and when moving away from each other, the 
observed frequency is lower. The change in frequency is 
related to the velocity of moving reflectors and the angle 
of insonation. Red blood cells are the primary reflectors 
that produce Doppler shifts in clinical medicine.

Doppler ultrasound imaging has different modes 
(Fig. 58-9). Traditional color Doppler encodes mean-
frequency shifts to provide directional velocity infor-
mation; that is, conventional blue color indicates flow 
away from the transducer, whereas red color indicates 
flow toward the transducer. More recently, a more sen-
sitive Doppler technology has been developed that 
encodes color based on the integration of the Doppler 
power spectrum.10 Power Doppler is less angle depen-
dent and not subject to aliasing. The disadvantages are 
that no directional information is provided and motion 
sensitivity (flash artifact) is high. Power Doppler is espe-
cially useful for detecting small arteries that accom-
pany nerves (Box 58-1 and Table 58-1). Power Doppler 
can detect these small arteries and better delineate the 
course of tortuous vessels that have unfavorable angles 
to the ultrasound beam.
Figure 58-7. A, Sciatic nerve 
imaging in the subgluteal region. 
B, The amplitude of the received 
echoes diminishes when the angle 
of insonation is changed away from 
perpendicular to the nerve path, 
thereby demonstrating anisotropy.

A B
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Figure 58-8. Spatial compound imaging. Some forms of ultrasound imaging use multiple lines of sight by electronically steering the beam to 
different angles. These sonograms were obtained by placing a linear array test tool (the solid metal stylet of a 17-gauge epidural needle) over the 
active face of the transducer to isolate a single element. A, External photograph demonstrates the linear array test tool applied to the active face 
of the ultrasound transducer. B, Single-beam imaging is demonstrated. C, Three lines of sight are used to form a compound image. The test tool 
images do not display the beam itself, but rather the transmit and receive apertures.
NEEDLE TIP VISIBILITY

A large number of factors influence needle tip visibil-
ity in clinical practice. Metal needles are hyperechoic 
and can cause reverberation artifact. Needle tip visibil-
ity is best when the needle path is parallel to the active 
face of the transducer. Under this condition, the needle 
is perpendicular to the sound beam; therefore, strong 
specular reflections will be produced; that is, mirror-
like reflections will be produced from a smooth surface.  

A

B

Figure 58-9. Duplex sonograms illustrate the Doppler shift. A, In 
color Doppler, color encoding is based on the mean frequency shift. 
B, In power Doppler, color encoding is based on the power spectrum.
Color Doppler

 •  Directional information
 •  Velocity estimates
 •  Less motion artifact (flash artifact)

power Doppler

 •  More sensitive to detect the presence of flow (by a factor of 3 
to 5 in some cases)

 •  Less angle dependent
 •  No aliasing

BOX 58-1 Respective Advantages of Color and 
Power Doppler Imaging Modalities

TABLE 58-1 EXAMPLES OF ACCOMPANYING 
ARTERIES FREQUENTLY IMAGED DURING 
REGIONAL BLOCKS*

Regional Block Adjacent Artery

Mandibular nerve Maxillary artery
Cervical root Radicular artery
Stellate ganglion Vertebral artery

Inferior thyroid artery
Suprascapular nerve Suprascapular artery
Intercostal nerve Intercostal artery
Transversus abdominis plane Subcostal artery
Ilioinguinal nerve Deep circumflex iliac artery
Rectus sheath Epigastric artery
Proximal fascia iliaca Deep circumflex iliac artery
Obturator nerve Obturator artery
Parasacral sciatic nerve Superior gluteal artery

*These small arteries can be used as sonographic landmarks to help 
identify adjacent peripheral nerves.
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Figure 58-10. Photomicrographs 
of needles are used for regional 
block. A plain conventional needle 
(A) and echogenic designs (B, C, 
D) are shown. A smooth needle 
may not generate a recordable 
echo because its rounded shaft 
reflects most incident sound 
away from the source. A variety 
of textured surfaces are manufac-
tured and marketed to improve 
needle tip detection on acquired 
sonograms. (Modified from Gray 
AT: Atlas of ultrasound-guided 
regional anesthesia, ed 2. Philadel-
phia, 2012, Saunders.)

A
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B

D

As the angle of incidence is increased, the mean bright-
ness will decrease.11 In this same study, the bevel angles 
were ground from 10 to 70 degrees but were found to 
have no effect on the needle tip echo. However, bevel 
orientation does influence the needle tip echo; visibility 
is best with the bevel either directly facing or averting the 
transducer.12 Because needle diameters are smaller than 
the scan plane thickness, larger needles are more echo-
genic than finer ones.

Visualization of needles in echogenic tissue is diffi-
cult, particularly in bright adipose tissue. A number of 
strategies have been proposed to improve needle tip vis-
ibility.13,14 A low-receiver gain can improve the detection 
of the needle tip echo. Spatial compound imaging can 
help identify the needle tip when the needle path is at 
an angle with respect to the transducer. However, one 
limitation of this strategy is that only a small triangular 
section of the field of imaging receives all the lines of 
sight and is therefore fully compounded. In addition, the 
range of angles for spatial compound imaging is limited 
and is usually exceeded by the desired needle insertion 
path. Rocking back the transducer can improve the angle 
between the ultrasound beam and needle during in-plane 
technique (see “Approaches to Regional Block with Ultra-
sound”). Most practitioners orient the needle so that the 
needle bevel faces the transducer.

Among needles originally developed for use in regional 
anesthesia, Hustead bevels tended to be more visible than 
side port needles that lack cutting bevels. Needles with 
echogenic modifications are now commercially marketed 
for peripheral nerve blocks. One engineering strategy 
has been to texture the needle surface so that echoes 
return to the transducer source, regardless of the angle of 
insonation (Fig. 58-10). One potential limitation of these 
needle designs is the finite size of the needle texturing. 
Low-frequency transducers produce longer wavelengths 
that may be too large to reflect strongly back from the 
textured surface of the needle.

APPROACHES TO REGIONAL BLOCK WITH 
ULTRASOUND

Peripheral nerves can be directly detected with high- 
resolution ultrasound imaging.15 The fascicular echotex-
ture is the most distinguishing feature of nerves (honeycomb 
architecture) (Fig. 58-11). More central nerves, such as the 
cervical ventral rami, have fewer fascicles and can appear 
monofascicular on ultrasound scans. Ultrasound frequen-
cies of 10 MHz or higher are required to distinguish ten-
dons from nerves based on echotexture alone. One of the 
most powerful techniques to identify nerve fascicles is 
to slide a broad linear transducer over the known course 
of a peripheral nerve with the nerve viewed in short axis 
(transverse cross section).

Nerves can be round, oval, or triangular. Although 
nerve shape can change along the nerve path, the cross-
sectional nerve area is relatively constant in the absence 
of major branching16 (Fig. 58-12). Peripheral nerves are 
pathologically enlarged either by entrapment or in certain 
neuromuscular disorders, such as Charcot-Marie-Tooth, 
type 1A, disorder (Fig. 58-13). Some evidence suggests 
that patients with diabetic neuropathy also have enlarged 
peripheral nerves.
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Figure 58-11. Nerve echotex-
ture. A, Fascicles of the common 
peroneal (short yellow arrow) and 
tibial (long yellow arrow) nerves 
are visualized in the popliteal 
fossa. In this sonogram the honey-
comb appearance of a polyfascicu-
lar peripheral nerve is observed. 
B, Close-up view shows detailed 
echotexture of the two nerves.

A B
Although direct nerve imaging has led to a phenome-
nal increase in ultrasound-guided regional anesthesia, the 
identification of other nearby anatomic structures, such 
as the fascia and other connective tissue), is also critical in 
this endeavor. These layers permit favorable distribution 
of local anesthetic, making nerve contact with the block 
needle unnecessary.

Many approaches to regional blocks with ultrasound 
are available (Table 58-2). Peripheral nerves are usually 
viewed in short axis rather than long axis. The needle 
can approach within the plane of imaging (in-plane 
technique) or cross the plane of imaging as an echogenic 
dot (out-of-plane technique). For some regional blocks, 
offline markings (skin markings before needle insertion) 
are used instead of online imaging (i.e., imaging during 
needle insertion and injection). Most studies have sug-
gested that adequate visualization and correct identifi-
cation of the relevant structures (e.g., peripheral nerve, 
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Figure 58-12. Cross-sectional area of a peripheral nerve as a func-
tion of nerve path length. In this figure the cross-sectional area of 
the ulnar nerve is shown at various points in the upper extremity. 
Axilla (A); midhumerus (B); 2 cm proximal to medial epicondyle (C); 
medial epicondyle (D); 2 cm distal to medial epicondyle (E); arterial 
split (F); and wrist crease (G). Data are shown as mean values with 
standard deviations. Despite changes in shape that can occur, the 
cross-sectional area of nerves is relatively constant along the nerve 
path in the absence of major branching. (Modified from Cartwright 
MS, Shin HW, Passmore LV, Walker FO: Ultrasonographic findings of 
the normal ulnar nerve in adults, Arch Phys Med Rehabil 288(3): 
394-396, 2007.)
needle tip, local anesthetic, adjacent anatomic struc-
tures) is more important than the approach, per se, for 
outcomes after regional blocks. Nevertheless, consistent 
practice patterns are developing among institutions and 
illustrate the underlying principles.

Successful injection for peripheral nerve block has 
several characteristics (Fig. 58-14). Injections should 
distribute around the nerve (clarifying the nerve bor-
der), travel along the nerve path and branches, and 
separate the nerve from common anatomic structures 
such as adjacent arteries that are wrapped together 

Figure 58-13. Sonogram demonstrates the popliteal fossa of a 
patient with Charcot-Marie-Tooth, type 1A, disorder. The periph-
eral nerves are significantly enlarged because of the large fascicles  
(yellow arrows). Nerves of the symptomatic and asymptomatic sides 
can appear similar in these patients. Large tick marks are 10 mm apart.



Chapter 58: Ultrasound Guidance for Regional Anesthesia 1759
in common fascia and connective tissue. Because 
anechoic fluid is typically injected, echoes received 
from the peripheral nerve will also be enhanced by 
increased through transmission (but not necessarily a 
sign of block success).

TABLE 58-2 EXAMPLES OF APPROACHES 
TO REGIONAL BLOCKS WITH ULTRASOUND 
GUIDANCE

Approach Examples of Regional Block

Short axis view, 
in-plane

Almost any peripheral nerve block
Almost any peripheral catheter placement

Short axis view, 
out-of-plane

Shallow blocks
Interscalene catheter
Lateral femoral cutaneous nerve block
Femoral nerve catheter placement

Long axis view, 
in-plane

Proximal fascia iliaca block
Proximal obturator block
Anterior sciatic block

Long axis view, 
out-of-plane

Epidural placement (longitudinal paramedian 
view during midline approach)

Transtracheal anesthesia

Figure 58-14. Local anesthetic injection for successful peripheral 
nerve block. The ulnar nerve and ulnar artery are viewed in short 
axis in the forearm in this sonogram. The nerve is surrounded with 
anechoic local anesthetic.
EXAMPLES OF COMMON REGIONAL 
BLOCKS

SUPRACLAVICULAR BLOCKS

Ultrasound-guided blocks were first described in the 
supraclavicular region.17 The advantages of the supra-
clavicular block are that the brachial plexus is compact, 
the nerve visibility is extremely good, and the structures 
are shallow (20- to 30-mm field). In the supraclavicular 
region, sonography will image the divisions of the bra-
chial plexus. Excellent block characteristics have been 
reported from ultrasound-guided supraclavicular blocks. 
The principal concerns are the risk of vascular puncture 
in an area that is difficult to compress and the risk of 
pneumothorax.

An in-plane approach from medial to lateral to ensure 
that the needle will pass over the subclavian artery can be 
used to reach the brachial plexus (Fig. 58-15). One current 
technique is to place the patient in a semi-sitting posi-
tion with the head turned to the opposite side and the 
arms flush with the body. The operator either stands at 
the head of the bed or at the patient’s side, depending on 
the side of the block and the handedness of the operator. 
Proximity to the phrenic nerve occurs if the block loca-
tion is too cephalad. A compact linear transducer (20- to 
30- mm footprint) is used for the procedure18 to provide 
working room and to allow rocking of the transducer. 
Some authors have also recommended a specialized com-
pact linear hockey stick transducer for supraclavicular 
blocks. The C5 ventral ramus (and other contributions to 
the brachial plexus) can pass over or through the anterior 
scalene muscle rather than between the scalene muscles. 
When this condition is identified, the block is usually 
performed at a more caudal position in the neck to avoid 
incomplete brachial plexus anesthesia.19 The medial-to-
lateral and the lateral-to-medial in-plane approaches to 
supraclavicular block both have excellent efficacy and 
safety profiles.

INFRACLAVICULAR BLOCKS

The advantages of the infraclavicular block are that it 
usually results in complete brachial plexus anesthesia, 
A B

Figure 58-15. Supraclavicular block with ultrasound imaging. A, In this external photograph of ultrasound-guided supraclavicular block, the needle 
approaches the brachial plexus from medial to lateral. B, Sonogram of supraclavicular block with ultrasound guidance. The block needle approaches 
from medial to lateral within the plane of imaging for this procedure. Local anesthetic is observed to distribute around the compact brachial plexus.
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Figure 58-16. Infraclavicular block with ultrasound imaging. A, External photograph of the setup for infraclavicular block shows the arm has 
been abducted in this case. B, Sonogram of the cords of the brachial plexus (yellow arrows) are adjacent to the axillary artery (A) and vein (V). 
The neurovascular bundle lies deep to the pectoralis major (PMa) and pectoralis minor (PMi) muscles in this anatomic region. C, Needle tip is in 
position for infraclavicular block and the resulting local anesthetic distribution.
it is a stable place for a catheter, and no manipulation 
of the arm is necessary. The disadvantages are that the 
infraclavicular block is a deeper block; therefore, needle 
or probe manipulations are necessary, along with steep 
angles of needle insertion that result in needle tip vis-
ibility issues. Although the arm can remain at the side of 
the patient, the block is easier when the arm is abducted 
to straighten the neurovascular bundle. The three arte-
rial wall-hugging cords are named with respect to the 
second part of the axillary artery; therefore, the expected 
positions are medial, lateral, and posterior. The artery is 
visualized in short-axis view deep to the pectoralis major 
and minor muscles (Fig. 58-16). Most practitioners use 
an in-plane approach from the head of the table or side 
of the table. The ideal place for local anesthetic distri-
bution to achieve complete infraclavicular block of the 
brachial plexus is posterior to the axillary artery for 
single-shot or catheter placement. Substantial evidence 
suggests that local anesthetic distribution posterior to 
the axillary artery produces complete brachial plexus 
block in the infraclavicular region (Table 58-3 and Box 
58-2). The cords of the brachial plexus do not need to 
be directly visualized for successful block. Duplication of 
the axillary vein is one of the few anatomic variations in 
the infraclavicular region. The clinical problem is that 
the accessory vein lies adjacent to the lateral cord of the 

TABLE 58-3 EXAMPLES OF SONOGRAPHIC 
LANDMARKS FOR INFRACLAVICULAR BLOCK*

Proximal Optimal Location Distal

Cephalic vein Pectoralis minor 
muscle (midportion)

Subscapular artery

Thoracoacromial 
artery

Brachial plexus cords 
surround axillary 
artery

Coracobrachialis 
muscle

Chest wall and 
pleura

Posterior (or medial) 
cord underneath 
axillary artery

Anterior circumflex 
artery

Posterior circumflex 
artery

* Infraclavicular block is usually performed at the level of the second part 
of the axillary artery (deep to the pectoralis minor muscle). Proximal 
and distal landmarks along the course of the axillary artery are listed.
brachial plexus and near the usual desired position of 
the needle tip.

AXILLARY BLOCKS

The axillary block is a versatile block for upper extrem-
ity anesthesia. Although relatively safe and effective with 
classical approaches, the cardinal weakness has been the 
failure to block the musculocutaneous nerve. With the 
advent of ultrasound imaging, this limitation can be over-
come by directly visualizing the musculocutaneous nerve.

The axillary block provides surgical anesthesia of the 
elbow and more distal upper extremity. The shallow depth 
of the neurovascular bundle (a 20-mm field is typical) and 
the large amount of working room make this block rela-
tively easy with ultrasound guidance (Table 58-4). Usu-
ally, three arterial wall-hugging branches (median, ulnar, 
and radial) and one branch with a characteristic medial-
to-lateral course in the axilla (musculocutaneous) are 

 •  U-shaped distribution underneath the axillary artery
 •  Separation of cords from axillary artery
 •  White wall appearance to the axillary artery
 •  Reduction in axillary artery diameter
 •  Dark streak underneath the axillary artery in the long axis view
  

Several studies of clinical block characteristics have validated the 
high predictive value of local anesthetic distribution underneath 
the axillary artery for three-cord anesthesia.

BOX 58-2 Sonographic Signs Indicating 
Infraclavicular Block Success

TABLE 58-4 COMPARISON OF THE INFRACLA-
VICULAR AND AXILLARY APPROACHES TO 
BRACHIAL PLEXUS BLOCK

Infraclavicular Block Axillary Block

Depth Deep (two muscles) Shallow
Onset Slower Faster
Tourniquet tolerance Better Good
Catheter success High Low
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Figure 58-17. Axillary block with ultrasound guidance. A, External photograph demonstrates the in-plane approach. B, Sonogram of the neuro-
vascular bundle in the short axis view shows the needle tip in-plane after injection of the local anesthetic. The probe compression is just sufficient 
to coapt the walls of the satellite veins. The block is performed at the level of the conjoint tendon of the latissimus dorsi and teres major (white 
arrows), which lies under the neurovascular structures. The third part of the axillary artery (A) and nerves of the brachial plexus—radial, ulnar, 
median, and musculocutaneous—in order from medial to lateral (yellow arrows) are shown.

Figure 58-18. Axillary block with 
ultrasound guidance. A, External 
photograph demonstrates the 
out-of-plane approach. B, Sono-
gram of the neurovascular bundle 
in the short axis view shows the 
needle tip (white arrow) crossing 
the plane of imaging. The probe 
compression is just sufficient to 
coapt the walls of the satellite 
veins. The third part of the axil-
lary artery (A) and nerves of the 
brachial plexus (yellow arrows) are 
shown.
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visualized. In addition, the musculocutaneous nerve has 
a characteristic change in shape as it moves from adja-
cent to the artery (round) to within the coracobrachialis 
muscle (flat) and then exiting the muscle (triangular).

Both in-plane (with needle approaching from the 
lateral side of the arm) and out-of-plane (with needle 
approaching from distal to proximal) techniques can be 
used (Figs. 58-17 and 58-18). The block is performed in 
the proximal axilla, with the transducer gently pressed 
against the chest wall to visualize the conjoint tendon 
of the latissimus dorsi and teres major. A high-frequency 
linear probe with a small footprint (25 to 50 mm) with 
sterile cover can be used for axillary block. The ideal loca-
tion for local anesthetic injection is between the nerves 
and the artery so that separation between the two struc-
tures occurs to ensure distribution within the neurovas-
cular bundle. These injections result in excellent clinical 
blocks. The musculocutaneous nerve is usually blocked 
within the coracobrachialis, where its flat shape gives a 
large amount of surface area for rapid block. Duplication 
of the axillary artery and musculocutaneous-median 
nerve fusion (low-lying lateral cord) are common ana-
tomic variations in the axilla.

TRANSVERSUS ABDOMINIS PLANE AND 
ILIOINGUINAL NERVE BLOCKS

Four peripheral nerves, the subcostal, ilioinguinal, ilio-
hypogastric, and genitofemoral, primarily innervate the 
lower abdominal wall.20 The extended course of the first 
three nerves through the abdominal wall within the 
layer between the transversus abdominis and the internal 
oblique muscles makes this the desired anatomic loca-
tion for regional block. For ultrasound-guided transver-
sus abdominis plane (TAP) block, the patient is usually in 
the supine position (Fig. 58-19). The transducer is placed 
between the iliac crest and costal margin in the midaxil-
lary line. In this location, the muscle layers of the lateral 
abdominal wall (external oblique, internal oblique, and 
transversus abdominis) are well defined.
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Figure 58-19. Transversus abdom-
inis plane (TAP) block with ultra-
sound guidance. A, Abdominal wall 
image demonstrates the approach 
for TAP block. B, In this sonogram 
the external oblique (EO), inter-
nal oblique (IO), and transversus 
abdominis (TA) muscles are identi-
fied (the three layer cake appear-
ance). Nerves (yellow arrow) are 
seen entering the plane between 
the IO and TA muscles. C, The 
needle approaches in-plane and is 
directed toward the posterolateral 
edge of the TA muscles. D, The 
kayak sign demonstrates successful 
TAP injection. The fascia between 
the IO and TA muscles is split apart 
in the shape resembling a kayak.
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Injection is in the fascial layer that separates the inter-
nal oblique and the transversus abdominis muscles. Direct 
visualization and proximity to the nerves is not critical if 
15 to 20 mL of dilute local anesthetic is injected in this 
layer. The needle approach is in-plane from the anterior 
side and directed toward the posterolateral corner of the 
transversus abdominis muscle. The respiratory motion of 
the peritoneal cavity and influence of muscle contraction 
makes general anesthesia an appealing option for per-
forming this block. The transversus abdominis muscle is 
relatively thin; therefore, careful placement of the needle 
tip is necessary. Ilioinguinal nerve blocks (Fig. 58-20) can 
be performed in a similar fashion above the iliac crest.21

FEMORAL NERVE BLOCKS

The advantages of using ultrasound to guide femoral 
nerve block include a more complete block, local anes-
thetic volume sparing, and fewer vascular punctures.22 
The femoral nerve usually lies lateral to the femoral artery 
in the groove formed by the iliacus and psoas muscles. The 
nerve can be oval or triangular in cross-sectional shape 
with an anteroposterior diameter of approximately 3 mm 
and a mediolateral diameter of 10 mm. The best depiction 
of the femoral nerve is from 10 cm proximal to 5 cm dis-
tal to the inguinal ligament. According to the pelvic incli-
nation, some tilting of the ultrasound probe is necessary 
for the sound beam to meet the nerve perpendicularly for 
optimal scanning. In addition, the femoral nerve has a 
slight medial-to-lateral course; therefore, some rotation of 
the probe is also necessary for the best view of the nerve. 
Because the femoral nerve is covered by echobright adi-
pose tissue and fascia, the echogenic outer sheath of the 
nerve is difficult to establish. In some patients, the psoas 
tendon can appear similar to the femoral nerve. However, 
the psoas tendon lies deep within the muscle. If the pro-
funda femoris artery (i.e., the deep branch of the femoral 
artery) is visualized, then the transducer is usually too dis-
tal for complete femoral nerve block. The femoral nerve 
is often identified as a slight indentation in the surface of 
the iliacus and psoas muscles.

For femoral nerve block, a broad (35- to 50-mm foot-
print) linear transducer is used (Fig. 58-21). Both in-plane 
(from lateral to medial) and out-of-plane (from distal to 
proximal) approaches can be used. The advantage of in-
plane approach is visualization of the approaching nee-
dle. The disadvantages are the longer needle path and a 
tendency of the needle to skim over the fascia iliaca by 
deforming it rather than puncturing it. The out-of-plane 
approach is often used for catheter placement.

For either approach, the needle tip is positioned 
between the fascia iliaca and the iliopsoas muscle near the 
lateral corner of the femoral nerve to avoid the femoral 
vessels, similar to the method for fascia iliaca block. The 
fascia iliaca has a characteristic mediolateral slant. The 
desired distribution is local anesthetic layering under or 
completely around the femoral nerve. When layering of 
local anesthetic is restricted over the nerve, the concern 
is that the fascia iliaca is intact and that block failure will 
result. For patients who are obese, femoral nerve imaging 
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is challenging. Ultrasound can be combined with nerve 
stimulation for successful block in these patients. After 
successful injection of a local anesthetic, distal branches 
of the femoral nerve can be appreciated by sliding the 
transducer along the known course of the nerve.

The saphenous branch of the femoral nerve can be 
blocked in the midthigh, deep to the sartorius muscle using 
ultrasound guidance (Fig. 58-22). This approach has the 
advantage that the quadriceps motor block is reduced.23

SCIATIC NERVE BLOCKS IN THE POPLITEAL 
FOSSA

The sciatic nerve can be blocked anywhere along its 
course from the gluteal region to the popliteal fossa.24-26 
Many approaches have been described, including those 
from the anterior aspect of the thigh.27 One of the most 
common approaches is to block the sciatic nerve in the 
popliteal fossa using a lateral approach in supine position 
with the leg elevated.28 In this anatomic location, the 
block can be performed close to the skin surface. The divi-
sion of the sciatic nerve provides a broad target with large 
surface area to promote clinical block characteristics. For 

Figure 58-20. Ilioinguinal nerve block with ultrasound imaging. The 
transducer is rotated and placed near the iliac crest for ilioinguinal 
nerve block.
this technique, the needle tip is positioned between the 
tibial and common peroneal components of the sciatic 
nerve near the division so that a single injection distrib-
utes to both nerves (Fig. 58-23). By sliding the transducer 
along the known course of the sciatic nerve, its character-
istic division in the popliteal fossa can be identified. This 
method of sliding assessment is also important to verify 
the local anesthetic distribution after injection. The tibial 
nerve has a straighter course than the common peroneal 
nerve and has approximately twice the cross-sectional 
area. The tibial nerve lies posterior to the popliteal artery 
and vein at the popliteal crease, and this location can be a 
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A

Figure 58-21. Femoral nerve block with ultrasound imaging (in-
plane approach). A, External photograph shows the setup for femoral 
nerve block. B, The needle tip is in position before injecting adjacent 
to the femoral nerve (yellow arrow). The femoral nerve lies lateral to 
the femoral artery (A). C, Local anesthetic surrounds the femoral nerve 
after injection. (Modified from Gray AT: Atlas of ultrasound-guided 
regional anesthesia, ed 2, Philadelphia, 2012, Saunders.)
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Figure 58-22. Saphenous nerve 
block in the middle thigh with 
ultrasound imaging (in-plane 
approach). A, External photograph 
shows the setup for saphenous 
nerve block. B, The needle tip has 
been placed through the sartorius 
muscle adjacent to the saphenous 
nerve (yellow arrow) and superficial 
femoral artery (A) before injec-
tion. C, Local anesthetic surrounds 
the saphenous nerve after injec-
tion deep to the sartorius muscle. 
(Modified from Gray AT: Atlas of 
ultrasound-guided regional anes-
thesia, ed 2, Philadelphia, 2012, 
Saunders.)

A C

B

Sartorius

Posteromedial

A

A B

Lateral

Figure 58-23. Popliteal block with ultrasound imaging (in-plane approach). A, External photograph shows the setup for popliteal nerve block in 
the supine position. The leg is elevated, and the transducer is applied to the posterior surface of the leg. B, The needle approaches the bifurcation 
of the sciatic nerve in the plane of imaging from the lateral aspect of the leg. The needle tip is positioned between the tibial (long yellow arrow) 
and common peroneal (short yellow arrow) nerves.
useful starting point when imaging is difficult. When the 
foot is moved, the nerves of the popliteal fossa have char-
acteristic motions that can be helpful for nerve identifica-
tion in some patients. The advantages of this approach 
are the convenient position, the transducer position is 
remote from the site of needle entry, and the parallel 
in-plane approach of the block needle results in optimal 
needle tip visibility. After injection, following the local 
anesthetic distribution around and along the nerve path 
(Fig. 58-24) is relatively easy.

TRAINING AND SAFETY

Interventional sonography is not without risks. Many 
studies have now demonstrated efficacy of ultrasound-
guided regional blockade. Ultrasound has the potential 
to prevent and detect two important adverse events dur-
ing peripheral nerve blocks: intravascular injection and 
intraneural injection of a local anesthetic.29,30 The char-
acteristic contrast from dissolved gas that is distributed 
within the vessel lumen can identify intravascular injec-
tion. The hallmark sign of intraneural injection is nerve 
expansion during injection (Fig. 58-25). Although ultra-
sound has tremendous promise in improving the safety 
of regional blockade, confirmatory studies of clinical 
practice are in progress. Many of these adverse events 
have only been recognized in retrospect by the review 
of recorded sonograms, which is a valuable training 
practice.

One of the original techniques developed for training 
novices in ultrasound-guided interventions was use of a 
tissue-equivalent phantom.31 The phantom consisted of 
simulated tissue for needle placement practice (Fig. 58-26). 
To be realistic, the speed of sound must be similar as in soft 
tissue. In the first prototype, the phantom and container 
were clear; as a result, visual confirmation was possible. 
Several phantoms are now marketed for regional anes-
thesia purposes, and biologic tissue models that simulate 
nerve blocks have been developed.

A number of other effective teaching tools are being 
used. Cadavers have the advantage of realistic regional 
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Figure 58-25. Ultrasound image 
reveals intraneural injection. 
These sonograms were obtained 
in the axilla before (A) and after 
(B) injection in the musculocuta-
neous nerve. Nerve expansion is 
detected but with preservation of 
the overall integrity of the nerve 
borders. No paresthesias were 
observed during or after the pro-
cedure. Neurologic outcome was 
favorable after this low-volume, 
low-pressure injection.

A B

Figure 58-24. Sciatic nerve imag-
ing in the popliteal fossa before 
(A), during (B and C), and after 
(D) division into the tibial and 
common peroneal nerves. Local 
anesthetic tracks with both indi-
vidual nerves, thereby confirming a 
successful block.

A B

C D
anatomic structures and can be used for simulated inter-
ventions.32 The cost and use of specialized embalming 
methods that preserve nerve imaging and cadaver flex-
ibility have limited this approach to a few specialized 
institutions. Most training studies have concluded that 
skills for ultrasound-guided procedures can be rapidly 
acquired.

One training study has identified common errors of nov-
ices while learning ultrasound-guided regional blocks.33 
These errors included advancing the needle when it was 
not visualized and unintentional probe movement. Nov-
ices often advance the needle even when it is not visu-
alized, presumably because the natural inclination is to 
assume the needle has not reached the field of view. The 
potentially quality-compromising behaviors were largely 
eliminated by the end of the study period, which ranged 
from 66 to 114 blocks per training participant.

CONCLUSIONS

Ultrasound is a guidance tool that many people are elect-
ing to choose for regional anesthesia blocks. Once profi-
ciency is established for a particular procedure, starting 
to use ultrasound for other interventional applications 
is relatively easy. Ultrasound imaging can prevent and 



PART IV: Anesthesia Management1766
detect critical events such as intravascular or intraneural 
injection that may improve safety during regional anes-
thesia procedures.34 However, if safety outcomes are to 
improve, then education and training play key roles in 
reducing these relatively uncommon adverse events.

Complete references available online at expertconsult.com.

Figure 58-26. Tissue equivalent phantom for training in ultrasound-
guided interventions.
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Perioperative Fluid and Electrolyte 
Therapy
MARK R. EDWARDS • MICHAEL P.W. GROCOTT

K e y  P o i n t s

 •  Intravenous fluid therapy is a core part of perioperative practice, with the 
potential to influence patient outcomes.

 •  Water makes up approximately 60% of total body weight, varying widely with 
age and body composition. The ratio between the water volume within the 
intracellular and functional extracellular compartments is approximately 2:1.

 •  The endothelial glycocalyx forms a protein-poor intravascular fluid layer at the 
vessel perimeter; it has been integrated into a revised version of the Starling 
equation and updated model of capillary fluid movement.

 •  Sodium is the dominant extracellular cation and is responsible for much of 
extracellular fluid osmolality; dysnatremia is typically associated with disturbed 
extracellular fluid volume.

 •  Potassium is the dominant intracellular cation with a key role in the maintenance 
of transmembrane potentials; dyskalemia may be accompanied by impaired 
function of excitable tissues.

 •  Calcium is a key intracellular second messenger with roles in neuromuscular 
function, cell division, and oxidative pathways.

 •  Magnesium has a diverse range of physiologic effects, underlined by the increasing 
range of therapeutic applications of supplemental magnesium in the perioperative 
setting.

 •  Acid-base balance is relevant to fluid therapy because fluids containing 
supraphysiologic levels of chloride may cause an iatrogenic acidosis; the clinical 
relevance of this acidosis is debated.

 •  Intravenous fluids have a range of physiologic effects and should be considered to 
be drugs with indications, dose ranges, cautions, and side effects.

 •  The physiologic insult of the perioperative period may lead to a wide variety of 
disturbances in fluid and electrolyte balance.

 •  Clinical evidence to guide perioperative fluid therapy is lacking in many areas, and 
cannot be directly extrapolated from general critical care trials.

 •  A balance must be found between inadequate fluid administration—allowing 
tissue hypoperfusion—and the adverse effects of excess intravenous fluids and 
toxicities related to fluid constituents.

 •  Goal-directed fluid therapy (GDT) may help in finding this balance for an 
individual patient in the perioperative setting, with evidence of reduced 
postoperative morbidity supporting its use in many surgical settings.

 •  No clear consensus exists on which intravenously administered fluid is 
associated with the best clinical outcomes in the perioperative setting. 
Comparisons of “balanced” with “unbalanced” and “crystalloid” with “colloid” 
fluids are being studied in many clinical settings; definitive conclusions  
are often lacking.

 •  The approach to fluid and electrolyte management may need adapting to 
numerous patient and surgical factors.

Acknowledgment: The editors and the publisher would like to thank Drs. Alan D. Kaye and James M. Riopelle, 
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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The administration of intravenous (IV) fluid is a core 
expertise for anesthesia providers and an area in which 
we have an important role in advising clinical colleagues. 
Alongside the traditional triad of maintenance of uncon-
sciousness, pain relief, and neuromuscular relaxation, IV 
fluid therapy is a core element of the perioperative prac-
tice of anesthesia. The aims of perioperative fluid admin-
istration should be to avoid dehydration, maintain an 
effective circulating volume, and prevent inadequate tis-
sue perfusion during a period when the patient is unable 
to achieve these goals through normal oral fluid intake.

Knowledge of the clinical effects of different fluids has 
increased substantially in recent years. The choice of fluid 
type in a variety of clinical situations can be rationally 
guided by an understanding of the physicochemical and 
biologic properties of the various crystalloid and colloid 
solutions available in combination with the available 
clinical trial data. Each clinical decision about fluid ther-
apy has two key elements: which fluid to use and how 
much fluid to give. Recently, several clinical studies have 
changed our concepts regarding both of these questions. 
However, we should be cautious about overinterpret-
ing data from nonperioperative contexts. Despite recent 
high-quality “mega-trials” involving thousands of criti-
cally ill patients, key questions remain unresolved in the 
perioperative setting. Goal-directed fluid therapy (GDT) is 
a good example of an intervention that is effective in the 
perioperative phase, but ineffective in established criti-
cal illness, and this should alert us to other possible such 
distinctions.

This chapter reviews the physiology and pharmacology 
of IV fluid therapy in humans before discussing the clini-
cal practice of fluid and electrolyte management and the 
impact of alternative approaches on clinical outcomes.

PHYSIOLOGY

FLUID COMPARTMENTS

Water makes up approximately 60% of total body weight 
in the average adult, varying with age, gender, and body 
composition. Adipose tissue contains little water com-
pared with other tissues, leading to marked variability in 
total body water (TBW) proportion between lean (75%) 
and obese (45%) individuals. Variation in adipose tis-
sue also contributes to differences in TBW between adult 
males and females; these differences are reduced in old age 
as adipose tissue is reduced. The variations in body com-
position with age lead to a wide variation in TBW (Table 
59-1). TBW is divided between anatomic and functional 
fluid compartments within the body, with the major 
division between intracellular fluid (ICF) and extracellu-
lar fluid (ECF). The size of these compartments and their 
widely differing composition are shown in Figure 59-1 and 
Table 59-2. The extracellular fluid can be subdivided into 
the following compartments:
  

 •  Interstitial fluid (ISF): Lymphatic fluid and protein-
poor fluid occupying cell spaces.

 •  Intravascular fluid: Plasma volume, including a 
proportion contained within the subglycocalyx (see 
later discussion).
TABLE 59-1 AGE-RELATED VARIATION IN TOTAL 
BODY WATER AND EXTRACELLULAR FLUID AS 
PERCENT OF BODY WEIGHT (MULTIPLY BY 10 
FOR mL/kg)* 

Age TBW (%) ECF (%)
Blood  

Volume (%)

Neonate 80 45 9
6 mo 70 35
1 yr 60 28
5 yr 65 25 8
Young adult 

(male)
60 22 7

Young adult 
(female)

50 20 7

Elderly 50 20

Data from references 226 to 229.
ECF, Extracellular fluid; TBW, total body water.
*In pregnancy, blood and plasma volumes increase by 45% and 50% 

respectively by term.
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Figure 59-1. Distribution of total body water between fluid compart-
ments. “Sequestered” extracellular fluid (ECF) refers to water associ-
ated with bone and dense connective tissue or within the transcellular 
compartment and therefore not immediately available for equilibra-
tion with the other fluid compartments.
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 •  Transcellular fluid: Includes gastrointestinal (GI) tract 
fluid, bile, urine, cerebrospinal fluid, aqueous humor, 
joint fluid, and pleural, peritoneal, and pericardial 
fluid. These are functionally important fluids of widely 
varying composition contained within epithelia-
lined spaces and regulated by active cellular transport 
(Table 59-3).

 •  Water in bone and dense connective tissue: Constitutes 
a substantial proportion of TBW but not part of the 
functional ECF because of slow kinetics of water 
distribution between this and other compartments.1

  

Total blood volume comprises extracellular (plasma and 
subglycocalyx compartments) and intracellular (blood 
cells) elements. With the nonfunctional ECF compart-
ment (bone and connective tissue) excluded, the ratio 
between ICF and functional ECF is approximately 2:1 
(ICF 55% of body weight to ECF 27.5% of body weight).

TABLE 59-2 COMPOSITION OF INTRACELLULAR 
AND EXTRACELLULAR FLUID COMPARTMENTS  
(IN mOsm/L WATER) 

Extracellular

Intracellular Intravascular Interstitial

Cations
Na+ 10 142 145
K+ 157 4 4
Ca2+ 0.5* 2.5 2.5
Mg2+ 20 0.8 0.7
Anions
Cl− 10 103 117
HCO3

− 7 25 27
HPO4

2−/H2PO4
− 11 2 2

SO4
2− 1 0.5 0.5

Organic acids 6 6
Protein 4 1.2 0.2

Data from references 230 to 232.
*Total intracellular Ca2+ concentration may be as high as extracellular 

levels; however, this is largely sequestered or buffered, such that the 
cytoplasmic ionized Ca2+ concentration is approximately 1000 times 
lower than extracellular fluid (0.3 to 2.6 μEq/L).124 The intracellular 
content of anions such as PO4

3− has been difficult to establish for similar 
reasons.
Physicochemical Laws Governing Fluid and 
Electrolyte Movement
The movement of water and solutes is governed by a vari-
ety of physicochemical and biologic processes, discussed 
in the following section.

Diffusion. Diffusion is the process by which solute par-
ticles fill the available solvent volume by motion from 
areas of high to low concentration. The speed of this 
equilibration is proportional to the square of the diffu-
sion distance. Diffusion also may occur across permeable 
membranes, according to Fick’s law of diffusion:

 J = − DA
(

Δc

Δx

)
 (1)

where J is the net rate of diffusion, D is the diffusion coef-
ficient, A is the cross-sectional area available for diffusion, 
and Δc/Δx is the concentration (chemical) gradient.

Diffusion also may be driven by the tendency of 
charged solutes to move down electrical gradients.

osmosis. If a semipermeable membrane (one that is per-
meable to water but not a solute) separates pure water 
from water in which solute is dissolved, water molecules 
will diffuse across the membrane into the region of higher 
solute concentration. The hydrostatic pressure required 
to resist the movement of solvent molecules in this way 
is osmotic pressure. This is one of the fundamental colli-
gative properties of a solution—that is, it depends on the 
number rather than the type of osmotically active par-
ticles in a solution, which may be complete molecules or 
dissociated ions. Osmotic pressure in an ideal solution is 
affected by temperature and volume:

 P = nRT

V
 (2)

where P is the osmotic pressure, n is the number of par-
ticles, R is the gas constant, T the absolute temperature, 
and V the volume. n can be calculated by multiplying 
(mass of solute/molecular weight of solute) by the num-
ber of particles into which the solute dissociates.

However, body fluids are not ideal solutions, because 
interionic interactions reduce the number of particles free 
TABLE 59-3 COMPOSITION OF TRANSCELLULAR FLUIDS (mEq/L UNLESS STATED) 

Daily 
Volume (L) Cations Anions pH

Fluid Na+ K+ Ca2+ Mg2+ Cl− HCO3
−

Gastrointestinal tract
 Saliva 1-1.5 30-90 20-40 2.5 0.6 15-35 10-40 6-7
 Gastric 1.5-2.5 20-60 10-20 20-160 0 1-3.5
 Bile 0.7-1.2 130-150 5-12 10-50 25-100 10-45 7-8
 Pancreatic 1-1.5 125-150 5-10 30-110 40-115 8-8.3
 Small bowel 

(concentrations from 
proximal to distal)

1.8 140-125 5-9 110-60 100-75 7-8

 Large bowel 0.2 (lost in 
feces)

20-40 30-90 0-15 40 7-8

Sweat 0.1-0.5 45-60 5-10 45-60 0 5.2
Cerebrospinal fluid 140 2.8 2.1 1.7 120 7.33

Data from references 233 to 235.
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to exert an osmotic effect. The total osmotic pressure of 
plasma is approximately 5545 mm Hg.

osmolality. Molality is the number of moles (each con-
taining 6 ×1023 particles of a specific substance) present 
in 1 kg of solvent. Osmolality may be used to describe 
solutions containing many different types of particles 
and is the number of osmoles (each containing 6 ×1023 
of any type of particle present) present in 1 kg of sol-
vent. Normal body osmolality is 285 to 290 mOsm/kg  
and is the same in intracellular and extracellular com-
partments because of the free movement of water 
between compartments that consequently prevents the 
development of any osmotic gradients. The largest con-
tribution to plasma osmolality is made by sodium and 
its related anions chloride and bicarbonate. It can be 
estimated by:

 Serum osmolality =
(

(2 × Na) + (glucose ÷ 18)
+ (urea ÷ 2.8)

)
 (3)

where Na is the serum sodium concentration (mEq/L), 
glucose is the serum glucose concentration (mg/dL), urea 
is the blood urea nitrogen concentration (mg/dL), and the  
(2 × Na) component reflects both Na and its associated 
anions (predominantly Cl− and HCO3

−). Alternatively, 
osmolality can be measured by depression of plasma 
freezing point. Osmolarity is the number of osmoles of 
solute per liter of solution; unlike osmolality, this may be 
affected by temperature changes as a result of the volume-
expanding effect of increasing temperature.

tonicity. This is the effective osmolality of a solution 
with respect to a particular semipermeable membrane 
and takes into account solutes that do not exert an 
in vivo osmotic effect. For example, Na+ and Cl− do 
not cross cell membranes freely and therefore exert 
an effective osmotic force across these membranes, 
whereas urea freely diffuses across cell membranes and 
therefore does not exert an osmotic effect here. Simi-
larly, glucose is normally taken into cells by insulin-
stimulated facilitated diffusion, so it is an ineffective 
osmole. Tonicity is important in determining in vivo 
distribution of fluids across a cell membrane and is 
sensed by the hypothalamic osmoreceptors. It can be 
estimated by subtracting urea and glucose concentra-
tions from measured osmolality.

oncotic Pressure. Oncotic pressure is the component of 
total osmotic pressure that is due to the colloids—that is, 
large-molecular-weight particles, predominantly proteins 
(albumin, globulins, fibrinogen). Of the total plasma 
osmotic pressure of 5545 mm Hg, 25 to 28 mm Hg is 
due to plasma oncotic pressure. The negative charge on 
proteins has the net effect of retaining a small excess of 
Na+ ions within the plasma (the Gibbs-Donnan effect), 
which effectively increases the oncotic pressure above 
what would be predicted by calculations based purely on 
protein concentration. As the most abundant plasma pro-
tein, albumin is responsible for 65% to 75% of plasma 
oncotic pressure.
Fluid Compartment Barriers and 
Distribution
The volume and composition of each fluid compartment 
depends on the barriers separating it from neighboring 
compartments.

cell membrane. The cell membrane separates the intra-
cellular and extracellular compartments and as a lipid 
bilayer is impermeable to large hydrophilic molecules 
and charged particles such as free ions. Other than by pas-
sive diffusion of certain molecules, solutes may cross cell 
membranes in several ways.

Carrier Proteins

Primary Active Transport. Solute transport against a 
concentration gradient requires energy and is there-
fore directly coupled to adenosine triphosphate (ATP)  
hydrolysis—for example, by Na+/K+–adenosine triphos-
phatases (ATPases). This is the fundamental mechanism 
by which ionic concentration gradients are maintained, 
which in turn drive a variety of biologic processes, includ-
ing water and solute movement and electrical impulse 
transmission in excitable tissues.

Secondary Active Transport. The process of secondary 
active transport uses concentration gradients set up by 
ATPases to transport a solute driven by an ion moving 
down its concentration gradient, typically Na+. This pro-
cess is termed cotransport when the solute is also mov-
ing down its concentration gradient or countertransport 
when the solute is being moved against its concentration 
gradient.

Solute Channels. The solute channels allow much faster 
transport of solutes than by ATPases or transmembrane 
diffusion. Examples include voltage-gated Na+ channels 
and the glucose transporter GLUT1, which when inserted 
into the plasma membrane allows glucose to travel down 
its concentration gradient. This process is termed facili-
tated diffusion.

Endocytosis and Exocytosis. The processes of endocytosis 
and exocytosis are involved in the transport of large pro-
teins and polypeptides across cell membranes.

Vascular enDothelium. The barrier function of the vas-
cular endothelium is particularly relevant perioperatively 
because of its key role in maintaining intravascular fluid 
volume. Surgical tissue trauma typically leads to loss 
of intravascular volume through surgical blood loss or 
inflammation-related shifts to other tissue compart-
ments. The physiologic effect of IV fluid administered 
to overcome these losses and maintain adequate tissue 
oxygen delivery is highly dependent on fluid handling 
at the capillary level. Our understanding of this area has 
been refined by experimental physiologic models and 
techniques.

CaPillary struCture. As shown in Table 59-4, the 
structure of capillaries varies depending on the underly-
ing organ function. The most common capillary type 
is the nonfenestrated capillary, comprising continuous 
basement membrane and a single layer of endothelial 
cells joined by junctions that are punctuated by breaks. 
These intercellular clefts are the primary channel for 
transcapillary fluid flow. The intravascular aspect of the 
endothelial cells is covered by a continuous network 
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TABLE 59-4 CAPILLARY CHARACTERISTICS 

Capillary Type Site Large Pores
Basement 
Membrane

Glycocalyx 
Layer Notes on Function

Nonfenestrated 
(continuous) 

Muscle, 
connective 
tissue, lung, 
nervous 
tissue

None Continuous Continuous Intercellular clefts are the main 
route for fluid filtration. 
These are partly occluded by 
junctional strands with multiple 
breaks. In the blood-brain 
barrier these breaks are small 
(1 nm) and infrequent (zona 
occludens tight junctions), 
permitting passage of only 
the smallest non–lipid soluble 
molecules. In other tissues 
the breaks are larger (5-8 nm) 
and more frequent (macula 
occludens loose junctions).

Fenestrated Endocrine, 
gut mucosa, 
choroid 
plexus, 
lymph nodes

Pores within 
endothelial 
cells with 
covering 
diaphragm 
6-12 nm size

Continuous Continuous Fenestrations allow capillary 
reabsorption of fluid from ISF, 
in contrast to other capillary 
types.

Glomeruli Endothelial 
pore size up 
to 65 nm

Continuous Discontinuous 
over pores, 
reducing 
effective 
pore size

Numerous pores allow large-
volume filtration at the 
glomerulus. The effective pore 
size is reduced further to 6 nm 
by podocytes; thus, proteins 
not usually filtered.

Sinusoidal Liver, spleen, 
bone marrow

Large 
intercellular 
gaps up to 
120 nm

Discontinuous No effective 
layer 
because of 
endothelial 
uptake of 
hyaluronic 
acid

Large fenestrations allow 
macromolecules (lipoproteins, 
chylomicrons) to pass between 
plasma and ISF; the result is 
no COP to oppose filtration, 
and the ISF in these tissues is 
effectively part of the plasma 
volume. Large volume filtration 
to the ISF here cannot be 
accommodated by tissue 
expansion because of fibrous 
capsules and is returned via 
lymphatics (e.g., liver lymph 
production accounts for 50% of 
total body lymph production)

Modified from Woodcock TE, Woodcock TM: Revised Starling equation and the glycocalyx model of transvascular fluid exchange: an improved paradigm for 
prescribing intravenous fluid therapy, Br J Anaesth 108:384, 2012.

COP, Colloid oncotic pressure; ISF, interstitial fluid.
Key:

 Basement membrane/extracellular matrix
 Endothelial cell

 Endothelial glycocalyx layer
 Erythrocyte
of glycosaminoglycan (GAG) chains, including synde-
can-1, hyaluronic acid, and glypican, associated with 
membrane-bound proteoglycans; and glycoproteins, to-
gether forming the endothelial glycocalyx layer (EGL). 
The EGL covers fenestrations and intercellular clefts and 
has a thickness of up to 1 μm. In addition to its func-
tions in preventing platelet and leukocyte adhesion, it 
has emerged as an important semipermeable layer con-
tributing to endothelial barrier function.2 Water and 
electrolytes can move freely across the vascular endothe-
lial barrier through the EGL and then intercellular clefts 
or through fenestrations in the more specialized capil-
laries. Proteins were previously thought to be excluded 
from the ISF at the level of endothelial cells; however, it 
now appears that this occurs at the level of the glycoca-
lyx. The subglycocalyceal layer (SGL) therefore contains 
protein-poor fluid; slower protein transport into the ISF 
may occur across the endothelial cells by endocytosis 
and exocytosis and by transport through a small num-
ber of large pores, forming a gradient in protein con-
centration from SGL to ISF compartments. The volume 
of the SGL may be as much as 700 to 1000 mL; this 
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volume therefore forms part of the intravascular volume 
and has an electrolyte composition in equilibrium with 
the plasma but a much lower protein concentration be-
cause of the effective exclusion of larger molecules by 
the glycocalyx.

CaPillary FunCtion. The movement of fluid across the 
capillary membrane was initially described by Starling 
and then further refined. A hydrostatic pressure gradi-
ent at the arteriolar end of the capillary, greater than the 
inward oncotic pressure gradient, leads to net filtration 
of water into the ISF. Much of this water was previously 
thought to be reabsorbed into the vascular space toward 
the venular end of the capillary, where the outward hy-
drostatic pressure is less and the inward oncotic pressure 
gradient is increased by exclusion of proteins from the 
capillary filtrate by the capillary endothelium. The water 
not reabsorbed by the capillary is removed from the ISF 
by the lymphatics.

More recent experimental and modeling techniques 
have integrated the role of the glycocalyx into a revised 
Starling equation and updated model of capillary fluid 
movement:

 Jv = Kf ([Pc − Pi] − σ [πc − πsg]) (4)

where Jv is the transcapillary flow, Kf is the filtration coef-
ficient, Pc is capillary hydrostatic pressure, Pi is the inter-
stitial hydrostatic pressure, σ is the reflection coefficient 
(the degree to which the tendency of a macromolecule 
to cross the endothelial barrier is resisted), πc is the capil-
lary oncotic pressure, and πsg is the subglycocalyx oncotic 
pressure.

The key differences and their clinical relevance are as 
follows3:
  

 •  At steady state, continuous capillaries do not exhibit 
fluid reabsorption toward the venous end of the 
capillary (the “no-absorption” rule). However, overall 
measured capillary filtration (Jv) is much less than 
predicted by the Starling principle, consistent with the 
larger colloid oncotic pressure (COP) gradient between 
SGL and capillary (opposing filtration) than between 
ISF and capillary. The smaller volume of filtrate is 
returned to the circulation by lymphatics.

 •  Plasma-SGL COP difference, not plasma-ISF COP 
difference affects Jv. However, the no-absorption rule 
means that artificially raising COP (e.g., by albumin 
infusion) may reduce Jv but will not lead to reabsorption 
of fluid from the ISF into the plasma.

 •  An exception to the no-absorption rule occurs in acutely 
subnormal capillary pressures; a transient period of 
autotransfusion may occur, limited to approximately 
500 mL. If subnormal pressures persist beyond this, Jv 
will approach zero, but ongoing reabsorption does not 
occur. Infusion of colloid in this setting will expand 
plasma volume, whereas infusion of crystalloid will 
expand total intravascular volume (plasma and EGL); 
Jv will remain close to zero in both cases until capillary 
pressure rises to normal or supranormal levels.

 •  At supranormal capillary pressures, COP difference is 
maintained and Jv is proportional to the hydrostatic 
pressure difference. In this setting, colloid infusion 
will maintain plasma COP but raise capillary pressure 
further and increase Jv. Crystalloid infusion will also 
increase capillary pressure, but reduce plasma COP and 
therefore increase Jv to a greater extent than colloids.

  

The revised EGL model of fluid distribution, including 
the proposal that the intravascular volume effects of crys-
talloids and colloids are partly dependent on the preexist-
ing capillary pressures (context sensitivity) helps explain 
some of the apparently conflicting findings in clinical 
fluid research.

Crystalloid Versus Colloid Intravascular Volume Effects. 
Infused crystalloid has been thought to distribute evenly 
throughout the extracellular compartments as a result of 
capillary filtration (Jv), leaving approximately one fourth 
or one fifth of the original volume within the circulat-
ing blood volume, whereas colloids were presumed to 
initially remain largely within the intravascular volume. 
However, many studies of the effects of fluids on blood 
volume are based on red blood cell (RBC) dilution and 
changes in the hematocrit and do not take into account 
the influence of the SGL volume, from which RBCs are 
excluded. Colloids are also excluded from the SGL; by 
remaining in the plasma volume they will have a dilut-
ing effect on the hematocrit and appear to remain within 
the circulating volume. Crystalloids initially distribute 
throughout the plasma and SGL volumes. As a result, their 
RBC dilutional effects are less than those of colloids. This 
has previously been interpreted as crystalloid leaving the 
circulating compartment and entering the ISF; however, 
a proportion of the infused crystalloid will remain in the 
blood volume within the SGL. Furthermore, context sen-
sitivity is responsible for the observation that clearance 
of crystalloid from its central compartment (the intravas-
cular volume) is slower under anesthesia than in awake 
subjects.4 It may also help to explain why the amount 
of isotonic crystalloid required to give early intravascular 
volume effects similar to those from isotonic colloid in 
low capillary pressure situations such as resuscitation is in 
the ratio 1.5:1 rather than the predicted 4:1.5-7 The value 
of this ratio in the perioperative context is less clear and 
has been inferred from large clinical trials in critically ill 
patients. However, it is likely to be closer to the measured 
values in critical illness than the theoretic values tradi-
tionally used.

Failure to Reduce Edema by Increasing Capillary Colloid 
Oncotic Pressure. Hypoalbuminemia is well recognized 
as a marker of disease severity in critical illness. How-
ever, administering exogenous albumin or other colloids 
to increase capillary COP does not reduce peripheral 
or pulmonary edema, nor improve overall outcomes 
in sepsis. The no-absorption rule can provide a partial 
explanation; even increasing COP gradient across the 
capillary wall by administration of albumin or synthetic 
plasma substitutes will not lead to reabsorption of fluid 
from edematous tissues. Again, previous studies showing 
apparent shifts of fluid from the interstitial to the intra-
vascular compartment based on a reduced hematocrit 
after albumin infusion do not account for the potential 
role of compaction of the glycocalyx layer and transfer 
of fluid from the SGL to the plasma volume in reducing 
the hematocrit.
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Finally, the importance of the endothelial glycocalyx 
is highlighted by studies showing that its degradation sig-
nificantly impairs endothelial barrier function.8 A range 
of physiologic insults may lead to glycocalyx injury and 
shedding, with the subsequent appearance of free hep-
arin, chondroitin, and hyaluronic acid in the plasma. 
These include natriuretic peptides (which may be released 
in acute excessive intravascular volume),9  hyperglycemia, 
and inflammatory mediators released during surgery, 
trauma, and sepsis, such as C-reactive protein, bradyki-
nin, and tumor necrosis factor (TNF).10 Glycocalyx deg-
radation may make an important contribution to the 
already well-characterized endothelial dysfunction seen 
in inflammation, in which phenotypic changes in endo-
thelial cells. Here, an increase in the number of large 
pores, and a reduction in interstitial hydrostatic pressure 
favor Jv, with an increase in edema in compliant tissues 
such as the lung, muscles, and loose connective tissue. 
Impaired glycocalyx function will further favor Jv and 
lead to endothelial platelet aggregation and leukocyte 
adhesion. Maintenance of glycocalyx integrity is there-
fore gaining interest as a therapeutic target in periopera-
tive fluid management.11

Physiologic Control of Overall Fluid Balance
In health, 60% of daily water loss is through urinary 
excretion, although this proportion is less when sweating 
and insensible losses are increased. Integrated cardiovas-
cular and renal neuroendocrine mechanisms attempt to 
maintain fluid volume homeostasis in response to peri-
operative challenges, such as reduced oral fluid intake, 
increased lower GI tract loss as a result of bowel prepara-
tion, blood loss, and IV infusion of fluids.

TBW volume is controlled by a system of sensors, 
central control, and effectors. The sensors are the hypo-
thalamic osmoreceptors, responding to changes in ECF 
tonicity, low-pressure baroreceptors in the large veins 
and right atrium that sense central venous pressure, and 
high-pressure baroreceptors in the carotid sinus and aortic 
arch. The latter are important if changes in intravascular 
volume are sufficient to affect arterial blood pressure. The 
sensory inputs are integrated within the hypothalamus, 
which then triggers the effector mechanisms to either 
increase water intake from thirst or modulate output 
via antidiuretic hormone (ADH, arginine vasopressin) 
secretion. Thirst and ADH release may be triggered by 
increased plasma tonicity, hypovolemia, hypotension, 
and angiotensin II. ADH release also may be stimulated 
by stress (including surgery and trauma) and certain drugs 
(e.g., barbiturates). Water intake does not usually depend 
on thirst because of social drinking behavior; thirst acts 
as a backup mechanism when the normal intake is inade-
quate. ADH, produced in the hypothalamus and released 
from the posterior pituitary, acts on the principal cells of 
the renal collecting ducts, which in the absence of ADH 
are relatively impermeable to water. ADH combines with 
the vasopressin 2 (V2) receptors on the basolateral mem-
brane of the cells, triggering cyclic adenosine monophos-
phate (cAMP)-mediated insertion of aquaporin 2 water 
channels into the apical membrane. This results in water 
reabsorption down its osmotic gradient and formation of 
low volumes of concentrated urine.
acute Disturbances in circulating Volume. Acute varia-
tion in the intravascular volume leads to compensatory 
mechanisms over minutes to hours in an attempt to correct 
the acute abnormality. The homeostatic processes occur-
ring in response to rapid blood loss are aimed at minimiz-
ing the change in effective blood volume (venoconstriction 
and mobilization of venous reservoirs, limited autotrans-
fusion from ISF to plasma, reduced urine production) 
and maintenance of cardiac output and arterial pressure 
(tachycardia, increased inotropy, and vasoconstriction). 
The sensor organs for the acute change are the low-pressure 
and high-pressure baroreceptors, and initial changes are 
mediated through increased sympathetic outflow. Renal 
vasoconstriction leads to a reduced volume of filtrate, and 
activates the renin-angiotensin-aldosterone (RAA) axis. 
Renin is released from the juxtaglomerular cells and cleaves 
angiotensinogen to form angiotensin I, which is rapidly 
converted to angiotensin II. This induces further sympa-
thetic activity and vasoconstriction, aldosterone release 
from the adrenal cortex, and hypothalamic ADH produc-
tion. The overall result is increased renal salt and water 
retention, increased peripheral vascular resistance, and 
increased cardiac output. In the absence of ongoing loss, 
the delayed responses to major blood loss restore plasma 
volume within 12 to 72 hours, increase hepatic plasma 
protein synthesis, and restore RBC levels by erythropoiesis 
within 4 to 8 weeks.

Conversely, the rapid infusion of fluid to a normovole-
mic healthy adult leads to an initial rise in venous and 
arterial pressure and cardiac output. Several mechanisms 
act rapidly to bring these cardiovascular parameters 
toward normal, including pressure receptor–mediated 
venodilatation and venous blood pooling and reduction 
in systemic vascular resistance. At a tissue level, auto-
regulatory responses lead to arteriolar vasoconstriction 
to maintain constant blood flow in the face of increased 
perfusion pressure. Multiple mechanisms then act to 
return circulating volume toward normal. A propor-
tion of the infused fluid will be lost as a result of cap-
illary filtration, particularly if the infused fluid reduces 
COP. Low- pressure baroreceptor stimulation leads to a 
decrease in pituitary ADH secretion, allowing diuresis, 
and atrial stretch leads to atrial natriuretic peptide (ANP) 
release, favoring natriuresis. Further ADH-independent 
renal mechanisms include glomerulotubular imbalance 
resulting from the marginal reduction in plasma COP; 
this rapidly increases the glomerular filtration rate (GFR) 
and reduces proximal tubule water and Na+ reabsorp-
tion, increasing urine volume. Finally, increased arterial 
blood pressure promotes the excretion of excess water 
and salt (i.e., pressure natriuresis and pressure diuresis). 
This is the pressure-volume control mechanism, one of 
the key mechanisms for the long-term maintenance of 
normal blood volume. However, arterial blood pressure is 
only slowly restored by cardiovascular reflexes after acute 
hypervolemia. It may take several days for a 20 mL/kg 
dose of isotonic salt solution to be fully excreted. Excre-
tion of excess Na+ and water depends more on these pas-
sive processes and suppression of the RAA axis than on 
natriuretic peptide activity.12 The contrast between this 
inefficiency and the rapid, effective mechanisms for deal-
ing with reduced fluid volume and Na+ content reflects 
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the evolution of physiology in an environment with a 
paucity of salt and variable water availability; excess Na+ 
intake is a feature of modern diets.

long-term control of circulating intraVascular  
Volume. The Guyton-Coleman model is the archetypal 
representation of the circulation. Despite calls to refine 
the mathematic modeling of the long-term control of 
arterial blood pressure, it remains the most widely used 
model to explain the chronic control of blood volume 
and arterial pressure.13-15 In health, short-term varia-
tions in blood volume are very small and the cardio-
vascular system behaves as a closed system with arterial 
pressure a product of peripheral resistance, vascular 
compliance, and the Starling curve.16 In the chronic 
setting or in acute alterations in blood volume, as 
described earlier, the circulating volume will vary and 
equality of input and output must be restored to avoid 
chronic fluid retention or dehydration; thus the circula-
tion acts as an open system. The kidneys are the primary 
organ regulating this equilibrium, largely through pres-
sure natriuresis and diuresis. Indeed, in the chronic set-
ting, arterial pressure subserves the renal requirement to 
excrete ingested Na+ and water rather than simply being 
a product of cardiac output, vascular compliance, and 
resistance. A recent interpretation integrates the Guy-
ton-Coleman model with experimental observations 
(Fig. 59-2).16 In health, the pressure-natriuresis curve is 
relatively flat, and excess intake of salt and water can be 
excreted without long-term rises in circulating volume 
or blood pressure. In many models of chronic hyperten-
sion, the renal excretion mechanism is reset such that 
natriuresis occurs only at higher arterial pressures and 
excessive exogenous water and salt results in higher 
blood pressure.

Electrolyte Physiology
soDium Physiology. Na+ is the dominant extracellular 
cation, and along with its associated anions accounts for 
nearly all of the osmotically active solute in plasma and 
interstitial fluid. The relatively free movement of water 
throughout the fluid compartments means that Na+ is 
therefore the prime determinant of ECF volume. Total 
body Na+ content is approximately 4000 mmol, of which 
only 10% is intracellular. The concentration gradient 
between the intracellular and extracellular compartments 
(ratio 1:15) is maintained by ATPases and is vital for the 
function of excitable tissues, including action potentials 
and membrane potential, and for the handling of renal 
solute.

Na+ intake is typically far in excess of minimum daily 
requirements, which are 2 to 3 mEq/kg/day at birth and 
decrease to 1 to 1.5 mEq/kg/day in adulthood.17,18 Na+ 
is actively absorbed from the small intestine and colon 
under the influence of aldosterone and the presence of 
glucose in the gut lumen. Loss is predominantly by the 
renal route, with minor contributions from feces, sweat, 
and skin (10 mEq/day each). Na+ is freely filtered at the 
glomerulus, of which 99.5% is reabsorbed, mainly at the 
proximal convoluted tubule. Serum Na+ concentrations 
are maintained within a tight range (138 to 142 mEq/L) 
despite wide variation in water intake by the systems 
involved in the control of circulating volume outlined
previously, as follows:
  

 •  Hypothalamic osmoreception: ADH release
 •  Atrial volume sensing: ANP release
 •  Juxtaglomerular apparatus (renal arteriolar

baroreception and filtrate NaCl content sensing): RAA
activation

  

The excretion of total body excess Na+ relies on inefficient
passive mechanisms, particularly the pressure- volume
effect. Long-term ingestion of excess salt combined with
low potassium ingestion contributes to hypertension, a
condition not seen in populations with daily salt intake
less than 50 mmol. The mechanism involves renal salt
retention and initial extracellular volume expansion
(later mitigated by pressure natriuresis), with release of an
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Figure 59-2. Long-term control of blood volume in health and
hypertension. A, Representation of the open circulation model. In
the chronic setting arterial pressure (Pa) depends on daily water and
sodium intake (dripping tap) and the renal pressure-natriuresis relation
ship (represented by the height of the holes in the arterial column) rathe
than cardiac output (Q̇) and peripheral resistance (R). B, Experimenta
models of hypertension (e.g., long-term angiotensin II infusion) with
controlled sodium intake (and therefore excretion) demonstrate a rese
pressure-natriuresis curve in hypertension. This may be represented
by kidney holes positioned further up the arterial column. Natriuresis
occurs to a degree similar to that in normotension, so as to maintain
a stable body water volume, but requires a higher arterial pressure to
do so. Pv, Venous pressure. (A, Redrawn from Dorrington KL, Pandit JJ
The obligatory role of the kidney in long-term arterial blood pressure con
trol: extending Guyton’s model of the circulation, Anaesthesia 64:1218
2009; and B, Data from Hall JE: The kidney, hypertension, and obesity
Hypertension 41:625, 2003.)
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endogenous digitalis-like factor and stimulation of renal 
Na+ pumps, furthering renal Na+ retention. Low K+ com-
bined with the chronic action of digitalis-like factor inhib-
its vascular smooth muscle cell Na+/K+ATPases, resulting 
in excess intracellular Na+ content and reduced intra-
cellular K+, smooth muscle contraction, and increased 
peripheral vascular resistance.19

Potassium Physiology. K+ is the dominant intracellular 
cation in the body, with a total body content of approxi-
mately 4000 mmol, 98% of which is intracellular, particu-
larly in muscle, liver, and RBCs. The ratio of ICF to ECF 
K+ balance is vital in the maintenance of cellular resting 
membrane potential, and K+ therefore has a key role in 
the behavior of all excitable tissues. Daily requirements 
reflect age and growth, with more K+ required in higher 
metabolic rates. Term infants require 2 to 3 mEq/kg/day  
and adults 1 to 1.5 mEq/kg/day. Nearly all ingested K+ 
is absorbed by the intestine, and minimal amounts are 
excreted in feces; the acute and chronic handling of K+ 
must therefore maintain a stable plasma K+ concentration 
and resting membrane potential in the face of a daily K+ 
intake of a similar magnitude to the entire ECF K+ con-
tent. Transmembrane potentials particularly depend on 
K+ permeability, with K+ egress occurring through ion 
channels down its concentration gradient. This leaves 
behind intracellular anions, with a resultant negative 
transmembrane potential. The resting value of this poten-
tial is achieved when the tendency of K+ to move extracel-
lularly as a result of its concentration gradient is matched 
by the tendency of K+ to move intracellularly because of 
the electrical gradient.

Acute K+ distribution involves shifts in K+ between 
the ECF and ICF, performed by ion transport systems 
under the influence of insulin, catecholamines, and 
ECF pH. The cell membrane Na+/K+ATPase exports 
three Na+ for every two K+ imported and is the means 
by which the gradients of these ions are maintained. 
Insulin, released after ingestion of K+-containing food, 
stimulates the Na+/H+ antiporter, increasing intracellu-
lar Na+, which is then removed by Na+/K+ATPase with 
the net cellular uptake of K+. Conversely, in the pres-
ence of hypokalemia, skeletal muscle expression of Na+/
K+ATPase is reduced, allowing a “leak” of K+ from the 
ICF to ECF.20 Catecholamines activate β2-adrenoceptors, 
which ultimately stimulate Na+/K+ATPase activity, lead-
ing to increases in ICF K+, a mechanism that counter-
acts the release of K+ from muscle cells during exercise.21 
ECF pH also has a bearing on K+ handling. The pres-
ence of mineral organic acids (where the acid anion is 
unable to diffuse into the cell) leads to increased cellu-
lar H+ uptake in exchange for K+ ions with consequent 
increases in ECF K+. Organic acids (e.g., lactic acid and 
ketone bodies) are more able to diffuse across cellular 
membranes and H+/K+ exchange is much less. Hyper-
kalemia may be observed in the setting of organic aci-
demia resulting from alternative mechanisms, such as 
insulin deficiency and osmotic drag in diabetic ketoaci-
dosis or a failure of ATP production for Na+/K+ATPase in 
situations typified by anaerobic metabolism and lactic 
acidosis. Other factors that may influence ECF to ICF K+ 
balance include aldosterone (which at high levels may 
induce intracellular K+ shift, beyond its renal effects), 
hyperosmolar states (solvent drag of K+ along with water 
efflux), and digoxin (inactivates Na+/K+ATPase and may 
cause hyperkalemia).

Chronic K+ distribution involves renal mechanisms. K+ 
is freely filtered at the glomerulus, then undergoes exten-
sive unregulated reabsorption along the proximal tubule, 
with only 10% to 15% reaching the distal nephron, 
where its reabsorption or secretion is tightly controlled. 
This occurs predominantly in two cell types found in the 
collecting ducts.

PrinCiPal Cells. The principal cells have the ability to 
secrete K+ under the electrochemical gradients set up by 
basal Na+/K+ATPases, which maintain low intracellular Na+ 
concentrations (aiding Na+ reabsorption from the tubule 
via Na+ channels) and high intracellular K+ concentrations 
(favoring K+ secretion into the tubule via K+ channels). 
Principal cell behavior is influenced by the following:
  

 •  Aldosterone, synthesized and released by the adrenal 
glands in response to raised K+ concentrations. This 
mineralocorticoid increases the synthesis and activity 
of both basal Na+/K+ATPases and luminal K+ channels 
to drive urinary K+ secretion.

 •  Tubular Na+ delivery. Increased distal tubular Na+ 
content leads to a steeper Na+ concentration gradient 
and increased principal cell reabsorption of Na+. To 
maintain electroneutrality of the tubular fluid, K+ efflux 
into the tubule increases; this is partly responsible for 
the hypokalemia associated with diuretics that increase 
delivery of Na+ to the cortical collecting ducts (thiazides 
and loop diuretics). In contrast, amiloride blocks the 
principal cell luminal Na+ channel and therefore does 
not affect K+ efflux here.
interCalated Cells. In addition to basal Na+/K+ATPases, 

these cells have luminal H+/K+ATPases that excrete one 
hydrogen into the tubule for every K+ reabsorbed. Low K+ 
settings lead to up-regulation of this luminal antiporter, 
reabsorbing more K+ at the expense of renal acid loss.

In addition to mechanisms involving aldosterone in a 
feedback loop, it is likely that feed-forward mechanisms 
also exist to rapidly modulate renal K+ handling when K+ 
is sensed in the GI system, even before plasma K+ levels 
rise.20

calcium Physiology. Beyond its role in bone structure, 
where 98% of body Ca2+ is stored, Ca2+ is one of the 
body’s most important intracellular second messengers, 
playing a key role in muscular contraction, neuromuscu-
lar transmission, cell division and movement, and oxida-
tive pathways. Intracellular Ca2+ entry may have direct 
effects—for example, leading to neurotransmitter release 
or inducing further large-scale release of Ca2+ from intra-
cellular stores (Ca2+-induced Ca2+ release), in cardiac and 
skeletal muscle contraction. A large ECF-to-ICF gradient 
of ionized Ca2+ is maintained by ATPases, and cytoplas-
mic free Ca2+ levels are kept low by pumping into the sar-
coplasmic reticulum. Increases in cytoplasmic free Ca2+ 
concentration occurring as a result of cellular energetic 
failure and impaired Ca2+ transport are a key mediator of 
cell death pathways.22 Ca2+ also plays a key role in coag-
ulation by linking coagulation factors to the negatively 
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charged plasma membrane of activated platelets (see also 
Chapter 62).

Homeostatic mechanisms maintain serum Ca2+ con-
centrations between 4.5 and 5 mEq/L (8.5 to 10.5 mg/dL),  
largely under the influence of vitamin D and parathyroid 
hormone (PTH). Ionized Ca2+ is sensed by the extracel-
lular domain of a G-coupled receptor expressed on para-
thyroid cells (the Ca2+/Mg2+-sensing receptor), inhibiting 
PTH release.23 When ionized Ca2+ levels decrease, PTH is 
rapidly released with the following actions:
  

 •  Stimulates osteoclast bone resorption, releasing Ca2+ 
into the ECF

 •  Stimulates distal tubule calcium reabsorption
 •  Stimulates the renal conversion of 25-(OH)-vitamin 

D to 1,25-(OH)2-vitamin D (calcitriol, the most active 
vitamin D metabolite)

  

The manufacture of active vitamin D involves cholecal-
ciferol formation in the skin during exposure to ultravio-
let light, which then undergoes hepatic hydroxylation to 
25-hydroxy-calciferol, then renal hydroxylation under 
the influence of PTH to 1,25-dihydroxycalciferol (cal-
citriol). As with PTH, this stimulates osteoclastic bone 
resorption and additionally stimulates absorption of Ca2+ 
from the GI tract. Other hormones, such as calcitonin24 
and stanniocalcin,25 have Ca2+-lowering effects that are 
not necessary for normal long-term maintenance of nor-
mal ECF Ca2+ content. For example, Ca2+ levels remain 
normal after loss of the calcitonin-secreting parafollicular 
(C-) cells during thyroidectomy.

Ca2+ homeostasis is interlinked with that of other 
anions. In particular, magnesium is also able to modulate 
PTH levels, and hypocalcemia and hypomagnesemia fre-
quently coexist. The homeostasis of PO4

3− is effectively 
the converse of Ca2+ (e.g., renal hydroxylation of vitamin 
D is inhibited by hyperphosphatemia), and in health the 
(calcium × phosphate) product is kept relatively stable. 
An increase in the (calcium × phosphate) product may be 
seen in advanced chronic kidney disease and is associated 
with ectopic bone deposition.

Approximately 50% of circulating Ca2+ is in the biolog-
ically active ionized form (normal range 2 to 2.5 mEq/L), 
40% bound to proteins, predominantly albumin and 
globulins, and 10% complexed to anions such as HCO3

−, 
citrate, sulfate, PO4

3−, and lactate. Hypoalbuminemia 
decreases the total serum Ca2+ but has less effect on the 
biologically important ionized form. To calculate the cor-
rected total Ca2+ concentration, 0.8 mg/dL is added per 1 
g/dL decrease in albumin concentration below 4 g/dL. The 
degree of albumin-protein binding is affected by pH, with 
acidemia reducing protein binding and increasing the 
ionized fraction. Ionized Ca2+ rises by approximately 0.1 
mEq/L per 0.1 decrease in pH.26 Given the approximate 
nature of estimates of corrected total Ca2+, biologically 
active ionized Ca2+ should be measured when possible, by 
using ion-specific electrodes. Specimens should ideally be 
taken without tourniquet (uncuffed), because local acido-
sis increases the ionized fraction.

magnesium Physiology. Mg2+ has a diverse range of cel-
lular actions, including modulation of ion channel activ-
ity and as an essential component of ATP production  
and hydrolysis. It is primarily an intracellular anion, 
although most is sequestered within organelles, bound 
to phospholipids, proteins, and nucleic acids. Free 
ionized Mg2+ levels within the cytoplasm and ECF are 
therefore low (0.8 to 1.2 mM), and chemical concen-
tration gradients are much less than for other anions. 
Of total body Mg2+, 50% is within bone, 20% within 
muscle, and the rest in liver, heart, and other tissues. 
Only 1% is within the ECF, and normal plasma levels 
may be maintained in the face of total body Mg2+ deple-
tion. Within the plasma, total Mg2+ concentration is 
1.5 to 2.1 mEq/L, of which approximately 25% is pro-
tein (mostly albumin) bound, 65% is in the biologically 
active ionized form, and the remainder is complexed to 
phosphates, citrates, and other anions.27 Measurement 
of ionized Mg2+ can be performed, although correction 
is required for interference from Ca2+ ions.28 The key 
roles of Mg2+ (Table 59-5) are underlined by its diverse 
range of clinical applications when administered exoge-
nously and stem from the following three main cellular  
actions:
  

 1.  Energy metabolism: Mg2+ is required for ATP phos-
phorylation reactions, interacting with the outer two 
PO4

3− groups of ATP. Intracellular Mg2+ deficiency 
therefore impairs any enzyme systems using high-
energy PO4

3− bonds, such as glucose metabolism.27

 2.  Nucleotide and protein production: Mg2+ acts as a 
cofactor in every step of DNA transcription and repli-
cation and translation of messenger RNA (mRNA).

 3.  Ion transport: By supporting the activity of ion- 
pumping ATPases, Mg2+ helps maintain normal 
transmembrane electrochemical gradients, effectively 
stabilizing cell membranes and organelles. In addition, 
effects on ion channels underlie one of the core func-
tions of Mg2+, namely physiologic competitive antago-
nism of Ca2+. This is mediated through inhibition of 
L-type Ca2+ channels and extracellular local modifica-
tion of membrane potential, preventing the intracyto-
plasmic influx of Ca2+ from both the ECF and within 
intracellular sarcoplasmic reticulum stores. Mg2+ also 
effectively antagonizes N-methyl-d-aspartate (NMDA) 
receptors within the central nervous system, reduc-
ing Ca2+ entry by specific ion channels. These effects 
result in inhibition of a diverse array of excitable tissue 
cellular actions, including neurotransmitter release, 
muscular contraction, cardiac pacemaker and action 
potential activity, and pain signal transmission.

  

Mg2+ is absorbed from the GI tract by a saturable trans-
port system and passive diffusion, in quantities inversely 
proportional to the amount ingested. Excretion is via the 
GI tract (~60% of the ingested amount) and kidneys.  
Seventy-five percent is freely filtered at the glomerulus, 
and proximal tubule reabsorption is minimal, with 60% 
to 70% being reabsorbed at the thick ascending loop of 
Henle and 10% reabsorbed under regulation in the dis-
tal tubule. The regulation of total body Mg2+ levels by 
GI uptake and control of renal excretion is not under 
the control of a well-defined hormonal feedback loop. 
Although many factors can influence Mg2+ reabsorption 
(particularly PTH but also calcitonin, glucagon, acid-base 



Chapter 59: Perioperative Fluid and Electrolyte Therapy 1777
TABLE 59-5 PHYSIOLOGIC ROLES OF MAGNESIUM

System Effect Mechanism and Clinical Relevance

Neurologic Reduction in pain transmission NMDA antagonism. Mg2+ treatment provides effective perioperative analgesia.236

Reduces neuromuscular 
transmission

Inhibition of neuronal Ca2+ influx reduces neuromuscular junction ACh release (and 
motor end-plate sensitivity to ACh). Hypermagnesemia potentiates the effects of 
neuromuscular blockade.

Sympatholysis Inhibition of neuronal Ca2+ influx reduces catecholamine release from adrenal medulla 
and adrenergic nerve endings. Pharmacologic use of Mg2+ in obtunding pressor 
response to intubation or during surgery for pheochromocytoma.

Anticonvulsant Mechanism may relate to NMDA antagonism or cerebral arteriolar vasodilation, possible 
mechanisms for its efficacy in eclampsia, in which vasospasm has been observed.29

Cortical depression at high 
levels

Cardiovascular Vasodilation Predominantly arteriolar, because of inhibition of Ca2+ influx–mediated vascular smooth 
muscle contraction. Mg2+ administration typically leads to a minor reflex increase in 
inotropy despite the direct action of Mg2+ on reducing cardiac contractility.237

Antiarrhythmic effects Mixed class IV (Ca2+ channel inhibition) and weak class I (Na+ channel inhibition) 
effects. Increases atrioventricular nodal conduction time and refractory periods, 
suppresses accessory pathway transmission, and inhibits early and delayed 
afterdepolarizations. Clinical use is in supraventricular tachycardias, atrial fibrillation 
rate control and postoperative prophylaxis, and tachyarrhythmias associated with 
dyskalemia, digoxin, bupivacaine, or amitriptyline.29

Improved myocardial O2 
supply-to-demand ratio

Coronary vasodilation in combination with reductions in heart rate and contractility; 
however, no clear evidence of benefit in the setting of acute myocardial infarction.

Respiratory Bronchodilation Smooth muscle relaxation. Pharmacologic use of Mg2+ is in acute bronchospasm.
Renal Renal vasodilation and diuresis Ca2+ antagonism–related smooth muscle relaxation
Immune Antiinflammatory Pharmacologic doses of magnesium sulfate reduce monocyte inflammatory cytokine 

production.238

Adaptive immunity Mg2+ is required as a second messenger during T-lymphocyte activation.239

Obstetric Tocolysis May be due to smooth muscle relaxation

ACh, Acetylcholine; NMDA, N-methyl-d-aspartate.
balance, Ca2+ and K+ levels), the main determinant is the 
plasma Mg2+ concentration, sensed by Ca2+/Mg2+-sensor 
receptors present on the basal aspect of thick ascend-
ing loop cells. Other influences may alter the intracel-
lular-extracellular balance of magnesium distribution. 
Catecholamines, acting by both α-adrenoreceptors and 
β-adrenoreceptors, and glucagon lead to extrusion of 
magnesium from intracellular stores. Although experi-
mental models have shown that adrenergic stimulation 
may increase serum Mg2+ concentrations, decreases in 
serum Mg2+ concentrations actually occur after stress-
ors such as cardiac, orthopedic, and abdominal surgery, 
trauma, burns, and sepsis.27, 29 This may be due to a later 
phase of catecholamine-driven cellular uptake after the 
initial Mg2+ efflux.30

PhosPhate Physiology. PO4
3− is the most abundant intra-

cellular anion and helps form some of the most important 
biologic molecules, including ATP, DNA, and RNA, mem-
brane phospholipids, 2,3-diphosphoglycerate (2,3-DPG), 
and hydroxyapatite in bone. PO4

3− is therefore required 
for energy metabolism, cellular signaling through phos-
phorylation reactions, cellular replication and protein 
synthesis, membrane integrity, and O2 delivery. In addi-
tion, the PO4

3− buffer system is one of the key intracellular 
buffers. Of total body phosphorus, 80% to 90% is stored in 
bone, with the remainder in the intracellular (soft tissues 
and erythrocytes) and extracellular fluid compartments.31 
Normal plasma inorganic phosphates are maintained at 3 
to 5 mg/dL, and at normal pH 80% exists in the divalent 
(HPO4
2−) rather than monovalent (H2PO4

−) form. Plasma 
phosphates also include lipid phosphates and organic 
ester phosphates. Most intracellular PO4

3− is organic.18

The typical daily intake of PO4
3− (~1 g) outweighs met-

abolic requirements, yet 70% is absorbed, leading to post-
prandial increases in serum PO4

3− levels that are rapidly 
dealt with by increased renal excretion. GI uptake occurs 
predominantly by paracellular diffusion and is unregu-
lated unless PO4

3− ingestion is reduced, when vitamin 
D and PTH-stimulated active transport intervene.32,33 
Plasma inorganic PO4

3− is freely filtered at the glomeru-
lus, 80% of which is reabsorbed in the proximal tubule 
and a smaller amount in the distal tubule. Proximal 
tubule reabsorption is via Na+-dependent cotransporters, 
the expression and activity of which are under the influ-
ence of PTH and PO4

3− intake.
The regulation of normal PO4

3− levels is mediated pri-
marily by the PTH and vitamin D systems. Low plasma 
PO4

3− levels stimulate 1-hydroxylase activity, with the 
formation of active vitamin D (1,25-dihydroxycalciferol), 
which increases GI and renal PO4

3− absorption. Con-
versely, PTH release (stimulated by reduced plasma Ca2+) 
reduces renal PO4

3− reabsorption. PO4
3− plasma levels also 

may be reduced in the short term by cellular uptake in 
response to dopamine and adrenergic activity and alka-
losis and intestinal factors (phosphatonins) released in 
response to increased intestinal luminal PO4

3−.31

chloriDe Physiology. As the second most abundant 
electrolyte in the extracellular compartment, Cl− has a 
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key role in the maintenance of plasma osmolality, pres-
ervation of electrical neutrality, and acid-base status 
(explained by the Stewart model, see later discussion). 
Normal plasma values are 97 to 107 mEq/L; Cl− is there-
fore responsible for nearly a third of plasma osmolal-
ity and two thirds of plasma negative charge.34 Most 
Cl− intake is derived from dietary NaCl, and the GI tract 
absorbs and secretes large amounts of Cl−, primarily as 
gastric hydrochloric acid, but also throughout the intes-
tinal lumen. This cellular Cl− secretion leads to para-
cellular movement of Na+ into the lumen, with water 
moving down its osmotic gradient to form GI secretions. 
Cl− excretion is primarily renal, largely in the proximal 
tubule by passive reabsorption or cotransport. More reg-
ulated control of Cl− excretion is performed in the inter-
calated cells of the distal nephron under the influence of 
plasma acid-base balance—for example, by exchange of 
HCO3

− for Cl−.

Acid-Base Disturbances and Fluid Therapy
Acid-base balance in general is discussed in Chapter 60; 
however, the two key areas in which intravascular fluid 
therapy may affect acid-base balance are iatrogenic aci-
dosis caused by the administration of Cl−-rich fluids and 
administration of sodium bicarbonate to correct acido-
sis. In summary, the interpretation of acid-base balance 
can be viewed in three main ways: by the Henderson- 
Hasselbach equation, by anion gap, or by Stewart’s strong 
ion model. The Henderson-Hasselbach equation repre-
sents the HCO3

− buffer system and has plasma HCO3
− con-

centration as an independent determinant of plasma pH 
(see Chapter 60). The anion gap model is consistent with 
the Henderson-Hasselbach equation, because it places 
changes in plasma HCO3

− at the core of plasma acid-base 
balance. It represents a simple method for differentiat-
ing causes of metabolic acidosis and is defined as the 
difference between the most abundant measured cation 
and anion concentrations in the plasma ([Na+] + [K+]) −  
([Cl−] + [HCO3

−]). The normal anion gap is 4 to 11 mEq/L, 
and this difference is represented by “unmeasured” 
anions (PO4

3−, sulfate, and anionic proteins). In the pres-
ence of excess organic acids (e.g., lactic acid or ketoacid), 
the accumulation of unmeasured anions is accompanied 
by a reduction in HCO3

− to buffer the excess H+ ions, 
leading to an increase in the anion gap. In cases in which 
Cl− is administered, even if HCO3

− falls, the anion gap 
will remain normal.35

Stewart’s model of acid-base balance has a different 
approach and proposes that plasma pH is dependent on 
the following three independent variables:
  

 1.  Pco2 (the plasma CO2 tension)
 2.  Atot, the total plasma concentration of all nonvolatile 

buffers (albumin, globulins, and PO4
3−)

 3.  Strong ion difference (SID), the difference between 
the total charge of plasma strong cations (Na+, K+, 
Mg2+, and Ca2+) and strong anions (Cl−, lactate, sul-
fate, and others). In a more simplified approach, 
apparent SID is defined as ([Na+] + [K+]) – ([Cl−] + 
[lactate]). Normal plasma SID is approximately 42 
mEq/L, and reductions in SID will lead to a fall in 
plasma pH.

  
The Stewart model has caused some controversy by repre-
senting HCO3

− as a dependent variable,36 but it has util-
ity in explaining acid-base disturbances caused by fluid 
administration.37

hyPerchloremic aciDosis. Administration of fluid with 
a Cl− concentration higher than that of plasma will in 
sufficient quantities (e.g., 30 mL/kg/hr of 0.9% saline) 
cause a metabolic acidosis because of the Cl− content.38 
This hyperchloremic acidosis may be explained by the 
Henderson-Hasselbach model of acidosis, in which saline 
infusion causes dilution of HCO3

− and a resultant base 
deficit, or by the Stewart model. Here, the increasing 
plasma Cl− concentration reduces apparent SID and there-
fore reduces plasma pH. The SID of completely ionized 
saline is zero; therefore, its infusion progressively dilutes 
the normal plasma SID. Similar changes are not seen with 
solutions containing other anions, which are metabolized 
after infusion, such as lactated Ringer solution. Although 
in vitro as an electroneutral solution, it also has a SID of 
zero; after administration the lactate undergoes metabo-
lism in patients with intact hepatic function, giving it an 
effective in vivo SID of approximately 29 mEq/L. This is 
slightly less than the plasma SID and is enough to coun-
teract any alkalosis caused by dilution of Atot.

Saline-induced hyperchloremic acidosis is recognized 
to have a variety of potentially deleterious physiologic 
effects. These include renal vasoconstriction, reduced 
GFR, reduced renin activity (shown in animal mod-
els39-41), and reduced renal cortical perfusion (in healthy 
volunteers42). Coagulopathy and GI dysfunction also 
have been suggested.43 However, it is not clear that aci-
dosis purely attributable to iatrogenic hyperchloremia 
leads to clinically important morbidity. A meta-analysis 
of studies comparing saline with balanced perioperative 
fluid regimens confirmed the presence of hyperchlore-
mia and acidosis postoperatively in the saline groups, but 
typically these biochemical abnormalities had cleared by 
the first or second postoperative day.38 No overall dif-
ferences in markers of kidney injury or need for renal 
replacement therapy were found, nor in other morbidi-
ties such as clinically important coagulopathy or GI 
symptoms. However, the available trials were relatively 
small, and higher risk surgical groups (those with preex-
isting impairment of acid-base status or emergency and 
major surgery) were underrepresented. Interestingly, in 
one trial of patients undergoing renal transplant, saline 
administration was associated with significant hyperka-
lemia, presumably caused by cellular K+ extrusion result-
ing from extracellular acidosis.44 It is therefore possible 
that the acidosis observed as a result of saline adminis-
tration has a greater clinical effect on a selected high-
risk group; further focused large-scale clinical trials are 
required.

bicarbonate aDministration. The administration of IV 
NaHCO3 to treat metabolic acidosis should be reserved 
for the emergency treatment of select conditions, includ-
ing severe hyperkalemia and arrhythmias associated with 
tricyclic antidepressant overdose. In many other situa-
tions, clinical benefit is not apparent, a finding that high-
lights an important pathophysiologic concept. Acidosis 
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in itself may not be physiologically deleterious; indeed it 
is a normal event during strenuous exercise, in which it 
may aid O2 offloading to tissues. Rather, perhaps acidosis 
serves as a marker for the severity of underlying disease 
processes, such as hypoxia, ischemia, or mitochondrial 
dysfunction, which cause morbidity without adequate 
correction.43 HCO3

− administration also has the follow-
ing negative effects18:
  

 1.  Carbon dioxide production. Most of the HCO3
− 

administered is converted to CO2, with two important 
consequences. First, excess CO2 requires excretion by 
hyperventilation. Converted HCO3

− of 100 mEq repre-
sents an excess of 2.24 L of CO2 to be exhaled, which 
may present a significant physiologic challenge to crit-
ically ill patients with preexisting ventilatory impair-
ment. Second, the excess CO2 may diffuse into the 
intracellular space, aggravating intracellular acidosis, 
although this is disputed.18

 2.  IV HCO3
− brings a significant Na+ content and there-

fore osmotic load. This may lead to hyperosmolar 
hypernatremia, ECF expansion, and volume overload.

 3.  If renal HCO3
− distribution is impaired, there may be 

an “overshoot” toward metabolic alkalosis once the 
underlying disease process causing the initial acidosis 
is resolved.

  

In situations in which HCO3
− administration is 

required, the total dose required to correct the base deficit 
can be calculated using the equation:

 Dose (mEq) = 0.3 × weight (kg) × base deficit (mEq/L) (5)

although half this dose is usually given, because of the 
problems outlined before, and treatment should stop 
once the pH rises above 7.2.

FLUID PHARMACOLOGY

Given the diverse range of physiologic effects of admin-
istered fluids, and the potentially large volumes that can 
be administered perioperatively, they should be consid-
ered as drugs with specific indications, cautions, dose 
ranges, and side effects. Many of the fluids available cur-
rently were developed several decades ago and entered 
clinical practice without rigorous analysis of their clinical 
benefits or knowledge of their effects at an organ or cel-
lular level. Newer colloid solutions have been approved 
by regulatory authorities and entered widespread clini-
cal usage based on relatively small trials of efficacy. In 
some cases, safety concerns such as the impact of colloid-
related renal dysfunction have been highlighted only by 
much later adequately powered trials.45 Furthermore, lack 
of knowledge of fluid composition is common among the 
clinicians who are most often responsible for postopera-
tive fluid administration, which may be linked to poor 
prescribing practices and increased postoperative mor-
bidity.46-48 The composition of available fluids is shown 
in Table 59-6, although not all fluids are available in all 
countries. This table includes an example of renal dialy-
sate fluid, which in special circumstances may be suitable 
for IV infusion.
Crystalloids
Crystalloids are solutions of electrolytes in water. They 
may be classified by their tonicity after infusion or their 
overall composition; crystalloids containing a range of 
electrolytes also found in plasma and a buffer such as lac-
tate or acetate may be referred to as balanced solutions. 
Crystalloids are indicated for replacement of free water 
and electrolytes but also may be used for volume expan-
sion. Conventional concepts of fluid compartments 
dictate that infused electrolytes will distribute freely 
throughout the ECF, that water will follow down osmotic 
gradients, and that the net result is a distribution of 
infused crystalloids throughout the entire ECF, with only 
20% remaining in the intravascular compartment. This is 
challenged by large clinical trials and current knowledge 
of microvascular fluid handling (see section on vascular 
endothelium), which suggest that isotonic crystalloids 
may have a larger intravascular volume expanding effect 
than this, particularly in patients with low capillary 
hydrostatic pressures. The study of volume kinetics has 
quantified the redistribution of crystalloids from the cen-
tral (intravascular) volume to the larger peripheral (total 
extracellular) volume. Perhaps up to 70% of a crystalloid 
infusion remains in the intravascular compartment at the 
end of a 20-minute continuous infusion, decreasing to 
50% after 30 minutes.4 Nevertheless, more fluid will ulti-
mately be filtered out of the capillary with crystalloids 
than with colloids, owing to colloids’ effects on oncotic 
pressure, and patients resuscitated with crystalloids have 
a more positive fluid balance for the same volume expan-
sion effect.49 Tissue edema may increase in compliant tis-
sues such as the lung, gut, and soft tissues, particularly 
when crystalloid solutions are infused into normovole-
mic subjects. Large-volume crystalloid infusion also may 
be associated with a hypercoagulable state caused by dilu-
tion of circulating anticoagulant factors; the clinical sig-
nificance of this is not currently known.50

saline solutions

0.9% sodium Chloride. One of the most commonly ad-
ministered crystalloids is 0.9% NaCl solution, yet it is not 
clear historically how it entered routine clinical practice. 
Although many of the crystalloids being examined for 
in vivo clinical usage during the 1800s had a composition 
much closer to that of plasma, Hamburger ascertained us-
ing in vitro red cell lysis experiments that 0.9% was the 
NaCl concentration that was isotonic with human plas-
ma. Therefore, 0.9% saline was not initially developed 
with the aim of in vivo administration, yet has entered 
widespread clinical use despite having a Na+ and Cl− con-
centration far in excess of that of plasma.51 Its osmolarity, 
calculated as the sum of the solutes present, is slightly 
higher than that of plasma, although the osmolality 
(measured by freezing point depression) is 285 mOsm/kg, 
very similar to that of plasma. This discrepancy reflects 
the nonideal behavior of solutions. Both ions present re-
main in the ECF after infusion, and it can be said to be 
isotonic—that is, of a similar effective osmolarity to that of 
plasma with respect to the cell membrane.

A 2-L infusion of 0.9% NaCl leads to an increase in ECF 
volume, dilutional decrease in hematocrit and albumin, 
increase in Cl− and K+ concentrations, and decrease in 
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Acetate Gluconate Glucose (g/L)-1 Other Osmolarity Notes pH (in vitro)

— — — — 285 SID 42 7.4
— — — — 308 SID 0 6.0
— — — — 616
— — — 154
— — 50 252 4.5
— — 50 406 4.0
— — 40 283
— — — 273 6.5
— — 50 525 5.0
— — — 275 In vivo SID 27 6.5
27 23 — — 294 4-6.5
16 — 50 389 / 363 3.5-6

27 23 — NaOH for pH 294 7.4
24 — — Maleate 5 309 5.1-5.9
47 — — 312
— — — In vivo SID 33
— — — Stabilizer: octanoate (caprylate) † 7.4
— — — Stabilizer: octanoate 

(caprylate)

†

— — — 88% human albumin, 12% 
α-/β-globulins

COP 20 mm Hg 7.4

— — — MWw 30 kDa Succinylated
gelatin

— — — MWw 30 kDa Succinylated
gelatin

— — — MWw 30 kDa Succinylated
gelatin

24 — — MWw 30 kDa
— — — MWw 35 kDa
— — — 308
— — —
— — — 309 5.5
— — —
— — — MWw 264 kDa 326 5.0
34 — — 287
27 — —
24 5 —
— — 50 255 4.0
TABLE 59-6 COMPOSITION OF FLUIDS AVAILABLE FOR INTRAVENOUS ADMINISTRATION*

Fluid Sodium Potassium Chloride Calcium Magnesium Bicarbonate Lactate

Plasma 140 5 100 4.4 2 24 1
0.9% NaCl 154 — 154 — — — —
1.8% NaCl 308 — 308 — — — —
0.45% NaCl 77 — 77 — — — —
5% dextrose — — — — — — —
5% dextrose/0.45% NaCl 77 — 77 — — — —
4% dextrose/0.18% NaCl 33 — 33 — — — —
Lactated Ringer solution (U.S. composition) 130 4 109 3 — — 28
5% dextrose in lactated Ringer solution 130 4 109 3 — — 28
Hartmann solution/compound Na+ lactate 131 5 111 4 — — 29
Plasma-Lyte 148/Normosol-R 140 5 98 — 3 — —
Plasma-Lyte 56 and 5% dextrose/ Normosol 

M with 5% dextrose
40 13 40 — 3 — —

Plasma-Lyte A pH 7.4 140 5 98 — 3 — —
Sterofundin 140 4 127 5 2 — —
Plasma-Lyte R 140 10 103 5 3 — 8
Hemosol 140 — 109.5 3.5 1 32 3
4%-5% albumin † — † — — — —
20% albumin † — † — — — —

Plasmanate: Plasma protein fraction (human) 
5%

145 0.25 100 — — — —

Gelofusine (4%) 154 — 125 — — — —

Plasmion/Geloplasma (3%) 150 5 100 — 3 — 30

Isoplex (4%) 145 4 105 — 1.8 — 25

Gelaspan (4%) 151 4 103 2 2 — —
Haemaccel (polygeline) 145 5.1 145 12.5 — — —
Voluven: Waxy maize HES 6% (130/0.4) 154 — 154 — — — —
Venofundin: Potato HES 6% (130/0.42) 154 — 154 — — — —
Hetastarch: Waxy maize HES 6% (670/0.75) 154 — 154 — — — —
Hextend: Waxy maize HES 6% (670/0.75) 143 3 124 5 1 — 28
Pentaspan: Pentastarch 10% 154 — 154 — — — —
Volulyte: Waxy maize HES 6% (130/0.4) 137 4 110 — 3 — —
Plasma volume: Potato HES 6% (130/0.42) 130 5.4 112 1.8 2 — —
Tetraspan: Potato HES 6% (130/0.42) 140 4 118 5 2 — —
10% Dextran 40 — — — — — — —

HES, Hydroxyethyl starch; kDa, kilodaltons; MWw, weight-averaged mean molecular weight. Plasma-Lyte, PlasmaVolume, Baxter International, Deerfield, Ill;  
Gelofusine, Gelaspan, Venofundin, Sterofundin, and Tetraspan, B Braun (Melsungen, Germany); Plasmion, Geloplasma, Voluven, and Volulyte,  
Fresenius-Kabi, Bad Homburg, Germany; Hextend, BioTime, Berkeley, Calif; Pentaspan from Bristol-Myers Squibb, Canada; Hemosol, Hosptal, Rugby,  
U.K.; Isoplex Beacon, Kent, U.K.; Normosol, Hospira, Lake Forest, Ill.

*Presented as mEq/L, except where stated.
†The NaCl content and osmolarity of albumin solutions varies dependent on formulation. Osmolarity values are calculated in vitro.
plasma HCO3
−.42 The expansion of the ECF is more per-

sistent than with balanced crystalloid solutions; although 
both fluids induce diuresis, this has a later onset and is 
less extensive with isotonic saline (see section on acute 
disturbances in circulating volume), and the excess salt 
and water load may take multiple days for even a healthy 
subject to excrete.12

Infusion of saline leads to a hyperchloremic metabolic 
acidosis and reduced renal perfusion. Although important 
differences in clinical outcomes in the surgical popula-
tions are not clear,38 in the wider critical care population 
an increased incidence of kidney injury and requirement 
for renal replacement therapy are seen when compared 
with the use of lower Cl− solutions.52 In healthy volun-
teers, the large-volume (50 mL/kg) infusion of 0.9% NaCl 
led to abdominal discomfort, nausea, and vomiting.
These side effects mean that the volume of saline 
administered perioperatively should be limited, unless 
there are compelling indications such as the following:
  

 •  Situations in which increased plasma Na+ may be 
beneficial, such as in the presence of cerebral edema.

 •  Preexisting Na+ or Cl− total body depletion, such 
as gastric outlet obstruction (see later discussion). 
However, 0.9% NaCl is not suitable for the treatment 
of acute severe hyponatremia, because it has little effect 
on plasma Na+ levels in this situation.

hyPertoniC saline. Solutions of 1.8%, 3%, and 7.5% 
NaCl are available. Their uses include the following:
  

 •  Plasma volume expansion: The hypertonic nature of 
these solutions draws water out of the intracellular 
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TABLE 59-6 COMPOSITION OF FLUIDS AVAILABLE FOR INTRAVENOUS ADMINISTRATION*

Fluid Sodium Potassium Chloride Calcium Magnesium Bicarbonate Lactate

Plasma 140 5 100 4.4 2 24 1
0.9% NaCl 154 — 154 — — — —
1.8% NaCl 308 — 308 — — — —
0.45% NaCl 77 — 77 — — — —
5% dextrose — — — — — — —
5% dextrose/0.45% NaCl 77 — 77 — — — —
4% dextrose/0.18% NaCl 33 — 33 — — — —
Lactated Ringer solution (U.S. composition) 130 4 109 3 — — 28
5% dextrose in lactated Ringer solution 130 4 109 3 — — 28
Hartmann solution/compound Na+ lactate 131 5 111 4 — — 29
Plasma-Lyte 148/Normosol-R 140 5 98 — 3 — —
Plasma-Lyte 56 and 5% dextrose/ Normosol 

M with 5% dextrose
40 13 40 — 3 — —

Plasma-Lyte A pH 7.4 140 5 98 — 3 — —
Sterofundin 140 4 127 5 2 — —
Plasma-Lyte R 140 10 103 5 3 — 8
Hemosol 140 — 109.5 3.5 1 32 3
4%-5% albumin † — † — — — —
20% albumin † — † — — — —

Plasmanate: Plasma protein fraction (human) 
5%

145 0.25 100 — — — —

Gelofusine (4%) 154 — 125 — — — —

Plasmion/Geloplasma (3%) 150 5 100 — 3 — 30

Isoplex (4%) 145 4 105 — 1.8 — 25

Gelaspan (4%) 151 4 103 2 2 — —
Haemaccel (polygeline) 145 5.1 145 12.5 — — —
Voluven: Waxy maize HES 6% (130/0.4) 154 — 154 — — — —
Venofundin: Potato HES 6% (130/0.42) 154 — 154 — — — —
Hetastarch: Waxy maize HES 6% (670/0.75) 154 — 154 — — — —
Hextend: Waxy maize HES 6% (670/0.75) 143 3 124 5 1 — 28
Pentaspan: Pentastarch 10% 154 — 154 — — — —
Volulyte: Waxy maize HES 6% (130/0.4) 137 4 110 — 3 — —
Plasma volume: Potato HES 6% (130/0.42) 130 5.4 112 1.8 2 — —
Tetraspan: Potato HES 6% (130/0.42) 140 4 118 5 2 — —
10% Dextran 40 — — — — — — —

HES, Hydroxyethyl starch; kDa, kilodaltons; MWw, weight-averaged mean molecular weight. Plasma-Lyte, PlasmaVolume, Baxter International, Deerfield, Ill;  
Gelofusine, Gelaspan, Venofundin, Sterofundin, and Tetraspan, B Braun (Melsungen, Germany); Plasmion, Geloplasma, Voluven, and Volulyte,  
Fresenius-Kabi, Bad Homburg, Germany; Hextend, BioTime, Berkeley, Calif; Pentaspan from Bristol-Myers Squibb, Canada; Hemosol, Hosptal, Rugby,  
U.K.; Isoplex Beacon, Kent, U.K.; Normosol, Hospira, Lake Forest, Ill.

*Presented as mEq/L, except where stated.
†The NaCl content and osmolarity of albumin solutions varies dependent on formulation. Osmolarity values are calculated in vitro.
Acetate Gluconate Glucose (g/L)-1 Other Osmolarity Notes pH (in vitro)

— — — — 285 SID 42 7.4
— — — — 308 SID 0 6.0
— — — — 616
— — — 154
— — 50 252 4.5
— — 50 406 4.0
— — 40 283
— — — 273 6.5
— — 50 525 5.0
— — — 275 In vivo SID 27 6.5
27 23 — — 294 4-6.5
16 — 50 389 / 363 3.5-6

27 23 — NaOH for pH 294 7.4
24 — — Maleate 5 309 5.1-5.9
47 — — 312
— — — In vivo SID 33
— — — Stabilizer: octanoate (caprylate) † 7.4
— — — Stabilizer: octanoate 

(caprylate)

†

— — — 88% human albumin, 12% 
α-/β-globulins

COP 20 mm Hg 7.4

— — — MWw 30 kDa Succinylated
gelatin

— — — MWw 30 kDa Succinylated
gelatin

— — — MWw 30 kDa Succinylated
gelatin

24 — — MWw 30 kDa
— — — MWw 35 kDa
— — — 308
— — —
— — — 309 5.5
— — —
— — — MWw 264 kDa 326 5.0
34 — — 287
27 — —
24 5 —
— — 50 255 4.0
compartment and into the extracellular (including 
plasma) volume and may therefore achieve plasma 
volume expansion while minimizing the volume 
of fluid administered. Although it has not been 
studied extensively in the perioperative phase, use of 
hypertonic saline for trauma resuscitation, particularly 
in the prehospital phase, has been considered, with no 
convincing benefit. In fact, one large trial showed no 
improvement in outcome and was stopped early.53

 •  Correction of hypoosmolar hyponatremia (see later 
discussion).

 •  Treatment of increased intracranial pressure (see also 
Chapter 70). The increased plasma osmolality reduced 
cerebral edema and increased intracranial pressure. 
Hypertonic saline may be superior to mannitol in 
this regard.54 However, as with its use in hypovolemic 
trauma, hypertonic saline used early in traumatic brain 
injury without knowledge of intracranial pressure is 
not beneficial in clinical trials.55

  

At NaCl concentration greater than 7.5%, these solu-
tions may cause endothelial damage; indeed 11.7% NaCl 
may be used as a sclerosant agent and should therefore be 
administered into a central vein.

balanceD crystalloiD solutions. Intravenous crystalloid 
solutions were initially used clinically for the management 
of cholera in 1832 by O’Shaughnessy and Latta and then 
further developed by others. Interestingly, Latta’s early 
solutions were more closely matched to physiologic plasma 
composition than NaCl solutions, containing 134 mEq/L 
Na+, 118 mEq/L Cl−, and 16 mEq/L HCO3

−.51 However, 
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clinical interest in more balanced solutions waned until 
Hartmann used a lactated modification of Ringer solution 
for pediatric patients with acidosis associated with hypo-
volemia and liver and renal failure in 1932.56 By this time, 
NaCl solutions were already in use for resuscitation from 
hemorrhage and trauma.51

Currently available balanced crystalloid solutions have 
lower overall osmolarity than 0.9% NaCl, with a lower 
Na+ concentration and much lower Cl− concentration 
(see Table 59-6). The reduction in anionic content is com-
pensated for by the addition of stable organic anionic 
buffers such as lactate, gluconate, or acetate. The mea-
sured osmolality of balanced solutions (265 mOsm/kg) 
is slightly lower than that of plasma, and they are there-
fore mildly hypotonic. Fluid compartment distribution of 
balanced solutions is similar to that of other crystalloids. 
After administration, the buffer is metabolized to produce 
HCO3

− in equimolar quantities by entry into the citric 
acid cycle. Lactate undergoes predominantly hepatic oxi-
dation or gluconeogenesis to yield HCO3

− at a maximum 
rate of approximately 200 mmol/hr.57 Acetate is normally 
present in trace quantities in the plasma (0.2 mM), being 
rapidly oxidized by liver, muscle, and heart to yield HCO3

− 
at a maximum turnover of 300 mmol/hr, beyond which 
zero-order kinetics intervene.58 A small proportion may 
be converted to the ketone body acetoacetate. The metab-
olism of gluconate is less well characterized in terms of 
location and kinetics, but it is converted to glucose with 
subsequent entry into the citric acid cycle.59 Although 
balanced crystalloids can be constituted with HCO3

− as 
a main anion, this is limited by two factors. First, HCO3

− 
reacts with water to form CO2, which is able to diffuse out 
of most packaging materials. This has been addressed by 
some products, although availability is limited.60,61 Sec-
ond, the pH shift induced by the presence of HCO3

− can 
lead to precipitation of Ca2+ (and Mg2+) if present.

The excretion of the excess water and electrolyte load 
with balanced crystalloids is more rapid than with iso-
tonic saline.62 This is due to the transient decrease in 
plasma tonicity after infusion, which suppresses ADH 
secretion and allows diuresis in response to the increased 
intravascular circulating volume. Balanced crystalloids do 
not reduce plasma SID to the same degree as NaCl solu-
tions and therefore do not cause an acidosis; HCO3

− con-
centration is maintained or slightly elevated.

Some potential negative effects have been identified 
with balanced crystalloid solutions. Lactated Ringer solu-
tions contain racemic (d- and l-) lactate, although d-lactate 
is only found in trace quantities in vivo. Concerns that 
large doses of d-lactate may be associated with encephalop-
athy and cardiac toxicity in patients with renal failure63,64 
have not been confirmed in human studies at plasma levels 
achievable by the use of racemic lactated Ringer solution; 
the metabolism of d-lactate appears to be nearly as rapid as 
that of l-lactate.65 The reliance on hepatic metabolism of 
most of the infused lactate means that lactated solutions 
should be avoided in severe liver failure. Concerns over 
the effects of excess exogenous acetate have been raised 
by the well-recognized syndrome of acetate intolerance 
experienced by patients undergoing hemodialysis with 
acetate-based dialysate. The proinflammatory, myocar-
dial depressant, vasodilatory, and hypoxemia-promoting 
effects of high acetate levels manifest as nausea, vomit-
ing, headaches, and cardiovascular instability and have 
led to the removal of acetate from contemporary dialysis 
fluids.58,66-70 Acetate turnover is limited in patients with 
end-stage kidney disease and by the presence of other sub-
strates for oxidation—for example, during lactic acidosis or 
proteolysis. It is therefore possible that critically ill patients 
or those with advanced kidney disease may exhibit bio-
chemical acetate intolerance, although this possibility 
has not been explored in patients receiving acetate-based 
balanced crystalloids. Unlike acetate, much less is known 
about the effects of increased gluconate levels, which 
occurs with the infusion of fluids containing this as an 
anion.71 Indeed, this area requires investigation at a cellu-
lar, organ, and whole organism level, particularly because 
data in animal studies suggest poorer outcome and late 
increases in lactate in a hemorrhage model when acetate/
gluconate-containing crystalloids are compared to lactated 
Ringer solution or isotonic saline for resuscitation.72

Dextrose solutions. Dextrose solutions have the follow-
ing two main indications in the perioperative setting:
  

 1.  As a source of free water: An infusion of 5% dextrose 
effectively represents administration of free water. 
In vitro osmolality is similar to that of plasma so that 
infusion does not lead to hemolysis, but soon after 
infusion the dextrose is taken up into cells in the pres-
ence of insulin, leaving free water. These solutions 
are therefore hypotonic with respect to the cell mem-
brane and in excess can dilute plasma electrolytes and 
osmolality. They should therefore be used with care 
in the postoperative period, during which the relative 
syndrome of inappropriate secretion of antidiuretic 
hormone (SIADH) leads to water retention, increasing 
the risk for hyponatremia (see later discussion). Nev-
ertheless, in carefully controlled volumes and with 
regular monitoring of serum electrolytes they are a 
useful source of free water for maintenance require-
ments postoperatively, particularly if combined with 
a low concentration of NaCl. Dextrose solutions are 
less suitable for intravascular plasma volume expan-
sion, because water is able to move between all fluid 
compartments and a very small volume therefore 
remains in the intravascular space.

 2.  Source of metabolic substrate: Although the caloric 
content of 5% dextrose is inadequate to maintain 
nutritional requirements, higher concentrations are 
adequate as a metabolic substrate, such as 4000 kCal/L 
for 50% glucose. Glucose solutions also may be coad-
ministered with IV insulin to patients with diabetes 
to reduce the risk for hypoglycemia, such as 10% dex-
trose at 75 mL/hr.

Colloids
Colloid is defined as large molecules or ultramicroscopic 
particles of a homogeneous noncrystalline substance dis-
persed in a second substance, typically isotonic saline, or a 
balanced crystalloid (see also Chapter 61). These particles 
cannot be separated out by filtration or centrifugation. 
Although not all solutions are available in all countries, 
those in production include semisynthetic colloids and 
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human plasma derivatives. Semisynthetic colloids have 
a range of molecular sizes (polydispersed) in contrast to 
human albumin solution, which contains more than 
95% albumin molecules of a uniform size (monodis-
persed). Colloid molecules above 70 kDa are too large to 
pass through the endothelial glycocalyx and are excluded 
from the subglycocalyx layer, with their initial volume of 
distribution as the plasma (rather than the entire intra-
vascular) volume (see discussion of vascular endothe-
lium). In contrast to pure electrolyte solutions, colloids 
have a higher COP and minimize transcapillary filtration, 
particularly at low capillary hydrostatic pressures. This 
maximizes their potential intravascular plasma volume 
expansion effect. However, at normal or supranormal cap-
illary pressures, hydrostatic pressure will be increased and 
transcapillary filtration will occur.3 In addition, colloid 
molecules may be lost from circulation in several ways—
by filtration across capillaries whose barrier function is 
impaired by glycocalyx shedding, endothelial cell pore 
formation in inflammation or other stressors, or both; by 
renal filtration of smaller colloid molecules; or by removal 
from the circulation by metabolism. Therefore, colloids 
have variable effective plasma half-lives, as outlined later. 
Colloids alter blood rheology, typically improving blood 
flow by hemodilution effects, reductions in plasma vis-
cosity, and red cell aggregation effects.50 In contrast to 
their beneficial effects, the introduction of a large dose of 
semisynthetic molecules (typically 40 to 60 g/L) to a com-
plex physiologic system may bring a variety of undesired 
effects on the immune, coagulation, and renal systems. 
In an attempt to limit these toxicities, maximum recom-
mend doses are produced for most colloids, but adverse 
effects may still occur with smaller administered doses. As 
the potential clinical relevance of toxicity is highlighted 
by large clinical trials, the use of colloids, at least in criti-
cal care, is increasingly cautious.73 Whether these trials 
in critical care can be applied to the entire perioperative 
period is not established (also see Chapter 61).

semisynthetic colloiDs

Gelatins. Gelatins are derived from the hydrolysis of  
bovine collagen, with subsequent modification by succi-
nylation (Gelofusine, B Braun, Bethlehem, Pa; Geloplas-
ma, Fresenius, Waltham, Mass) or urea-linkage to form 
polygeline (Haemaccel, Piramal, Orchard Park, NY). These 
forms have a similar molecular weight (MW), but the suc-
cinylated version undergoes conformational change as a 
result of increased negative charges, such that it is a larg-
er molecule. The wide range of MWs present means that 
much of an infused gelatin bolus will rapidly leave the cir-
culation, predominantly by renal filtration. Despite this, 
a recent study suggests that 60 minutes after the end of 
infusion, 50% of the infused fluid volume remains in the 
intravascular space, similar to larger MW colloids.74 Excre-
tion is primarily by the renal route. In terms of negative 
effects, the gelatins have the least impact on clinically rel-
evant hemostasis of all the semisynthetic colloids despite 
reductions in von Willebrand factor (vWF), factor VIIIc, 
and ex vivo clot strength,75 but the highest estimated inci-
dence of severe anaphylactic and anaphylactoid reactions 
(<0.35%).50 The high Ca2+ content of Haemaccel is a con-
traindication to coadministration of citrated blood prod-
ucts in the same infusion set. No known cases of variant 
Creutzfeldt-Jakob disease transmission have occurred in-
volving pharmaceutical gelatin preparations. Gelatins are 
commonly used in perioperative practice in Europe but are 
not approved by the U.S. Food and Drug Administration.

hydroxyethyl starChes. Hydroxyethyl starches (HESs) 
are modified natural polymers of amylopectin derived 
from maize or potato (see also Chapter 61). Substitution 
of hydroxyethyl radicals onto glucose units prevents 
rapid in vivo hydrolysis by amylase, and the degree of 
substitution both in terms of hydroxyethyl substitutions 
per glucose unit (maximum three) and total number of 
glucose units with substitutions is a determinant of HES 
kinetics of elimination. The degree of substitution (DS) is 
expressed as the number of substituted glucose molecules 
present divided by the total number of glucose molecules 
present. An alternative measure of substitution is the mo-
lar substitution (MS) ratio, calculated as the total num-
ber of hydroxyethyl groups present divided by the quan-
tity of glucose molecules. MS is used to define starches 
as hetastarches (MS 0.7), hexastarches (MS 0.6), pen-
tastarches (MS 0.5), or tetrastarches (MS 0.4). The pattern 
of substitution may vary because hydroxyethylation can 
occur at carbon positions 2, 3, or 6 of the glucose unit. 
The substitution type is defined by the C2/C6 hydroxy-
ethylation ratio, and a higher ratio leads to slower starch 
metabolism. Starches are also classified by in vitro MW 
into high MW (450 to 480 kDa), medium MW (200 kDa),  
and low MW (70 kDa). However, HES solutions are very 
polydispersed and the MW quoted is an average. Al-
though the size of starch molecule is responsible for both 
the therapeutic volume effects and adverse side effects, 
this changes when infused; smaller HES molecules (<50 to 
60 kDa) are rapidly excreted and larger molecules are hy-
drolyzed to form a greater number of smaller molecules 
at a rate depending on the degree of substitution and C2/
C6 hydroxyethylation ratio. The in vivo MW is therefore 
smaller and has a narrower distribution.76 Ongoing renal 
excretion accounts for the elimination of smaller HES 
molecules, with medium-sized molecules being excreted 
in the bile and feces. A proportion of larger molecules, 
particularly those resistant to hydrolysis, is taken up by 
the mononuclear phagocyte (reticuloendothelial) system, 
where they may persist for several weeks or more.77 The 
prolonged metabolism of HES means that their plasma 
volume effects typically last longer than those of gelatins 
or crystalloids, with larger MW starches increasing intra-
vascular volume by approximately 70% to 80% of the in-
fused dose at 90 minutes.78 Smaller MW starches with a 
low MS may have even larger volume effects as a result of 
the rapid initial metabolism with the formation of a large 
number of oncotically active molecules.79 Yet studies in 
healthy human volunteer experiments suggest a similar 
volume effect to that of gelatins.74 Also, starch-related 
side effects may be associated with adverse outcomes in 
critical illness (see also Chapter 61). Problems such as 
coagulopathy, accumulation, and renal dysfunction ini-
tially appeared to be related to larger MW starches, but 
now smaller tetrastarches are a concern as well. Despite 
this, study populations with critical illness, particularly 
sepsis, cannot be compared directly with elective perio-
perative patients. These trials should be interpreted with 
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caution when considering the relevance of HES to surgi-
cal patients. Nevertheless, the official recommendations 
against the use of HES are clearly negative.

CoaGulation. As with other synthetic colloids, HES 
products affect coagulation through dilutional effects in 
the circulation and MW-dependent reductions in vWF, 
factor VIII, and clot strength. The effect is most likely to 
occur with larger MW or slowly degraded medium MW 
(200 kDa/MS 0.62 or 200 kDa/MS 0.5/C2:C6 13) HES 
preparations and larger amounts of perioperative blood 
loss. This clinical effect is less marked with more rapidly 
degraded medium and small MW starches.50 In patients 
with sepsis, even lower MW HES is associated with an 
increased risk of bleeding and blood transfusion, but it 
is unclear whether this also occurs in the perioperative  
setting.80,81

aCCumulation. The accumulation of HES molecules in 
the mononuclear phagocyte system and skin, liver, mus-
cle, and gut is a dose-dependent effect that gradually de-
creases over time. However, the accumulation may persist 
for several years, and a larger degree of tissue deposition is 
associated with pruritus.77

anaPhylaCtoid reaCtions. The estimated incidence of 
severe anaphylactoid or anaphylactic reactions with HES 
products is less than with other colloids (<0.06%).50

renal dysFunCtion. HES products with medium to high 
MW are associated with oliguria, increased creatinine, 
and acute kidney injury in critically ill patients with pre-
existing renal impairment.6,82 Although newer solutions 
with low MW (130 kDa/MS 0.4) were initially thought 
to be safer in this respect, recent large-scale trials have 
shown a similar effect on the need for renal replacement 
therapy in severe sepsis, particularly when compared with 
balanced crystalloids.80,81 A recent large trial in a mixed 
critical care population comparing HES with isotonic sa-
line also reported an increase in renal replacement thera-
py with the starch solution. This study is more difficult to 
interpret given the potential renal effects of saline, and, 
as with previous studies, the possibility that patients were 
given study fluids after partial resuscitation had already 
been achieved.49 Currently no similar data are available 
from large-scale studies on the intraoperative use of HES 
solutions, and a recent meta-analysis examining perioper-
ative use of 6% HES concluded that although no increase 
in mortality or kidney injury was seen, the available evi-
dence lacked statistical power to definitively answer this 
question.83 Meanwhile, the use of starch-based colloids 
has been restricted or even completely suspended by reg-
ulatory authorities in both the United States and Europe 
(see also Chapter 61).

dextrans. Dextrans are highly branched polysaccha-
ride molecules produced by the bacterium Leuconostoc 
mesenteroides after conversion of sucrose in the growth 
medium by bacterial dextran sucrase (see also Chapter 61).  
The large MW dextrans produced undergo acid hy-
drolysis to yield smaller MW molecules, which are then 
separated by fractionation to produce a solution with a 
restricted range of MWs. Available dextrans have an av-
erage MW of 40 kDa or 70 kDa. As with other colloids, 
the polydispersal nature of dextran solutions means that 
a proportion of smaller MW molecules are present that 
are rapidly filtered at the glomerulus; 70% of a dextran 
dose is renally excreted within 24 hours. Higher MW 
molecules are excreted into the GI tract or taken up into 
the mononuclear phagocyte system, where they are de-
graded by endogenous dextranases.50 Dextrans have a 
plasma volume effect similar to that of starches, with a 
duration of 6 to 12 hours. In addition to their use in vol-
ume expansion, dextran 40 may be used in microvascu-
lar surgery, where its dilutional effects on blood viscosity 
and anticoagulant effects (see later discussion) favor flow 
in the microcirculation. Overall, the use of dextrans is 
limited by their range of toxicities, as follows:
  

 •  Antithrombotic effect: This is particularly marked 
in lower MW dextrans and is mediated through a 
range of mechanisms, including red cell coating 
and inhibition of aggregation, factor VIIIc and vWF 
reductions, and impaired activity of factor VIII. 
Platelet aggregation is also inhibited. The result 
is clinically impaired hemostasis and increased 
perioperative blood loss.75

 •  Blood cross-matching: Dextrans coat the erythrocyte 
cell membrane and may interfere with blood type 
cross-matching.

 •  Anaphylactoid reactions: Dextrans have an intermediate 
risk for serious anaphylactic and anaphylactoid 
reactions (<0.28%). Preemptive treatment with dextran 
1, a hapten inhibitor, may reduce this incidence to less 
than 0.0015%.50

 •  Renal dysfunction: Renal dysfunction resulting 
from osmotic nephrosis is recognized after low-MW 
dextran infusion,84 although the true incidence of 
this phenomenon in perioperative patients is difficult 
to estimate because of the limited use of dextrans in 
contemporary practice.

human Plasma DeriVatiVes. The human plasma deriva-
tives include human albumin solutions, plasma protein 
fractions, fresh frozen plasma, and immunoglobulin 
solution. Preparation techniques result in relatively puri-
fied solutions with the elimination of infective agents, 
although the theoretic risk for transmission of variant 
Creutzfeldt-Jakob disease remains, associated with bovine 
spongiform encephalopathy. One U.K. case of presumed 
prion transmission has been described in association 
with factor VIII transfusion, although without clinical 
manifestation.85 The ongoing transmission risk has been 
mitigated by sourcing many plasma derivatives from non-
U.K. sources. Solutions such as 5% albumin have a near- 
physiologic COP of 20 mm Hg and are used for volume 
expansion. Despite the association of hypoalbuminemia 
with worse outcomes from critical illness, the administra-
tion of exogenous albumin does not improve outcome 
in these situations. Early concerns that resuscitation with 
albumin may actually increase mortality in critical ill-
ness were not confirmed by a large controlled trial that 
found no difference in outcomes whether albumin or iso-
tonic saline was used for resuscitation.5 In this heteroge-
neous population, the albumin group required less fluid 
to attain similar endpoints (ratio 1:1.4), although in the 
subgroup of patients with trauma, and particularly brain 
injury, albumin may be associated with an increased inci-
dence of mortality.5,86 Conversely, in a subgroup analysis 
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of patients with sepsis, albumin administration trended 
toward a decreased frequency of mortality that was sup-
ported by a subsequent meta-analysis.87

CLINICAL FLUID AND ELECTROLYTE 
MANAGEMENT

Pathophysiologic Fluid Alterations in the 
Perioperative Phase
Before recommending practical approaches to adminis-
tering fluid in the perioperative phase, it is important to 
consider the pathophysiologic processes that may occur 
perioperatively and affect not just the body’s requirement 
for exogenous fluid and electrolytes but also the manner by 
which those fluids are distributed by the body. The patient 
may enter the perioperative phase with abnormalities of 
intravascular fluid volume and distribution. Subsequent 
trauma (including surgery) induces a range of evolution-
arily conserved neurohumoral and inflammatory changes, 
termed the stress response, which may have a significant 
impact on fluid and electrolyte responses and distribution. 
When the stress response is of an appropriate magnitude 
and duration, it can be a beneficial process for recovery from 
trauma; however, it could become pathologic if it is either 
exaggerated or prolonged or presents a physiologic burden 
to patients with limited baseline physiologic reserves.

PreoPeratiVe. Patients may enter the perioperative phase 
with established derangements of fluid and electrolyte bal-
ance. Hepatic, renal, and cardiac dysfunction are all associ-
ated with disordered Na+ distribution (see later discussion), 
which has profound secondary effects on ECF volume. 
Patients with oligoanuric end-stage renal disease depend 
on dialysis for fluid removal, and the timing of dialysis rel-
ative to surgery is critical. Chronic treatment with diuret-
ics may also lead to electrolyte depletion. Depending on 
treatment, hypertensive patients may have a volume-con-
tracted circulation, making them prone to marked intra-
operative relative hypovolemia (see Chapter 39).

The effects of preoperative fasting also should be 
considered, although its influence on fluid balance has 
perhaps been overstated. Modern perioperative practice 
mandates cessation of oral fluids only 2 hours before 
elective surgery, and even overnight fasting results in a 
normal blood volume when measured using robust exper-
imental techniques.88 Conversely, bowel preparation can 
cause a weight loss of 1.5 to 1.7 kg89,90 with a high water 
and K+ content. The potentially deleterious effects of this 
should be limited by restricting bowel preparations when 
possible and compensating for fluid loss with the simulta-
neous IV infusion of 1 to 2 L of crystalloid with K+ supple-
mentation. This intervention improves hemodynamics 
and lowers serum creatinine.90

More severe disturbances of fluid and electrolyte bal-
ance can occur in patients presenting with acute disease 
requiring surgical intervention. This may be influenced 
by one or more of the following:
  

 •  Direct intravascular depletion resulting from bleeding.
 •  Loss of fluid from the GI tract. This results in ECF 

depletion and loss of electrolytes, depending on the 
site of loss. Excess gastric loss because of obstruction, 
vomiting, or excess nasogastric suction results in loss 
of Na+, K+, Cl−, and acid. Loss of small bowel secretions 
results in high losses of Na+, Cl−, and HCO3

− with 
lesser K+ losses. Large bowel losses, such as in diarrhea, 
deplete large quantities of K+ with lesser losses of Na+ 
and HCO3

−. Pathologic fluid sequestration within the 
bowel lumen may have similar effects without external 
signs of fluid loss.

 •  Inflammation-related redistribution from the intra-
vascular to the extracellular compartment (see later 
discussion).

 •  Fluid sequestration in the physiologic third space, with 
edema, pleural effusions, and ascites.

intraoPeratiVe. Many factors influence intraoperative 
fluid balance, such as the following:
  

 •  Altered distribution of intravascular volume. 
Vasodilation caused by anesthetics affects both 
the venous and arterial systems and may reduce 
cardiac preload and afterload. This reduction may 
be exacerbated by sympathetic blockade caused by 
central neuraxial blockade, and cardiac output also 
may be decreased by the negative inotropic effect of 
anesthetic drugs. The distribution of blood within the 
vascular system is also influenced by the differential 
blunting of autoregulatory responses within 
organ beds caused by anesthesia. Microcirculatory 
dysfunction related to the effects of anesthesia and 
the inflammatory response to surgery may result in 
impaired functional matching of local O2 delivery with 
tissue O2 requirements, which may not be responsive 
to intravascular fluid therapy.

 •  Direct loss of intravascular volume as a result of 
bleeding. The clinical manifestation of surgical blood 
loss may vary greatly depending on the volume and 
time course of the blood loss.

 •  Insensible losses. The opening of anatomic 
compartments leads to evaporative fluid loss from 
mucosal surfaces, although estimating the extent of 
this loss may be difficult. Humidity chamber studies 
indicate that the loss may be as little as 1 mL/kg/hr 
even during a major laparotomy with extensive bowel 
exposure.91

 •  Inflammation-related redistribution. Major surgery 
induces an inflammatory response that favors 
redistribution of fluid from the intravascular to the 
extracellular compartment. This typically manifests in 
the postoperative phase (see later discussion), although 
it may become clinically apparent intraoperatively 
during surgery of sufficient magnitude and duration.

 •  Renal output. The suppression of renal urine 
production is related to perioperative ADH secretion 
and may also be influenced by the effects of positive-
pressure ventilation. Increased intrathoracic pressure 
reduces venous return and cardiac output, which 
combine with a variety of neurohumoral responses 
such as sympathetic activation and suppression of ANP 
release to decrease GFR and urine output.92 As a result, 
intraoperative urine output may be small regardless of 
the volume of IV fluid administered.93
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The early phase of the stress response is triggered during 
major surgery. Absolute or relative (redistributive) hypo-
volemia during the intraoperative phase invokes a range 
of conservative responses—described in the section on 
acute disturbances in circulating volume—that are aimed 
at redistributing blood away from the periphery and 
toward vital organs, and maintaining circulating volume 
by retaining salt and water. The tissue trauma of surgery 
also triggers a well-described inflammatory and immune 
response, and together these changes may persist into the 
postoperative phase. The inflammatory response elicited 
by tissue trauma may be aggravated by periods of hypo-
tension and tissue hypoperfusion, as described in the fol-
lowing discussion.

PostoPeratiVe. As a result of the preoperative and intra-
operative factors outlined previously, patients may start 
the postoperative phase with significant derangements 
of intravascular volume and fluid compartment distribu-
tion. The stress response triggered by surgery may have 
an ongoing influence on postoperative fluid balance.

inFlammation and immune resPonse. Tissue injury leads 
to local vasodilation, increased endothelial permeability, 
and influx of leukocytes to the damaged area, with con-
sequent production of proinflammatory cytokines for up 
to 72 hours, particularly interleukin-1 (IL-1), TNF-α, and 
IL-6. Cardiopulmonary bypass, extensive tissue trauma, 
or surgery in areas with subclinical preoperative inflam-
mation, such as tumor or infection, may lead to a postop-
erative systemic inflammatory response syndrome (SIRS). 
An alternative trigger for SIRS is GI hypoperfusion. The 
physiologic response to hypovolemia is preservation of 
cardiac and brain perfusion at the expense of kidney, gut, 
and peripheral perfusion. The intestinal villi have a coun-
tercurrent blood supply that shunts blood away from the 
mucosa in this situation, leading to mucosal necrosis and 
further impairment of gut barrier function by luminal  
digestive enzymes and bacteria. This allows gut bacterial 
endotoxin to translocate into the systemic circulation, 
acting as a potent trigger for systemic inflammation.94,95 
The reactive O2 species released on reperfusion of compro-
mised bowel further aggravate the inflammatory cascade.

Systemic inflammation impairs endothelial barrier 
function through changes in endothelial cell pheno-
type, increases in endothelial large pores, and degrada-
tion of the endothelial glycocalyx.2 Hypervolemia caused 
by excessive fluid infusion leads to the release of cardiac 
natriuretic peptides, which may further degrade the 
endothelial glycocalyx.9,96 In severe cases, inflammation-
related endothelial dysfunction leads to a capillary leak 
syndrome, with loss of water, electrolytes, and proteins 
into the interstitial space causing edema in the lungs, 
bowel, and connective tissue. Reduced plasma oncotic 
pressure facilitates ongoing capillary fluid filtration into 
the extravascular space and consequent hypovolemia.

CataboliC metabolism. The response to tissue injury re-
quires an increase in energy substrate delivery, particular-
ly to leukocytes involved in the acute inflammatory and 
immune reaction. This metabolic shift is mediated by cat-
echolamine and cortisol release and involves muscle pro-
tein catabolism, with associated hepatic gluconeogenesis, 
acute phase protein production, and increased substrate 
delivery to damaged tissues. An increase in basal meta-
bolic rate and adequate circulating volume are required to 
meet the needs of increased fuel mobilization, processing, 
and delivery.

reGulation oF salt and Water balanCe. As described in 
the section on physiologic control of overall fluid balance, 
ADH release is induced during surgery, leading to postop-
erative retention of water. This may be a direct result of 
the acute stress response, and IL-6 has been proposed as a 
key mediator.97 In addition, periods of hypovolemia and 
hypotension further stimulate ADH release and activate 
the RAA system with further water and salt retention and 
amplified ADH production. This may lead to a temporary 
period of oliguria despite a restored circulating volume 
and the risk for postoperative fluid overload and hypona-
tremia or Na+ overload depending on ongoing fluid infu-
sions. Na+ retention postoperatively is more pronounced 
in the hypercatabolic state after major surgery, as excess 
nitrogen competes with Na+ for renal excretion.

In addition to these processes, fluid may be lost from 
the circulating volume as a result of rapid reaccumulation 
into third spaces drained intraoperatively (ascites or pleu-
ral effusions), by sequestration into the bowel lumen or 
through vomiting, nasogastric drainage, or stoma losses. 
Intravascular fluid distribution is also a dynamic situa-
tion postoperatively because of changes in vascular tone 
caused by rewarming, evolving epidural sympathetic 
blockade, or systemic inflammation.

assessment anD treatment of PerioPeratiVe fluiD anD 
electrolyte imbalance

intravasCular volume. As a key variable influencing 
cardiac output (preload), and therefore tissue O2 deliv-
ery, intravascular volume is at the core of adequate tissue 
perfusion. Although the assessment of intravascular vol-
ume is an important part of perioperative fluid therapy, it 
may be challenging. Clinical history suggesting abnormal 
volume status should be sought (see earlier discussion) 
and accompanied by frequent clinical examinations, al-
though many of the conventional markers of volume 
status are not reliable when taken in isolation. Obvious 
hypovolemia may manifest with tachycardia, reduced 
pulse pressure, hypotension, and increased capillary refill 
time, but the abnormalities of these individual physio-
logic variables may have numerous causes in the perio-
perative phase. Conversely, loss of up to 25% of blood 
volume may not be accompanied by significant hemo-
dynamic alterations in healthy patients.98 Urine output, 
frequently taken as a measure of adequate end-organ 
perfusion, may also be reduced postoperatively, even in 
the presence of normal circulating volume, as a result of 
ADH and RAA activation. More invasive measures of in-
travascular volume also have limitations. Central venous 
pressure (CVP) is used as a marker of central venous vol-
ume, yet is clearly also influenced by venous compliance; 
CVP may be normal or high in venoconstricted states 
even when the absolute vascular volume is reduced (see 
also Chapter 45). Furthermore, the relationship between 
right-heart and left-heart filling pressures is not reliable 
in the presence of cardiopulmonary pathologic processes. 
Trends in CVP values over time may be a more useful 
marker, because static CVP readings are poorly predictive  



of subsequent responses to intravascular fluid chal-
lenges.99 Stroke volume (SV) and cardiac output may be 
measured using a variety of techniques (see also Chapter 
45), and targeting these variables has been widely inves-
tigated in perioperative fluid management, as described 
later. Alternatively, the adequacy of tissue perfusion may 
be assessed at a whole organism level using blood lactate 
concentrations (which may also be elevated during reper-
fusion of ischemic tissue or in advanced liver failure), or 
mixed venous O2 saturation, which identifies a mismatch 
between global O2 delivery (DO2) and O2 usage (VO2). 
Techniques used to assess the perfusion of individual  
organs have the potential to detect clinically occult hypo-
volemia affecting those tissue beds or surgical sites most 
at risk for hypoperfusion, such as the gut. These include 
near-infrared spectroscopy,100 microdialysis,101 and GI 
CO2 and pH measurement. The latter technique is gas-
tric tonometry and is based on the association between 
inadequate gut perfusion and mucosal hypercarbia and 
acidosis.102 It may detect hypovolemia of a magnitude 
not detectable by changes in systemic blood lactate, SV, 
or other cardiovascular parameters98 that is nevertheless 
associated with increased postoperative morbidity.103 De-
spite some encouraging findings in early research stud-
ies, none of these monitors is currently in routine use for 
guiding perioperative hemodynamic therapy.

Both excessive and inadequate intravascular volume 
can have a range of adverse physiologic effects, and 
achieving the fine balance between the two is a key goal 
of perioperative fluid administration. Modest hypovo-
lemia, through its effects on gut perfusion and stimula-
tion of protective neurohumoral reflexes, may exacerbate 
the inflammatory and antidiuretic aspects of the surgical 
stress response. More severe hypovolemia reduces pre-
load, cardiac output, and therefore DO2. The result may 
be inadequate DO2 to meet metabolic demands, with an 
increase in O2 extraction ratio (reflected in reduced mixed 
venous O2 saturation), progressing to inefficient anaero-
bic ATP production, if there is inadequate O2 delivery to 
sustain mitochondrial oxidative phosphorylation. This 
situation may be aggravated by insufficient compensa-
tory increases in cardiac output, impaired microvascular 
blood flow, or failure of cellular O2 usage. Lactate is a by-
product of anaerobic metabolism and accumulates with a 
consequent metabolic acidosis. At its most extreme, ATP 
production to support normal cell functions in those tis-
sues with the worst perfusion may be inadequate, leading 
to cell death and organ dysfunction. Inadequate global 
O2 delivery has been associated with a range of postopera-
tive morbidities and increased mortality and has been the 
target of numerous clinical trials. At an individual organ 
level, particular areas that have been manipulated surgi-
cally, such as tissue flaps and bowel anastomoses, may be 
susceptible to poor healing and failure when local perfu-
sion is insufficient.

Hypervolemia also has adverse effects and is often an 
iatrogenic problem in the perioperative setting. Crystal-
loids or colloids administered when capillary hydrostatic 
pressures are normal or increased lead to increased capil-
lary filtration of fluid into the interstitial space. If this 
exceeds the capacity of the lymphatics to return the excess 
fluid to the circulation, edema will develop in compliant 
Chapter 59: Perioperative Fluid and Electrolyte Therapy 1787

tissues such as the lungs, muscle, and bowel. The effect 
is more pronounced if inflammation or deterioration of 
the glycocalyx reduces the endothelial barrier function 
opposing the passage of large molecules into the intersti-
tium. The correction of salt and water overload is a slow 
process because of inefficient renal handling of excess 
Na+ loads, and the effects of postoperative ADH secretion. 
Clinically significant edema contributes to postoperative 
GI dysfunction, although this is not well defined by small 
clinical trials.104,105 Further potential effects of excessive 
intravascular fluid include reduced tissue oxygenation 
with impaired healing, pulmonary congestion predispos-
ing to pulmonary infection, and increased myocardial 
work resulting from ventricular filling beyond the opti-
mum portion of the Starling curve.106 Side effects may 
occur that are attributable to the volume of a particular 
fluid given, such as hypercoagulability or hypocoagula-
bility, hyperchloremic acidosis, or renal dysfunction. A 
positive fluid balance and weight gain in the early peri-
operative period increases postoperative morbidity.107,108

electrolyte imbalance

sodium disorders

Hyponatremia. Hyponatremia may be present pre-
operatively, develop as a consequence of periopera-
tive events, or both. It is classified as mild (130 to 134 
mEq/L), moderate (120 to 130 mEq/L), or severe (<120 
mEq/L). Moderate-to-severe hyponatremia, particularly 
of acute onset, is associated with significant perioperative  
morbidity.
causes. Assessment of serum osmolality, TBW status, 

and urinary Na+ concentration is vital for the accu-
rate diagnosis of the underlying cause of hyponatre-
mia.109,110 A diagnostic algorithm with common causes 
is shown in Figure 59-3. Na+ is normally the key deter-
minant of serum osmolality, and hyponatremia is usu-
ally observed in conjunction with reduced osmolality. 
In some situations, however, osmolality is normal or 
raised by the presence of solutes that induce cellular 
dehydration and translocation of water from cells to the 
ECF. These include glucose in the absence of adequate 
insulin, mannitol, maltose, and glycine. Alternatively, 
hyponatremia may be artifactual (pseudohyponatremia), 
caused by the presence of high lipid concentrations. In 
hypoosmolar hyponatremia, imbalanced gains or losses 
of TBW and Na+ occur such that serum Na+ concentra-
tion is reduced.

PreoPerative HyPonatremia. Hyponatremia may be an 
incidental finding during preoperative assessment, with 
the underlying pathologic mechanisms identified in  
Figure 59-3. Even mild preoperative hyponatremia is 
associated with increased 30-day mortality, major cardiac 
events, wound infection, and pneumonia.111 Whether 
hyponatremia is a direct causal mechanism in postop-
erative adverse events or a marker of underlying overt or 
subclinical pathologic processes, such as cardiac failure, is 
not clear, although excess risk is seen even in American 
Society of Anesthesiologists (ASA) class 1 and 2 patients 
undergoing elective surgery. However, correcting preop-
erative hyponatremia does not clearly improve outcomes. 
Pragmatically, the finding of preoperative hyponatremia 
should prompt a search for, and optimization of, potential 
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Figure 59-3. Causes and diagnostic algorithm for hyponatremia. The diagnostic criteria for the syndrome of inappropriate secretion of antidi-
uretic hormone (SIADH) include exclusion of adrenal, thyroid, and renal disease or diuretic usage, serum hypoosmolality (<270 mOsmol/kg), 
clinical euvolemia, increased urinary [Na+] despite normal water and salt intake and inappropriate urinary concentration (>100 mOsmol/kg). A 
characteristic response to water restriction occurs, with a 2- to 3-kg fall in weight accompanied by a reduction in salt wasting and hyponatremia 
over 2 to 3 days. RTA, renal tubular acidosis; TBW, total body water; TURP, tranurethral resection of the prostate; U[Na+], urinary sodium concen-
tration in mEq/L. (Modified from Kumar S, Berl T: Sodium, Lancet 352:220, 1998; and Tisdall M, Crocker M, Watkiss J, et al: Disturbances of sodium in 
critically ill adult neurologic patients: a clinical review, J Neurosurg Anesthesiol 18:57, 2006.)
underlying diseases. In moderate-to-severe hyponatre-
mia, nonurgent surgery should probably be postponed 
to allow the carefully monitored, gradual correction of 
hyponatremia (see later discussion).

PostoPerative HyPonatremia. As previously discussed, the 
surgical stress response, aggravated by periods of hypoten-
sion and pain-related or physiologic stress–related sympa-
thetic activity, can lead to a state of Na+ and water retention 
similar to SIADH. Avid water retention puts postopera-
tive patients at risk for hyponatremia, particularly when 
administration of free water from IV dextrose-containing 
or other hypotonic solutions is ongoing. The incidence of 
postoperative hyponatremia is 1% to 5%, with children 
and premenopausal females at particularly high risk for 
neurologic symptoms. In these groups, symptoms and 
neurologic sequelae may occur at Na+ levels as high as 128 
mEq/L, whereas elderly women typically do not become 
symptomatic above 120 mEq/L unless the decrease is 
particularly rapid. The potential impact of postopera-
tive hyponatremia is considerable; 8% of hyponatremic 
patients may develop encephalopathy, of whom 52% suf-
fer permanent neurologic sequelae or death.112 Failure to 
recognize hyponatremia as a cause of postoperative symp-
toms (see later discussion) or inadequate treatment based 
on fears of causing osmotic demyelination may contrib-
ute to these poor outcomes.113 Prevention of postopera-
tive hyponatremia should be a key goal of postoperative 
fluid therapy, based on limiting free water administration 
to pure maintenance requirements (1 to 1.2 mL/kg/hr), 
replacing losses of Na+-containing fluids (e.g., GI) with an 
appropriate isotonic salt solution, stopping IV therapy as 
soon as the oral route can be used, and daily (or more fre-
quent in high-risk groups) checking of serum electrolytes. 
The treatment of hyponatremia is outlined later.
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Figure 59-4. The transurethral resection of the prostate (TURP) syndrome. Early hypervolemia-related hypertension may be followed by pro-
found hypotension as a result of increased capillary filtration with hypovolemia, depressed cardiac function, and sympathetic blockade. Glycine 
itself may lead to seizures through allosteric activation of the N-methyl-d-aspartate receptor and is thought to cause the visual disturbance of the 
TURP syndrome. The hepatic deamination of glycine yields ammonia, which can further contribute to encephalopathy. (Modified from Gravenstein 
D: Transurethral resection of the prostate [TURP] syndrome: a review of the pathophysiology and management, Anesth Analg 84:438, 1997.)
transuretHral resection of tHe Prostate syndrome. The 
transurethral resection of the prostate (TURP) syndrome 
describes symptomatic hyponatremia, excessive intravas-
cular volume, and edema resulting from IV absorption 
of hypotonic nonconductive (electrolyte-free) irrigation 
fluid during TURP or, rarely, transurethral resection of 
the bladder114 or during ureteroscopic or hysteroscopic 
procedures (see also Chapters 72 and 87). The syndrome 
may complicate 10% to 15% of TURP procedures, with 
onset between 15 minutes and 24 hours after the onset 
of resection.115 Risk factors include increased intravesical 
pressure, prolonged resection, hypotonic irrigants, and 
open prostatic sinuses. The clinical features (Fig. 59-4) 
are related to intravascular volume changes, hyponatre-
mia, and absorption of irrigant solutes; the use of dis-
tilled water as an irrigant has largely been replaced by 
solutions of glycine, sorbitol, or mannitol because of the 
incidence of massive hemolysis. Hyponatremia resulting 
from free water absorption may lead to hypoosmolality, 
although the presence of glycine or other osmotically 
active solutes may maintain osmolality in the normal 
range. The following measures may help prevent the 
TURP syndrome:
  

 •  The use of conducting (isotonic saline) irrigant with 
bipolar diathermy.116

 •  Monitoring fluid absorption by comparing the amount 
instilled with the amount removed. Surgery should be 
halted if 750 mL (for females) or 1000 mL (for males) 
has been absorbed and the patient’s Na+ levels and 
neurologic status (if awake) assessed. Surgery should 
be terminated if 1000 to 1500 mL (for females) or 
more than 2000 mL (for males) has been absorbed. If 
saline irrigant is used, surgery should be terminated 
after 2500 mL has been absorbed; although the risk for 
hypoosmolar hyponatremia is removed, the risk for 
excessive intravascular volume remains.117,118

 •  Limiting the duration of irrigation; irrigation should 
continue only for longer than 1 hour after careful 
assessment of the patient for possible TURP syndrome.

 •  Limiting intravesical pressure to less than 15 to 25 mm 
Hg or 70 mm Hg for endometrial procedures.

 •  Monitoring the patient’s neurologic status by using 
regional anesthetic techniques. Symptoms in the 
awake patient include nausea and vomiting, visual 
disturbance, reduced level of consciousness, agitation, 
confusion, and seizures.

  

Treatment of the TURP syndrome should take into 
account the patient’s intravascular volume status, Na+ 
level, and osmolality, but typically involves cessation of 
irrigation solutions, and water restriction, and, if exces-
sive intravascular volume is present, a loop diuretic 
should be given to promote free water excretion. In severe 
hypoosmolar hyponatremia with neurologic symptoms, 
hypertonic saline may be used. Conversely, when osmo-
lality is normal or marginally decreased, hemodialysis is 
preferred.119 Mg2+ can be given for seizures, because its 
negative control of NMDA receptors counteracts dilu-
tional hypomagnesemia and the excitatory effects of 
glycine.115

Presentation anD treatment of hyPonatremia. The 
symptoms of hyponatremia are related to cerebral edema 
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and increased intracranial pressure, and are highly depen-
dent on how rapidly hyponatremia occurred. In acute 
onset, symptoms typically occur when Na+ concentra-
tions are as low as 120 to 125 mEq/L (higher in children 
and premenopausal females) with headache, confusion, 
agitation, vomiting, and lethargy. At Na+ concentrations 
less than 110 mEq/L, symptoms progress to seizures and 
coma. In the chronic setting, clinical features may be 
absent even at concentrations less than 120 mEq/L. In 
all cases of hyponatremia, potential underlying causes 
such as steroid deficiency, renal disease, and cardiac dis-
ease should be identified and treated. Treatment should 
be tailored to the patient’s intravascular volume status, 
the chronicity of onset, and the presence of symptoms. 
Chronic hyponatremia (>48 hours or of unknown dura-
tion) should be treated cautiously because of cerebral com-
pensation for the hypoosmolar state; sudden increases in 
osmolality lead to cerebral water loss and osmotic demy-
elination (e.g., central pontine myelinolysis).
  

 •  Hypovolemic hyponatremia: Symptoms are unusual 
because osmotic shifts in the brain are limited by the 
loss of both Na+ and water. ECF volume should be 
restored with isotonic saline, which will also reduce 
ongoing ADH release.

 •  Hypervolemic hyponatremia: In chronic cases this 
should focus on restriction of water intake and 
optimization of the underlying disease state, such 
as improving cardiac output with angiotensin-
converting enzyme (ACE) inhibitors to reduce the 
neurohumoral influence on water retention in cardiac 
failure, and possibly using loop diuretics (rather than 
thiazides, which impair urinary dilution) to excrete 
free water once a negative Na+ balance has been 
achieved.

 •  Chronic, asymptomatic hyponatremia: No immediate 
correction of hyponatremia is required, and the 
underlying cause should be treated. Fluid restriction, 
ADH antagonists (lithium, demeclocycline), and loop 
diuretics may be used.

 •  Symptomatic hyponatremia (typically euvolemic or 
hypervolemic): In patients with moderate symptoms 
(confusion, lethargy, nausea, and vomiting), 
hypertonic 3% saline may be used at an initial rate 
of 1 mL/kg/hr with the goal of increasing [Na+] by 
1 mEq/L/hr for 3 to 4 hours, after which electrolytes 
should be rechecked. The infusion rate should be 
modified to ensure that [Na+] is increased by no more 
than 10 mEq/L in the first 24 hours of treatment. 
Severely symptomatic hyponatremia (coma, seizures, 
often with [Na+] <120 mEq/L) is typically of acute 
onset and the risks of undertreating are more than 
those of osmotic demyelination. A bolus of 100 
mL of 3% saline should initially be given with the 
aim of acutely increasing [Na+] by 2 to 3 mEq/L. If 
no improvement in neurologic status occurs, this 
approach may be repeated once or twice at 10-minute 
intervals. After this, treatment should continue as for 
moderately symptomatic patients, with a similar goal 
of increasing [Na+] by no more than 10 mEq/L in the 
first 24 hours.120 Electrolytes and osmolality should 
be rechecked every few hours, fluid input and output 
should be carefully monitored, and patients reassessed 
regularly.
Hypernatremia. Hypernatremia ([Na] > 145 mEq/L) is 

less common than hyponatremia, but may affect up to 
10% of critically ill patients. If severe ([Na] > 160 mEq/L),  
a 75% mortality may occur depending on the sever-
ity of the underlying disease process.109,110 (Fig. 59-5). 
The major mechanisms are excessive water loss with 
inadequate compensatory intake, lack of ADH, or 
administration of exogenous sodium. Diabetes insipi-
dus (DI) is caused by a lack of ADH action as a result of 
impaired production or release (central DI) or reduced 
renal sensitivity to ADH (nephrogenic DI) with con-
sequent failure to concentrate urine and excretion of 
large quantities of inappropriately dilute urine. If the 
patient is unable to accept compensatory fluid orally 
(e.g., because of coma or in the elderly with impaired 
thirst reflexes), they may rapidly become hypovolemic. 
Central DI is seen after pituitary surgery, subarach-
noid hemorrhage, traumatic brain injury (particularly 
skull base fractures), and brainstem death. Nephro-
genic DI may be due to renal disease, electrolyte dis-
orders, or drugs (lithium, foscarnet, amphotericin B, 
demeclocycline).

Clinical features of hypernatremia include altered 
mental status, lethargy, irritability, seizures, hyperreflexia, 
and spasticity. Diagnosis is based on assessment of intra-
vascular volume status and urinary osmolality and Na+ 
concentration. In patients with persistent urine output of 
more than 100 mL/hr and hypernatremia, DI should be 
considered. Diagnostic criteria include an inappropriately 
dilute urine (<300 mOsm/kg) in combination with hyper-
natremia and high serum osmolality (>305 mOsm/kg).  
Urine specific gravity (SG) may provide a rapid guide to 
urine osmolality where urgent treatment is being consid-
ered; urine SG less than 1.005 in the context of hyper-
natremia and a potential underlying cause is consistent 
with DI.

Treatment is tailored to the intravascular volume sta-
tus, but as with hyponatremia, correction of the Na+ con-
centration should be no more rapid than 10 mEq/L/day 
unless the onset has been very acute.
  

 •  Hypovolemic hypernatremia: Correction of the 
intravascular volume deficit with isotonic saline and 
correction of the underlying cause (e.g., insulin to 
reduce hyperglycemia), then correction of the water 
deficit with 0.45% saline, 5% dextrose or enteral water 
to cover the deficit and ongoing losses.

 •  Euvolemic hypernatremia: Use of 0.45% saline, 5% 
dextrose, or enteral water to replace the deficit and 
ongoing losses. In central DI, in which urine output is 
greater than 250 mL/hr and risk exists for hypovolemia, 
titrated intravenous doses of desmopressin acetate 0.4 
to 1 μg (1-deamino-8-d-arginine vasopressin [DDAVP], 
an ADH analogue) should be given to reduce the urine 
output. Higher acute doses may have a prolonged effect 
with the risk for water intoxication.109,110

 •  Hypervolemic hypernatremia: Stop administration of 
exogenous Na+, give furosemide with 5% dextrose or 
enteral water. Dialysis may be indicated in the presence 
of renal failure.
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(Modified from Kumar S, Berl T: Sodium, Lancet 352:220, 1998.)
Potassium disorders. Because of the key role of K+ on 
excitable tissue resting membrane potential, dyskalemia 
can lead to life-threatening cardiac arrhythmias in the 
perioperative period. The normally predominant intra-
cellular distribution of K+ means that abnormal plasma 
K+ levels may reflect abnormal ECF to ICF distribu-
tion, derangements of total body K+ content, or both. 
Sampling artifacts may be introduced into laboratory 
tests of K+; anticoagulated samples typically give results 
0.4 to 0.5 mEq/L less than those from clotted samples 
because of erythrocyte K+ release during clotting. He-
molysis also artificially increases K+ levels and may be 
introduced by poor sampling technique or delayed pro-
cessing of samples.

Hypokalemia. Hypokalemia (<3.5 mEq/L) may be 
caused by the conditions outlined in Table 59-7. Mod-
erate-to-severe hypokalemia (2 to 2.5 mEq/L) leads to 
muscle weakness, electrocardiogram (ECG) abnormalities 
(ST segment depression, T wave depression, U wave eleva-
tion), and arrhythmias (atrial fibrillation and ventricular 
extrasystoles). All logic dictates that hypokalemia (e.g., as 
low as 2.6 mEq/L) should be associated with an increased 
rate of perioperative morbidity or mortality; however, 
no data support this conclusion.18 Hypokalemia should 
be pragmatically corrected in the perioperative phase 
to optimize neuromuscular function and reduce cardiac 
irritability. Such treatment is of prime importance when 
acute arrhythmias exist, and K+ should be maintained at 
greater than 4 to 4.5 mEq/L. The speed of the infusion 
should be slow enough to allow equilibration throughout 
the entire ECF, typically no faster than 0.5 mEq/kg/hr. 
K+ solutions of concentration more than 40 mEq/L may 
be an irritant to veins and should be administered via a 
central venous catheter.

Hyperkalemia. Hyperkalemia (>5.5 mEq/L) may result 
from excess intake, failure of excretion, or shift from the 
intracellular to extracellular compartment (Table 59-8). 
Failure of renal secretion is mediated through impaired 
principal cell function in the cortical collecting duct, which 
depends on aldosterone-stimulated Na+/K+ exchange via 
basal Na+/K+ATPases and luminal Na+ and K+ channels. 
The features of hyperkalemia include muscle weakness, 
paralysis, and altered cardiac conduction (increased auto-
maticity and enhanced repolarization) with consequent 
ECG changes as K+ levels increase121:
  

 •  5.5 to 6.5 mEq/L: Tall, peaked T waves
 •  6.5 to 7.5 mEq/L: Prolonged PR interval
 •  Greater than 7.5 mEq/L: Widened QRS
 •  Greater than 9.0 mEq/L: Sine wave pattern, bradycardia, 

ventricular tachycardia, increased risk for cardiac arrest
  

Chronically induced hyperkalemia, (e.g., chronic renal 
failure), is better tolerated than acute increases in blood K+ 
concentrations. Ratios between intracellular and extracel-
lular K+ concentrations may be very abnormal with acute 
hyperkalemia. With chronic hyperkalemia, these ratios 
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TABLE 59-7 CAUSES AND MECHANISMS OF HYPOKALEMIA 

Mechanism Cause Notes

Inadequate intake Anorexia nervosa
Alcoholism
Malnutrition

Gastrointestinal loss Vomiting
Diarrhea Especially secretory diarrhea
Fistulas

Excess renal loss Mineralocorticoid excess Primary and secondary hyperaldosteronism
Glucocorticoid excess High concentration of cortisol overwhelms mineralocorticoid receptor 

despite lower affinity
Diuretics Loop or thiazide diuretics deliver increased Na+ load to principal cells
Osmotic substances Glucose, urea, and mannitol also lead to increased collecting duct Na+ 

delivery
Hypomagnesemia Impairs thick ascending limb Na+ reabsorption; therefore, increased distal N+ 

delivery and K+ loss via principal cells
Renal tubular acidosis Failure of principal cell H+/K+ exchange
Bartter and Gitelman syndromes Tubule ion transporter mutations mimicking loop or thiazide diuretic effect, 

respectively
Intracellular K+ shift β2-Agonists Also seen in sympathetic activity

Insulin therapy
Acute alkalosis
Lithium overdose
Hypokalemic periodic paralysis
Vitamin B12 therapy

Modified from Kaye AD, Riopelle JM: Intravascular fluid and electrolyte physiology. In Miller RD, Eriksson LI, Fleisher LA, et al, editors: Miller’s anesthesia, ed 7. 
New York, Churchill Livingstone, 2009, p. 1705.

TABLE 59-8 CAUSES AND MECHANISMS OF HYPERKALEMIA

Mechanism Cause Notes

Increased intake Excessive K+ treatment
Blood transfusion Typically in patients who also have impaired excretion (i.e., severe 

chronic kidney disease)
Antibiotics containing K+ salts

Failure of renal secretion Mineralocorticoid deficiency Hypoaldosteronism
Hyporeninemic, hypoaldosteronemic state (diabetic nephropathy, 

tubulointerstitial disease)
Drugs causing mineralocorticoid blockade Spironolactone (blocks mineralocorticoid receptor)

ACE-I and ARBs (reduce aldosterone production)
Heparin (selective hypoaldosteronism)

Collecting duct Na+ channel blockade Amiloride
Trimethoprim
Triamterene
Pentamidine

Tubulointerstitial nephritis Cause damage or destruction of the cortical collecting duct
Renal obstruction

Extracellular K+ shift Suxamethonium
Reperfusion of ischemic tissues Cellular ischemia reduces ATP production with failure of Na+/

K+ATPase activity and K+ “leak” to the ECF. Cell lysis further 
releases K+. On reperfusion, excess ECF K+ is rapidly delivered to 
the systemic circulation. During solid organ transplantation this 
may be combined with residual perfusing solution used for ex 
vivo organ preservation, which contains a high K+ content

Insulin deficiency
Acute acidosis
Malignant hyperpyrexia

ACE-I, Angiotensin-converting enzyme inhibitor; ARBs, angiotensin II receptor blockers; ATP, adenosine triphosphate; ECF, extracellular fluid.
have probably been restored to normal. Acute hyperka-
lemia sufficient to induce electrocardiographic changes 
is a medical emergency that requires rapid treatment. 
The acute treatment of hyperkalemia involves shifting 
K+ from the ECF to ICF, antagonizing its cardiac toxicity 
with Ca2+, and increasing renal excretion. Elimination by 
GI resin exchange also may be used in more chronic cases 
(Table 59-9). Hyperkalemia greater than 6.5 mEq/L, in the 
context of anuric renal failure, is an indication for acute 
renal replacement therapy.
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TABLE 59-9 TREATMENTS FOR HYPERKALEMIA

Mechanism Treatment Indication Notes

Antagonize cardiac 
toxicity

CaCl2 10% (10 mL)
or
Calcium gluconate

K+ >6.5 mEq/L, particularly 
with ECG changes

Onset of action within a few 
min, duration 30-60 min

Intracellular potassium 
shift

Insulin 10-20 units (administered 
in 50 mL 50% glucose to avoid 
hypoglycemia)

K+ >6.0 mEq/L Onset within 10-20 min, 
duration 4-6 hr

β2-Agonists (e.g., nebulized salbutamol 
2.5 mg)

Hyperventilation Induce K+ uptake by increasing 
extracellular pHNaHCO3 1 mEq/kg K+ >6.5 mEq/L

Increase renal excretion Furosemide 20-40 mg IV Moderate-to-severe 
hyperkalemia

Increases Na+ delivery to cortical 
collecting duct and exchange 
with K+

Volume expansion with isotonic saline

Fludrocortisone Mineralocorticoid effect
Other routes of K+ 

elimination
Gastrointestinal resin exchange: 

Ca2+ resonium 15-30 g or sodium 
polystyrene sulfonate (Kayexalate) 
15-30 g PO or per rectum

Any sustained hyperkalemia

Hemodialysis Moderate-to-severe 
hyperkalemia with oliguria

Hyperkalemia can be defined as mild (5.5-5.9 mEq/L), moderate (6.0-6.4 mEq.L) or severe (>6.5 mEq/L), with or without ECG changes.240

ECG, Electrocardiogram.

TABLE 59-10 CAUSES AND MECHANISMS OF HYPOCALCEMIA

Mechanism Cause Notes

Reduced regulatory 
hormones

Hypoparathyroidism Postparathyroid or thyroid surgery. May be acute effect of reduced PTH or 
more long-term hypocalcemia during remineralization of bone after surgery 
for hyperparathyroidism (“hungry bone syndrome”)

Hypomagnesemia (suppresses PTH secretion)
Pseudohypoparathyroidism Reduced receptor response to PTH
Reduced vitamin D activity Hyperphosphatemia (inhibits hydroxylation—e.g., in chronic kidney disease)

Dietary/sunlight deficiency
Anticonvulsants (increased turnover into inactive forms)

Ca2+ chelation Massive transfusion Caused by citrate in stored red blood cell solutions
Cell lysis Phosphate release as a result of tumor lysis syndrome, trauma, or 

rhabdomyolysis
Pancreatitis Intraperitoneal free fatty acids formed by the action of released pancreatic 

lipase, which chelate Ca2+ salts; further contributions from coexistent 
hypomagnesemia and hypoalbuminemia

Increased bone deposition Prostate, breast cancer Increased osteoclastic activity
Reduced ionized fraction Alkalosis For example, acute intraoperative hyperventilation
Reduced bound Ca2+ Hypoalbuminemia Critical illness (where ionized Ca2+ may be normal, and Ca2+ replacement not 

required), poor nutrition
Unknown mechanism Endotoxemic shock

PTH, Parathyroid hormone.
CalCium disorders

Hypocalcemia. The causes of hypocalcemia are related 
to reduced PTH and/or vitamin D activity, increased bone 
deposition, Ca2+ chelation, or changes in binding protein 
concentration or ionized fraction (Table 59-10). The fol-
lowing are characteristic symptoms, some of which will 
be absent in the anesthetized patient:
  

 •  Neuromuscular irritability
 •  Circumoral and peripheral paresthesia
 •  Chvostek sign (facial twitching induced by tapping 

on the facial nerve)
 •  Trousseau sign (forearm muscular spasm induced by 

inflating a pressure cuff)
 •  Muscle cramps
 •  Laryngospasm
 •  Tetany
 •  Seizures
 •  Cardiac
 •  Impaired inotropy
 •  Prolonged QT
 •  Ventricular fibrillation
 •  Heart block
  

After a rapid large-volume transfusion of citrate-stored 
blood (>1.5 mL/kg/minute) or fresh frozen plasma, ionized 
hypocalcemia may occur as a result of citrate chelation. 
This may be particularly severe and prolonged in patients 
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TABLE 59-11 CAUSES AND MECHANISMS OF HYPERCALCEMIA

Mechanism Cause Notes

Increased PTH Primary hyperparathyroidism The most common cause, typically manifests with mild hypercalcemia 
resulting from an isolated parathyroid adenoma

Secondary and tertiary  
hyperparathyroidism

The hypocalcemia of kidney disease–related hyperparathyroidism may 
progress to hypercalcemia with prolonged disease

Malignancy PTH-related peptide secretion PTH-rP may be secreted by most solid tumors; mimics PTH effects
Osteolytic metastases Breast, lung, lymphoma, thyroid, kidney, prostate, and multiple myeloma
Calcitriol production Typical in lymphoma

Excess vitamin D Ectopic production Granulomatous disease (e.g., sarcoid), malignancy
Excess intake

Decreased renal excretion Thiazide diuretics
Increased bone turnover Hyperthyroidism

Immobilization
Increased Ca2+ intake Milk-alkali syndrome

PTH, Parathyroid hormone; PTH-rP, parathyroid hormone–related peptide.
with hepatic impairment, in whom citrate metabolism 
is reduced.122 Citrate intoxication has been described for 
many years, but is rarely a clinical problem (see also Chapter 
61). Although Ca2+ plays an important role in coagulation, 
coagulopathy specifically attributable to hypocalcemia 
only occurs at ionized Ca2+ concentrations less than 1.2 
mEq/L; rather, supplemental Ca2+ should be given in this 
situation to support cardiac inotropy and neuromuscular 
function, aiming for ionized Ca2+ more than 1.8 mEq/L.123 
Ca2+ also may be given during other situations in which 
myocardial contractility is impaired, such as during car-
diac surgery, to optimize ventricular function (see also 
Chapter 67). After parathyroidectomy, Ca2+ levels should 
be checked frequently until they have stabilized, because 
Ca2+ and vitamin D supplementation may be required in 
both the short and long term. In critical illness, total Ca2+ 
levels may be reduced because of hypoalbuminemia; how-
ever, Ca2+ supplementation should be required only if the 
ionized levels are low. Ca2+ may be given intravenously as 
10% (weight/volume) calcium gluconate or 10% (weight/
volume) CaCl2. Although in these formulations calcium 
gluconate contains less elemental Ca2+ (0.45 mEq/mL ver-
sus 1.36 mEq/mL for CaCl2), they are equally efficacious 
as long as the total Ca content given is equal. Calcium 
gluconate may be preferable for peripheral administration 
because the tissue injury from inadvertent extravasation 
is less severe than with CaCl2. Mg2+ levels are often low 
during hypocalcemia and should also be corrected, particu-
larly when hypocalcemia has been caused by infusion of 
isotonic saline or colloids in large volumes.

Hypercalcemia. Hypercalcemia occurs when ECF Ca2+ 
influx from the GI tract, bone, or both outweighs efflux 
to bone or via the kidneys (Table 59-11). The symp-
toms are related to the severity and speed of onset of 
the abnormality, so mild chronic hypercalcemia is usu-
ally asymptomatic. More severe hypercalcemia mani-
fests with neurologic symptoms (drowsiness, weakness, 
depression, lethargy, coma), GI symptoms (constipation, 
nausea, vomiting, anorexia, peptic ulcers), renal manifes-
tations (nephrogenic diabetes insipidus—which may fur-
ther aggravate hypercalcemia through dehydration—and 
renal stones), electrocardiographic abnormalities (short-
ened QT interval, prolonged PR interval), and potentia-
tion of digoxin toxicity. Treatment should address the 
underlying cause, including surgical parathyroidectomy 
in cases of severe hyperparathyroidism, or cessation of 
thiazide diuretics. In addition, the treatment of symp-
tomatic hypercalcemia should aim to increase renal Ca2+ 
excretion by volume expansion with isotonic saline and 
possibly loop diuretics. This combination may reduce 
Ca2+ by 0.5 to 1.5 mEq/L in 1 to 2 days.26 Bisphospho-
nates enhance osteoclastic bone deposition and are given 
if the hypercalcemia is severe or in milder cases in which 
response to hydration has been inadequate. A single IV 
dose of pamidronate 60 mg (moderate hypercalcemia, up 
to 13.5 mg/dL) or 90 mg (severe hypercalcemia) should 
return Ca2+ levels to normal within 7 days, and the effect 
may persist for up to 1 month. Zoledronic acid is a newer 
bisphosphonate that may be even more effective and is 
given intravenously at a dose of 4 mg.124 Bisphosphonates 
should only be given when any clinical dehydration has 
been treated to avoid calcium bisphosphonate precipi-
tation and nephrotoxicity. Glucocorticoids may also be 
given for hypercalcemia associated with lymphoprolif-
erative disease or ectopic vitamin D production.125 Cal-
citonin increases renal Ca2+ excretion and reduces bone 
resorption for up to 48 hours when given intramuscularly 
or intravenously and may contribute to a mild reduction 
in Ca2+ levels during the rehydration phase.

maGnesium disorders

Hypomagnesemia. Serum Mg2+ concentration may be a 
poor indicator of total body content because of its large 
distribution in the intracellular compartment and slow 
equilibration with bone stores (see also Chapter 77). 
Intraerythrocyte or intralymphocyte Mg2+ levels may 
give a better approximation of total body and tissue 
stores, but are more complex to process.126,127 Chronic 
Mg2+ deficiency and acute hypomagnesemia increase 
cardiovascular morbidity29 and are particularly prevalent 
in diverse hospital populations (12% of general inpa-
tients, 19% of preoperative cardiac surgery patients, 65% 
of critical care patients) (see also Chapters 67 and 101). 
The causes are related to reduced Mg2+ intake from the 
GI tract or increased renal losses (Table 59-12), although 
relative depletion may occur in times of increased cell 
turnover and protein production (pregnancy, athletes, 
cold acclimatization). The clinical presentation of hypo-
magnesemia may be nonspecific; rather symptoms 
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often relate to common coexisting hypocalcemia or 
hypokalaemia32:
  

 •  Neuromuscular: Trousseau and Chvostek signs, vertigo, 
seizures, weakness

 •  Metabolic: Carbohydrate intolerance, hyperinsulinemia, 
atherosclerosis

 •  Cardiovascular: Wide QRS, prolonged PR, T-wave 
inversion, ventricular arrhythmias

 •  Musculoskeletal: Osteoporosis and osteomalacia
  

Treatment should be tailored to the severity of symp-
toms and degree of hypomagnesemia. Asymptomatic 
patients with moderate-to-severe hypomagnesemia 
should receive oral supplementation as acute IV infu-
sions will stimulate the renal Ca2+/Mg2+-sensing recep-
tor, reducing Mg2+ reabsorption and leading to the renal 
excretion of much of the acute dose. In the presence of 
symptoms or Mg2+ concentration of less than 0.8 mEq/L, 
IV Mg2+ should be administered (50 mEq/day, plus an 
initial dose of 8 to 16 mEq over 5 to 10 minutes in the 
presence of seizures or acute arrhythmias).32 Coexis-
tent hypocalcemia, hypokalemia, or both should also 
be treated, although are unlikely to improve without 
replenishment of Mg2+. Mg2+ has many other therapeutic 
indications, even in the absence of hypomagnesemia, as 
outlined earlier. A few of these patients are likely to have 
total body Mg2+ depletion that has not been detected by 
serum Mg2+ levels.

Hypermagnesemia. Limited GI absorption and efficient 
renal excretion mean that hypermagnesemia is typi-
cally iatrogenic. Symptoms reflect the effect of Mg2+ on 
neurologic and cardiac function and relate to the serum 
concentration18:
  

 •  5 to 7 mg/dL: Therapeutic levels in the treatment of 
preeclampsia (see also Chapter 77)

TABLE 59-12 CAUSES AND MECHANISMS OF 
HYPOMAGNESEMIA

Mechanism Cause

Inadequate 
gastrointestinal 
uptake

Malnutrition
Prolonged vomiting or diarrhea
Intestinal fistula
Pancreatitis
Prolonged nasogastric suction
Malabsorption syndromes
Small bowel syndrome
Primary intestinal hypomagnesemia

Increased renal losses Chronic parenteral fluid therapy
Hypercalcemia and hypercalciuria
Osmotic diuresis
Drugs: Alcohol, loop and thiazide 

diuretics, aminoglycosides, cisplatin, 
amphotericin, cyclosporin, foscarnet

Phosphate depletion
Hungry bone syndrome
Postobstructive nephropathy
Renal transplantation
Polyuric phase of acute kidney injury
Primary hyperparathyroidism
Bartter and Gitelman syndromes
 •  5 to 10 mg/dL: Impaired cardiac conduction (widened 
QRS, long PR), nausea

 •  20 to 34 mg/dL: Sedation, reduced neuromuscular 
transmission with hypoventilation, reduced tendon 
reflexes, and muscle weakness (see also Chapter 18)

 •  24 to 48 mg/dL: Diffuse vasodilation with hypotension, 
bradycardia

 •  48 to 72 mg/dL: Areflexia, coma, respiratory paralysis
  

Mg2+ administration should therefore be performed 
with several important cautions. First, serum Mg2+ levels 
should be monitored closely during therapeutic adminis-
tration. Second, because excretion is renal, doses should 
be decreased for patients with kidney disease. Third, it 
should be used with extreme caution in patients with 
a background impairment of neuromuscular transmis-
sion (myasthenia gravis, Lambert-Eaton myasthenic 
syndrome). Fourth, coadministration of neuromuscu-
lar blockers during anesthesia should be performed in 
reduced doses titrated to neuromuscular monitoring, 
because Mg2+ potentiates the effects of both depolar-
izing and nondepolarizing neuromuscular blockers (see 
also Chapters 34 and 35). Treatment of acute hypermag-
nesemia includes promoting renal excretion by admin-
istration of fluids intravenously and diuresis. IV Ca2+ is 
given to temporarily antagonize Mg2+ and avoid diuretic-
induced hypocalcemia. Definitive treatment, particularly 
in the presence of kidney disease, may require dialysis.

PhosPhate disorders

Hypophosphatemia. Hypophosphatemia may be related 
to impaired enteral uptake, increased renal excretion, or 
shifts to the cellular compartment or bone (Table 59-13). 
Symptoms of hypophosphatemia may be precipitated 
by hyperventilation in patients with chronic depletion. 
Refeeding syndrome may be observed on commence-
ment of enteral or parenteral nutrition after a period of 
prolonged starvation and may manifest postoperatively. 
Insulin secretion is decreased during starvation. The con-
sequent fat and protein catabolism results in intracellular 
electrolyte depletion despite normal plasma levels, par-
ticularly phosphate. On refeeding, a switch back occurs 
to carbohydrate metabolism, increased insulin secretion, 
and an increased cellular uptake of PO4

3−, which may 
lead to profound hypophosphatemia. In the most severe 
forms (<1.5 mg/dL), features may include rhabdomyoly-
sis, leukocyte dysfunction, cardiac and respiratory failure, 
seizures, hypotension, and coma. IV PO4

3− replacement 
carries a risk for precipitating severe hypocalcemia so 
should be reserved for moderate (<2.2 mg/dL) to severe 
or symptomatic cases and avoided in cases of ongoing 
hypocalcemia. Replacement protocols should be based on 
patient weight and serum PO4

3-.128

Hyperphosphatemia. The causes of hyperphosphate-
mia are shown in Table 59-13. The most common cause 
in clinical practice is renal failure, in which filtered PO4

3− 
load is reduced. This may be partly compensated for in 
mild chronic kidney disease by increased PTH secretion 
and inhibition of tubular PO4

3− reabsorption, but in more 
severe kidney disease hyperphosphatemia must be con-
trolled by oral PO4

3− binders. The features of hyperphos-
phatemia may be related to symptomatic hypocalcemia 
caused by an acute elevation in PO4

3− levels; hypocalcemia 
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TABLE 59-13 CAUSES AND MECHANISMS OF PHOSPHATE ABNORMALITIES 

Hypophosphatemia Hyperphosphatemia

Mechanism Cause Mechanism Cause

Internal redistribution Respiratory alkalosis Increased endogenous load Tumor lysis syndrome
Refeeding Rhabdomyolysis
Hormones (insulin, glucagon, 

epinephrine, cortisol)
Bowel infarction

Sepsis Malignant hyperthermia
Hungry bone syndrome Hemolysis

Increased urinary excretion Hyperparathyroidism Acidoses
Disorders of vitamin D metabolism Increased exogenous load Intravenous infusion
Renal transplant Oral supplementation
Volume expansion Vitamin D intoxication
Malabsorption Reduced urinary excretion Renal failure
Renal tubular defects Hypoparathyroidism
Alcoholism Acromegaly
Metabolic or respiratory acidosis Tumor calcinosis

Decreased intestinal absorption Dietary restriction Bisphosphonate therapy
Excess antacids Magnesium deficiency
Vitamin D deficiency Pseudohyperphosphatemia Multiple myeloma
Chronic diarrhea In vitro hemolysis

Hypertriglyceridemia

Data from Weisinger JR, Bellorín-Font E: Magnesium and phosphorus, Lancet 352:391, 1998.

TABLE 59-14 CAUSES AND MECHANISMS OF CHLORIDE ABNORMALITIES 

Hypochloremia Hyperchloremia

Mechanism Cause Mechanism Cause

Cl− loss Diuretics Cl− infusion Cl−-rich fluids
Gastric drainage Parenteral nutrition
Vomiting Water loss Skin
Chronic respiratory acidosis Fever

Renal losses
Water balance in excess of Cl− Congestive cardiac failure Diabetes insipidus

Syndrome of inappropriate 
secretion of antidiuretic 
hormone

Water loss exceeding Cl− loss 
(extrarenal)

Diarrhea

Infusion of hypotonic fluids Burns
Water loss exceeding Cl− loss 

(renal)
Osmotic diuresis
Postobstructive diuresis
Intrinsic renal disease

Increased tubular chloride 
reabsorption

Renal tubular acidosis
Recovery from diabetic 

ketoacidosis
Early renal failure
Acetazolamide
Ureteral diversion
Posthypocapnia

Data from Yunos NM, Bellomo R, Story D, et al: Bench-to-bedside review: chloride in critical illness, Crit Care 14:226, 2010.
is mediated via Ca+ deposition in soft tissues when the  
calcium × phosphate product is elevated, and by inhibition 
of renal 1α-hydroxylase.32

Chloride disorders. Disorders of Cl− have the potential 
to affect acid-base balance, although this depends on the 
other constituents of the SID. As described, exogenous 
Cl− administration from isotonic saline will increase the 
plasma Cl− concentration with a lesser effect on Na+ con-
centration, thus reducing the plasma SID and therefore 
pH. Conversely, disease states typified by both hyper-
chloremia and hypernatremia or by hypochloremia and  
hyponatremia will not affect the SID and therefore not 
alter pH. Many of the causes of Cl− abnormalities (Table 
59-14) are pathologic processes that also affect Na+ levels. 
Investigation and treatment of these “matched” electro-
lyte imbalances should initially target the dysnatremia. In 
very rare cases it may be necessary to supplement Cl− ions 
using 0.1 M hydrochloric acid administered via a central 
venous catheter. The required Cl− dose can be estimated 
as follows:

 Chloride dose = (Cldesired − Clmeasured) × 0.2 × weight (kg) (6)



Practical Management of Perioperative 
Fluid Therapy
At each stage in the perioperative journey, the physi-
cian must decide how much and what type of IV fluid 
is required. Unfortunately, a robust evidence base with 
answers to these questions is not always available, so a 
pragmatic approach based on sound physiologic knowl-
edge and the best available evidence is required. To 
make the process more complicated, fluid and electro-
lyte requirements are a dynamic situation with great 
interindividual variability. Different fluid requirements 
are encountered in the preoperative, intraoperative, 
and postoperative phases, and these vary depending on 
patient factors, including weight and comorbidity, and 
on surgical factors, such as the magnitude and site of sur-
gery (see later discussion). Furthermore, the goals of fluid 
therapy vary depending on the severity of surgery and its 
associated morbidity. In “low-risk” minor surgery, fluid 
strategies may influence the incidence of relatively minor 
morbidity such as nausea and vomiting129,130 (also see 
Chapter 97), whereas in major surgery the focus is on the 
potential for fluid administration to affect major postop-
erative morbidity, postoperative length of stay, and pos-
sibly postoperative mortality.107,131,132

The goals of fluid therapy for major surgery are as follows:
  

 •  To ensure adequate circulating volume to support 
cellular O2 delivery and avoid the deleterious effects 
of hypoperfusion on cellular function and survival, 
inflammation, and neurohumoral responses. This may 
involve manipulation of not just circulating volume 
but also of cardiac output and vascular resistance.

 •  To avoid the iatrogenic side effects of fluid 
administration; excessive intravascular volume (which 
may not be readily apparent clinically), edema, 
excess Na+ or Cl− load, toxicities related to synthetic 
compounds, or unphysiologic quantities of anions 
(lactate, acetate, gluconate).

  

Many approaches have been explored in an effort to 
determine the optimum quantity and type of fluid that 
should be given to achieve these goals in perioperative 
care.

Quantity of fluiD. IV fluid quantities may be given in 
two main ways: by estimating the requirements based 
on patient weight, the phase of surgery, and nature of 
losses to estimate the required dose, or by direct mea-
surement of an individual’s physiologic variables, and 
administering fluid in sufficient quantities to achieve an 
improvement in these physiologic variables, so-called 
goal-directed therapy.

tarGetinG overall Fluid balanCe. Traditional ap-
proaches to perioperative fluid administration are based 
on historical estimates of fluid requirements during fast-
ing (e.g., using the “4-2-1” calculation) (Table 59-15133) 
and during episodes of excess loss, such as when body 
cavities are open or bleeding occurs.

The fluid volumes prescribed are then based on per-
ceived knowledge of the movement of fluids between 
compartments—for example, crystalloid being used to 
replace blood loss in a 3:1 ratio to account for crystal-
loid movement into the extravascular compartment.18 
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However, much of the physiologic basis of this manage-
ment approach has been questioned recently.3,11

An extension of the milliliter-per-kilogram approach 
to fluid administration has been to examine whether 
higher (e.g., 12 to 18 mL/kg/hr of intraoperative crystal-
loid) or lower (5 to 7 mL/kg/hr) fluid doses in the imme-
diate perioperative phase are associated with benefit 
after major surgery. Unfortunately, this work has been 
hampered by widely varying definitions of “restrictive/
conservative,” “standard,” and “liberal,” differing fluid 
types (colloids/crystalloids) examined, and different time 
courses over which the fluid strategy is applied. Despite 
these differences, a common theme is that when fluid is 
given based on a milliliter-per-kilogram protocol and on 
clinical assessment rather than to target defined physio-
logic endpoints, the administration of more than 3500 to 
5000 mL of crystalloid solution in the immediate periop-
erative period is associated with increased postoperative 
morbidity in contrast to administration of smaller fluid 
volumes. This may be reflected in increased weight gain, 
cardiopulmonary dysfunction, impaired wound heal-
ing,107,129 delayed GI function, and increased hospital 
length of stay.134,135 One study gives apparently conflict-
ing results,136 although this may be partly accounted for 
by methodologic differences with the other studies here. 
Very few studies have robustly examined the specific 
effects of postoperatively administered fluid volumes; of 
those tackling this area, one showed an earlier return to 
gut function and hospital discharge when postoperative 
infusions were limited to 2000 mL of water and less than 
100 mEq Na+/24 hr,104 whereas another showed no dif-
ference.137 These represent very small studies with meth-
odologic differences.

Although it seems likely that there exists an optimum 
fluid volume to be given to maximize perfusion while 
avoiding excessive intravascular volumes (a U-shaped 
curve when volume is plotted against morbidity), the 
position of this curve is likely to vary widely across 
patients and in response to different insults. This is 
the rationale behind individualization of fluid therapy, 
whereby objective variables are measured and targeted 
with fluid therapy.

Goal-direCted theraPy. The practice of goal-directed 
therapy (GDT) is based on measuring key physiologic 
variables related to cardiac output or global O2 delivery 
and administering fluids, and possibly inotropes, vaso-
pressors, vasodilators, and RBCs as appropriate, to ma-
nipulate these variables toward levels associated with 
improved tissue perfusion and clinical outcome. This ap-
proach to fluid administration is a continuous dynamic  

TABLE 59-15 THE 4-2-1 ESTIMATION OF 
MAINTENANCE WATER REQUIREMENTS 

Weight Fluid Prescription

First 10 kg 4 mL/kg/hr
Second 10 kg 2 mL/kg/hr
All subsequent kilograms 1 mL/kg/hr
Worked example: A 25-kg patient would require (4 × 10) + (2 × 10)  
+ (1 × 5) = 65 mL/hr “maintenance” water.

Data from Holliday MA, Segar WE: The maintenance need for water in paren-
teral fluid therapy, Pediatrics 19:823, 1957.



PART IV : Anesthesia Management1798
process that targets defined physiologic endpoints rather 
than giving fluids without objective assessments of fluid 
status. GDT, used both in the perioperative and critical 
care setting, originated from observations that survivors 
of high-risk surgery achieved a particular elevation in 
global O2 delivery and utilization in the perioperative 
period.138 Subsequent trials used hemodynamic ma-
nipulation in an effort to replicate these supranormal 
“survivor values” in patients undergoing major surgery 
(cardiac index > 4.5 L/min/m, O2 delivery index (DO2I)> 
600 mL/min/m, O2 consumption index (VO2I)> 170 mL/
min/m).139,140 The GDT approach has been studied in 
a wide variety of surgical settings, and at various time 
points, including during preoperative optimization, in-
traoperative management, and the immediate postop-
erative period. Various tools to measure the physiologic 
targets of GDT have been studied and are becoming in-
creasingly noninvasive (see also Chapter 45). Most of the 
evidence in perioperative GDT is based on measurements 
from two devices, as follows:
  

 •  Pulmonary artery catheter (PAC) (see also Chapter 45). 
Considered to be the gold standard hemodynamic 
monitor, providing measured and derived values for left-
heart and right-heart filling pressures, mixed and central 
venous saturations, cardiac output, DO2, and VO2 while 
allowing access to the central circulation. This was the 
tool used in the earlier GDT trials targeting increases in 
cardiac index and DO2I, but its use is declining because of 
concerns about catheter-associated morbidity, reduced 
expertise in insertion and data interpretation, and the 
availability of less invasive tools. In countries such as 
the United Kingdom, its use is typically restricted to 
cardiac, major liver, and transplant surgery.

 •  Esophageal Doppler monitor (EDM) (see also Chapter 46).  
This device uses transesophageal ultrasound measure-
ment of descending aorta blood velocity, integrating 
this with estimated aortic cross-sectional area to derive 
SV. Other measurements include peak velocity, used 
as an indicator of ventricular contractility, and cor-
rected flow time (FTc), the duration of systolic aortic 
blood flow corrected for heart rate. FTc may be reduced 
(<330 ms) by increased systemic vascular resistance 
(SVR), reduced SV, or both. SVR may be calculated 
by inputting CVP and mean arterial pressure (MAP), 
helping to identify whether a low FTc is due to inad-
equate preload or excessive afterload. Variation in SV 
with positive-pressure ventilation (SV variation [SVV]) 
is also measured by the latest EDM models. Periopera-
tive GDT trials have targeted increases in SV and FTc, 
typically aiming to preemptively optimize these values 
with colloid boluses rather than responding to evi-
dence of overt hypovolemia. Multiple algorithms for 
EDM-guided GDT have been studied. Some incorporate 
FTc and SV (Fig. 59-6),141,142 whereas more simple algo-
rithms rely on repeated fluid boluses until SV does not 
increase further, presumably corresponding with the 
peak of the Starling curve.143

  

Other targets for goal-directed therapy are as follows:
  

 •  Arterial blood pressure and waveform analysis: These 
monitors analyze the invasive arterial blood pressure 
or plethysmograph trace to yield two types of 
measurement. First, an estimate of SV (and therefore 
cardiac output and index) based on the principle that 
pulse pressure is proportional to SV when arterial 
compliance is constant. Interpatient variation in 
arterial compliance may be accounted for by regular 
calibration steps using lithium dilution (LiDCO Plus, 
LiDCO, Lake Villa, Ill) or thermodilution (PiCCO, 
Phillips, Andover, Mass) or ignored in uncalibrated 
monitors (LiDCO Rapid, LiDCO; Vigileo, Edwards, 
Washington, DC), the latter representing SV trends 
rather than absolute estimates. Second, SVV, a 
predictor of fluid responsiveness based on systolic 
pressure variation with intermittent positive-pressure 
ventilation, can be measured.

 •  Thoracic bioimpedance: This has been underexplored 
in perioperative GDT and outcomes.

 •  CVP: Despite one study that demonstrated improved 
outcomes from hip fracture surgery when CVP response 
to intravascular fluid challenges was compared to 
unmonitored control,144 CVP readings are clearly 
poorly predictive of intravascular blood volume and 
fluid responsiveness.145

 •  Echocardiography (also see Chapter 46): This advanced 
technique is used for guiding fluid therapy and yielding 
information on cardiac performance and filling, but 
requiring operator expertise and a transesophageal 
approach in the intraoperative setting.

 •  Lactate: A reduction in increased blood lactate 
concentrations is used clinically as a marker of 
successful resuscitation, and is used as a therapeutic 
target in very few studies.146

 •  O2 extraction and venous O2 saturation (SvO2) or 
central venous saturation (ScvO2): Inadequate tissue O2 
delivery may be signaled by increased O2 extraction and 
the resultant mixed or central venous O2 desaturation. 
Low ScvO2 is associated with poor outcomes after 
high-risk surgery,147 although it has been targeted in 
only one interventional study in major noncardiac 
surgery.148

  

Recent meta-analyses have highlighted the potential 
benefits of the GDT process. One meta-analysis with 
the most tightly defined patient group (surgery but not 
trauma or sepsis) and all time points (preoperative, intra-
operative, and postoperative GDT) and GDT tools (PAC, 
EDM, and arterial waveform analysis), showed GDT to be 
associated with a reduction in postoperative morbidity 
and hospital length of stay.132 Specifically, GDT leads to 
a reduction in the number of patients with postoperative 
renal impairment, respiratory failure, and postoperative 
wound infection. Many of the individual studies were not 
powered to detect a mortality difference; however, when 
analyzed rigorously in this Cochrane systematic review, 
excluding poorly controlled studies, hospital or 28-day 
mortality was also reduced by GDT.132 In another meta-
analysis, subgroup analysis of studies using the EDM as 
the GDT tool was performed, albeit in a more diverse 
patient group including those with multiple trauma. 
EDM-guided GDT, even when fluids and not inotropes or 
vasopressors were used, was again found to reduce post-
operative morbidity, but not mortality.149
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Monitor FTc and SV

FTc < 350 ms

FTc < 350 ms

FTc > 400 ms

Monitor FTc and SV

Monitor FTc and SV

Colloid challenge
7 mL/kg first bolus (if low FTc)
3 mL/kg subsequent bolus (or initial SV)

SV increased > 10%
since previous

bolus or measurement

FTc < 350 ms or
SV decrease > 10%

No

No

No

Yes

Yes

Yes

No

Figure 59-6. Protocol for ODM-based intraoperative goal-directed fluid therapy. FTc, Heart rate-corrected descending aorta flow time; SV, stroke 
volume. (Redrawn from Noblett SE, Snowden CP, Shenton BK, et al: Randomized clinical trial assessing the effect of Doppler-optimized fluid management 
on outcome after elective colorectal resection, Br J Surg 93:1069, 2006.)
A frequent finding in GDT studies is that the interven-
tion group receives more fluid, typically an extra 500 mL 
of colloid, a finding that has raised questions, as follows:
  

 1.  This fluid excess may seem to be at odds with the poten-
tial benefits of a conservative fluid strategy. However, 
it should be noted that the fluid excess in the liberal 
groups of fluid balance studies is typically of greater 
magnitude and different type (∼1500 mL of excess crys-
talloid overall) and is indiscriminate, in comparison to 
the targeted administration to some patients based on 
specific physiologic variables in GDT. This difference 
may be partly responsible for the finding that overall 
outcomes in “liberal” groups are worse than those in 
GDT groups in their respective trials.108

 2.  The potential benefit of the GDT process is underlined 
by a failure to replicate the improved outcomes when 
these fluid balance differences are used as therapeu-
tic targets. This was shown in a study in which the 
intervention group subjects were uniformly adminis-
tered an extra 500 mL of colloid compared with the 
control group, with no improvement in postoperative 
outcomes.150 This suggests that it is the individualiza-
tion of therapy supported by monitored variables that 
may bring the clinical benefit.

 3.  Even in GDT trials with few overall differences in 
intravascular fluid balance between the control and 
intervention groups, the individualization of patient 
fluid requirements may be reflected in the timing of 
intraoperative fluid administration. In one study, early 
intraoperative EDM-guided fluid administration in the 
first quarter of surgery increased cardiac output above 
that of the control group, a difference that was sus-
tained until the end of surgery and reduced postopera-
tive morbidity.142

  

Despite the apparent benefit of GDT in the studies per-
formed so far, further research is still required in large-
scale multicenter trials to address the following:
  

 •  Although most of the GDT studies have used boluses 
of a variety of colloids, it is not clear if one colloid 
is superior or whether crystalloids could be used for 
boluses instead. This is particularly relevant given 
the cost and potential toxicities of colloids when 
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examined in sufficiently powered studies in critical care 
populations49,81,151 (see also Chapter 61).

 •  The benefits of GDT need to be reappraised in the 
context of current perioperative and surgical practices 
that have developed since the advent of GDT, including 
enhanced recovery programs,136,152 increasing use of 
laparoscopic surgery, regional anesthesia for orthopedic 
surgery, and declining control group postoperative 
mortality.149

 •  Inadequate numbers of certain surgical populations 
have been studied, in particular those in emergency 
surgery; meanwhile findings in one subpopulation 
should not be freely generalized to others undergoing 
fundamentally different physiologic insults.

 •  Hemodynamic monitors are currently under rapid 
ongoing development, and newer devices should be 
compared with existing ones for their utility in guiding 
GDT. Ultimately, as newer technologies are evaluated, 
the potential benefits of GDT may relate to the process 
of administering fluids based on rational physiologic 
endpoints rather than to the specific GDT tool used. 
As previous evaluations of monitoring devices have 
shown, no benefit is gained from using a device per se, 
but rather from the therapeutic intervention that the 
device allows.153

aPProPriate fluiD selection

Crystalloids or Colloids For intravasCular Plasma volume 
exPansion. Although crystalloids are the most rational  
choice of fluid for replacement of evaporative losses, 
maintenance fluid requirements, and expansion of the 
entire extracellular fluid volume, the choice of crystalloid 
or colloid for plasma volume replacement in the periop-
erative phase is not clear. This underlines the lack of ade-
quately powered perioperative studies directly comparing 
the two fluid types when administered in a similar fash-
ion. Although the majority of GDT studies use colloid for 
their intravascular volume expansion, these studies are 
also comparisons of fluid administration guided by physi-
ologic endpoints with nonguided therapy. Whether the 
same level of benefit can be achieved by crystalloid-based 
GDT merits further investigation. Crystalloid may be ef-
fective in plasma volume expansion (PVE) at amounts 
less than previously reported, although typically 40% to 
50% more crystalloid than colloid must be administered 
to obtain the same clinical volume effect.3 When com-
bined with the increased propensity of crystalloid to filter 
across the capillary membrane, more extravascular vol-
ume expansion occurs, potentially causing tissue edema. 
When compared with colloids, crystalloids may lead to 
increased GI mucosal edema,154 with the potential for de-
layed postoperative GI function and bacterial transloca-
tion. The differential effect of crystalloids when compared 
to colloids on tissue O2 tension has no clear consensus.50 
The limited data comparing colloid with crystalloid for 
perioperative PVE may lead clinicians to extrapolate find-
ings from studies in critical care. A Cochrane review high-
lighted the lack of improvement in all-cause mortality  
when colloids were used for intravascular volume expan-
sion in unselected critical care populations.155 In studies 
specific to patients with sepsis, starch-based colloids, 
including smaller MW versions, are associated with an  
increased requirement for renal replacement therapy, 
blood transfusion, and an increase in severe adverse 
events.80 Although these findings may not be directly 
related to patients undergoing surgery, starch colloids 
should be avoided in perioperative patients with severe 
sepsis or at increased risk for renal failure pending the 
necessary large-scale trials assessing their safety in the 
perioperative setting (see also Chapter 61). This is re-
flected in license restrictions for these fluids in the United 
States, and in the United Kingdom the use of starches has 
been suspended in all settings. The potential toxicities of 
colloids must be weighed against the potential for exces-
sive intravascular volume effects of PVE using crystalloids 
until more data are available informing the debate on 
crystalloids versus colloids for perioperative PVE.

saline-based or balanCed solutions. Although its clini-
cal relevance has been debated,43 evidence demonstrates 
that intraoperative fluid administration based on isotonic 
saline causes a postoperative hyperchloremic acidosis and 
increase in spontaneous ventilation for respiratory com-
pensation.38 The excess NaCl and water load associated 
with isotonic saline is also excreted more slowly than 
that associated with balanced crystalloids. More focused 
trials in groups at risk for renal injury and postoperative 
respiratory failure will help to determine whether these 
adverse physiologic effects translate into worse clinical 
outcomes, as has been found in the general critical care 
population.52 More practical problems may include the 
inappropriate administration of fluid boluses as the re-
sult of the finding of a base deficit incorrectly ascribed to 
tissue hypoperfusion. It is reasonable to restrict isotonic 
saline solution to the indications outlined in the section 
on preoperative fluid and electrolyte management and 
to use balanced crystalloids when required, until further 
data are available. Very limited data exist on the impact 
of colloids administered in either saline or balanced crys-
talloid solutions.

tyPical Practical aPProach. The following guid-
ance represents an assimilation of the physiology, fluid 
pharmacology, and available evidence presented in this 
chapter. However, in many areas of perioperative fluid 
management the lack of robust evidence means that the 
choice of fluid and method of administration remains a 
clinician’s choice informed by the balance of risks and 
benefits. The following overall themes in prescribing flu-
ids in moderate-to-major surgery are important:
  

 •  Fluids administered should be individualized. This 
may be as simple as dosing postoperative maintenance 
fluids on a milliliter-per-kilogram basis or titrating 
intraoperative plasma volume expansion to objectively 
measured physiologic variables.

 •  Fluid status changes constantly throughout the periop-
erative period and should be frequently reassessed.

 •  The approach should be adapted to the patient and 
surgical factors outlined later.

  

PreoPerative. In preparing for elective surgery, oral 
clear fluid intake should continue until 2 hours preopera-
tively and longer fasting discouraged. The use of preop-
erative bowel preparation should be restricted to carefully 
selected cases, and in these cases an infusion of 1 to 2 L of 
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balanced crystalloid with K+ supplementation should be 
given in the preoperative period. Chronic comorbidities 
should be assessed for their influence on fluid and electro-
lyte balance, as outlined later.

Emergency surgery patients are likely to have acute 
disturbances of fluid compartments. They require timely 
resuscitation guided by rational physiologic endpoints 
such as trends in blood pressure and heart rate, lactate, 
urine output, and mixed or central venous O2 saturations. 
Although preoperative fluid administration using cardiac 
output monitoring makes clinical sense, often logistical 
implications are involved with this approach and in some 
cases (ongoing blood loss or early surgical control of sep-
sis) surgery should not be delayed. A pragmatic approach 
is required to provide ongoing fluid resuscitation with-
out compromising early surgical intervention. Upper GI 
losses should be quantified and replaced with isotonic 
saline, and lower GI losses (fistula, ileus, or obstruction) 
with balanced crystalloid. K+ should be supplemented as 
appropriate.

intraoPerative. A background infusion of balanced 
crystalloid should be used to replace the ongoing water 
and electrolyte losses experienced during surgery. Hypo-
tension caused by general or regional anesthesia is related 
primarily to vasodilation and reduced inotropy, and, un-
less the patient is hypovolemic because of preoperative 
factors, it is more rational to treat this with small doses 
of vasopressors, inotropes, or both.11 Fluid therapy in pa-
tients considered to be at higher risk should be guided by 
invasive pressure monitoring to allow early recognition of 
overt hypovolemia and markers of global tissue perfusion, 
including lactate and acid-base status. Although no uni-
versally accepted definitions of a high-risk case exist,156 
major elective or emergency surgery should be included, 
especially in patients with advancing age (see also Chap-
ter 80), comorbidities (see Chapter 39), and poor exercise 
tolerance, whose overall postoperative mortality risk is es-
timated to be more frequent than 5%. In these cases and 
particularly in certain orthopedic and intraabdominal 
operations about which the evidence base is strongest, 
cardiac output should be optimized by titrating boluses 
of a suitable colloid to a measured variable such as SV and 
FTc, cardiac output and O2 delivery, or SVV, depending 
on the monitor used. Blood loss should be replaced with 
colloid or blood and blood products depending on the 
volume lost and variables suggesting inadequate tissue O2 
delivery (see also Chapter 61). Crystalloid may be used 
as an alternative for intravascular plasma volume expan-
sion, but the increased volume required and potential for 
extravascular volume expansion should be considered. 
Overall the goal should be to achieve euvolemia by the 
end of surgery or the early postoperative period.

PostoPerative. High-risk surgical patients may benefit 
from an ongoing period of GDT targeting O2 delivery in 
the early postoperative period.157 In all other patients 
after major surgery, an assessment of fluid status should 
be made based on clinical examination and supporting 
physiologic measurements such as lactate, central or 
mixed venous saturations, and cardiac output variables, 
if available. If patients are euvolemic and able to return to 
oral fluid intake, this is the best way of avoiding the iatro-
genic effects of postoperative fluid administration. Early 
oral intake is typically well tolerated and safe, and early 
oral nutrition may reduce the incidence of postoperative 
complications.158

The following should be done in patients requiring 
ongoing IV therapy:
  

 1.  Electrolytes should be checked at least daily to monitor 
for hyponatremia and other electrolyte derangements.

 2.  Fluid requirements should be strictly divided into three 
categories for their ongoing assessment and treatment:

 a.  “Pure” maintenance requirements should be salt-
poor and contain a modest volume of free water to 
account for the postoperative state of salt and water 
retention. Infusions should therefore consist of the 
following159:

 •  1500 to 2500 mL in 24 hours, depending on weight, 
or 1 to 1.2 mL/kg/hr. Given the relative reduction 
in TBW in obesity (see previous discussions on 
crystalloids, fluid compartments), consideration 
should be given to dosing this fluid requirement 
based on ideal body weight in this setting.

 •  50 to 100 mEq Na+ should be given in 24 hours.
 •  40 to 80 mEq K+ should be given in 24 hours.
 •  It is likely that part of this minimal maintenance 

volume should comprise hypotonic fluids such 
as 5% dextrose or 0.18% saline with 4% dextrose. 
Because of the risk for postoperative hyponatre-
mia, this maintenance intravascular fluid volume 
should not be increased if suspicion for hypovo-
lemia exists. Rather, the source of the ongoing 
loss should be identified and treated separately. As 
oral fluid intake increases, this maintenance fluid 
should be reduced proportionately.

 b.  Replacement of ongoing losses. This fluid require-
ment requires frequent reassessment to appropri-
ately titrate replacement fluids, if indeed any are 
needed. Volumes given should reflect measured 
amounts lost and an assessment of intravascular 
volume status and adequacy of organ perfusion 
(mental state, lactate, hemodynamic trends). Losses 
from the GI tract (vomiting, nasogastric aspirates, 
stoma) should be replaced with an equal volume 
of isotonic saline or balanced crystalloid with K+ 
as appropriate. Losses to third spaces, such as reac-
cumulation of ascites, should be treated with a 
mixture of colloid and crystalloid, and blood loss 
replaced with colloid, blood, or blood products, as 
well as definitive intervention, if appropriate.

 c.  New requirements (resuscitation). New requirements 
may relate to the development of postoperative 
complications such as hemorrhage (absolute 
hypovolemia) or acute sepsis (relative or absolute 
hypovolaemia).

  

Postoperative oliguria should be interpreted cau-
tiously, particularly in the first postoperative 24 hours. 
The patient should be carefully assessed for corrobora-
tive evidence of impaired end-organ perfusion and alter-
native causes of oliguria, including catheter obstruction 
and intraabdominal hypertension, considered. In the 
absence of markers indicating hypovolemia and inad-
equate tissue perfusion, large volumes of fluid challenge 
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are inappropriate and may aggravate postoperative posi-
tive fluid and Na+ balance in the face of a normal surgical 
stress response.

sPecial consiDerations

Patient FaCtors

Heart Failure. The diverse pathophysiologic effects of 
heart failure and their treatment may make perioperative 
fluid management particularly challenging. The hemody-
namic effects of chronic heart failure are typified by sys-
tolic and diastolic dysfunction of the left, right, or both 
ventricles with secondary maladaptive neurohumoral 
responses. These include persistent activation of the 
RAA axis, with consequent salt and water retention, and 
chronic sympathetic nervous system (SNS) activation, with 
persistent tachycardia and vasoconstriction. Undertreated 
patients may therefore present with edema in both lungs 
and peripheral tissues and increased central blood volume 
in the face of poor myocardial function.

Treatments for heart failure attempt to correct many 
of the neurohumoral responses, and many have been 
shown to improve long-term prognosis in heart failure. 
In the perioperative phase they may bring challenges to 
fluid management, including chronic volume depletion, 
blunting of normal sympathetic responses, and electrolyte 
disturbances. They include β-adrenoreceptor antagonists, 
diuretics, digoxin, and antagonists of aldosterone and 
angiotensin.

Perioperative fluid therapy in patients with heart fail-
ure has two goals. The first is to preserve cardiac output, 
bearing in mind the influence of preload, contractility, and 
afterload. The ventricles are typically poorly compliant 
and require adequate preload, which may be reflected in 
a relatively high CVP and adequate diastolic filling time to 
maintain good cardiac output. However, the flattened Star-
ling curve of the failing heart means that excessive intra-
vascular volume infusion and preload may lead to impaired 
contractility and worsening cardiac output. This leads to 
“forward failure,” manifested as inadequate organ perfu-
sion, and “backward failure,” manifested as pulmonary 
and peripheral edema, particularly in the presence of aber-
rant salt and water excretion. The second goal is to mini-
mize the cardiac work to avoid a vicious cycle of increased 
cardiac O2 demand, inadequate O2 supply, and worsening 
myocardial function. In particular, tachycardia triggered by 
hypovolemia and other stimuli should be avoided. Striking 
a balance between hypovolemia and hypervolemia is par-
ticularly important in patients with heart failure, but it may 
be difficult to assess clinically.

The practical approach to patients with heart failure 
involves careful preoperative assessment of fluid status and 
electrolytes and optimization of heart failure treatments 
when time allows. The complex cardiovascular situation 
mandates invasive hemodynamic monitoring for mod-
erate or major surgery with consideration of cardiac out-
put monitoring using modalities such as transesophageal 
echocardiography or pulmonary artery catheterization,160 
although less invasive modalities may be used. Measure-
ment of cardiac filling and contractility is particularly 
important because the sources of intraoperative hypoten-
sion (reduced preload, contractility, or afterload) require 
different treatments and, particularly in this group, should 
not be blindly treated with fluid boluses. Infusion of large 
volumes of any fluid, including blood and products, should 
be undertaken only with objective evidence of intravascu-
lar volume loss.

The effects of heart failure therapies should be taken 
into account in the perioperative phase. Diuretics may 
leave patients in a chronically volume-contracted state 
that worsens anesthesia-related hypotension. Loop diuret-
ics frequently cause hypokalemia and hypomagnesemia, 
whereas aldosterone antagonists cause hyperkalemia, 
which may be severe when combined with ACE-inhibi-
tor treatment or chronic kidney disease. Normalization 
of electrolytes is particularly important in patients taking 
digoxin, in whom hypokalemia may potentiate digoxin 
toxicity. ACE-inhibitors or angiotensin receptor antago-
nists themselves lead to a blunted sympathetic and angio-
tensin response to anesthesia-related vasodilation. The 
hypotension caused by these should be treated appropri-
ately by small doses of inotropes or vasopressors, which 
may include vasopressin analogues.160

Kidney Disease. Patients with dialysis-dependent 
chronic kidney disease have multiple pathologic fea-
tures that must be taken into account in perioperative 
fluid therapy (see also Chapter 75). Overall fluid balance 
may be disturbed by reduced or absent native urine pro-
duction, with reliance on dialysis to achieve the target 
“dry” weight, representing estimated euvolemia. Organ 
O2 delivery may be impaired by various factors, including 
chronic anemia, endothelial dysfunction, and microvas-
cular perfusion abnormalities. The frequent coexistence 
of heart failure and systemic or pulmonary hypertension 
and the bleeding tendency caused by platelet dysfunction 
further increase the perioperative challenge.161

Preoperative assessment should focus on the adequacy 
of chronic dialysis in attaining euvolemia, and estimating 
the normal volume of native urine output. Comorbidi-
ties should be assessed and optimized. Surgery should be 
undertaken in a facility where preoperative and postop-
erative dialysis or hemofiltration can be offered, in case 
of intraoperative fluid overload or hyperkalemia that is 
not responsive to conservative measures. In elective sur-
gery, preoperative dialysis should be timed such that the 
patient enters the intraoperative phase with a normal 
blood volume. Surgery in the presence of hypervolemia 
increases the risk for pulmonary and peripheral edema, 
hypertension, and poor wound healing, whereas hypo-
volemia brings a risk for anesthesia-related hypotension 
and inadequate tissue perfusion. Practically, this means 
performing dialysis the day before surgery to allow equili-
bration of fluid and electrolyte compartments and time 
for dialysis anticoagulants to be metabolized. Electrolytes 
should be checked on the morning of surgery; sampling 
too soon after dialysis, before equilibration, may give 
an artificially low K+ result leading to unnecessary exog-
enous supplementation. Conversely, fasting may actu-
ally favor a hyperkalemic state as a result of the reduced 
presence of insulin; the ideal K+ value after dialysis is in 
the low-to-normal range. In emergency surgery, sufficient 
time to safely dialyze patients preoperatively may not be 
available. In this case, electrolyte abnormalities must 
be managed conservatively, with particular care paid to 
intraoperative fluid balance.
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As with other major comorbidities with a critical 
impact on fluid and electrolyte balance, the importance 
of avoiding both hypovolemia and hypervolemia and the 
predisposition to inadequate tissue perfusion mean that 
detailed monitoring of hemodynamic variables, including 
invasive central venous and arterial pressure and cardiac 
output should be considered for moderate-to-major sur-
gery. The amount of fluid administered intraoperatively 
should be titrated to objective physiologic measurements, 
although the type of fluid given is open to debate. Large 
volumes of isotonic saline should be avoided, because the 
acidosis induced favors extrusion of K+ from cells. In con-
trast, K+-containing balanced crystalloids do not cause 
hyperkalemia in clinical trials.44,162 An alternative crystal-
loid is a K+-free HCO3

−-buffered dialysis solution such as 
Hemosol. Colloids may be used for intravascular volume 
replacement, although owing to their predominantly 
renal excretion, the volume effect and potential toxici-
ties may be exaggerated in these patients. Liaising with 
the nephrologist is important before considering blood 
transfusion; if the patient is awaiting renal transplanta-
tion, human leukocyte antigen–matched blood may be 
required to minimize antibody formation and future dif-
ficulties with blood and tissue matching.

Upper Gastrointestinal Loss. Large-volume gastric fluid 
loss may be caused by congenital or acquired gastric out-
let obstruction and causes a distinct pattern of fluid and 
acid-base abnormalities. Dehydration occurs as a result 
of water loss, reduced total body Cl− content, and alkalo-
sis caused by proton loss, with raised serum HCO3

−. The 
initial renal response is formation of urine with low Cl− 
and high HCO3

− content. However, progressive dehydra-
tion leads to increased aldosterone secretion, aimed at 
retaining Na+ and water. Na+ is retained at the expense 
of K+ and H+ ions, leading to hypokalemia, and worsen-
ing metabolic alkalosis with a paradoxically acid urine. 
The alkalosis also reduces the circulating ionized frac-
tion of Ca2+.

Correction should include gradual rehydration with 
isotonic saline and K+ supplementation, changing to dex-
trose-containing saline solutions depending on electro-
lyte analysis. Any surgery required to treat gastric outlet 
obstruction should be scheduled after correction of the 
volume and acid-base status.

Sepsis and Acute Lung Injury. Patients with infection 
and sepsis syndromes may be encountered early in their 
presentations, because surgical source control of infec-
tion (drainage of abscesses, debridement of necrotic 
tissues, removal of infected devices) forms a key part 
of early sepsis therapy (see also Chapter 101).163 Car-
diovascular instability may be a particular problem, 
contributed to by endothelial dysfunction and intra-
vascular fluid loss, vasodilation with fluid maldistri-
bution, sympathetic redistribution of blood volume 
away from the peripheral circulation, and impairment 
of cardiac function. Fluid resuscitation, with the goal 
of maintaining adequate end-organ perfusion is there-
fore a key part of the first 6 hours of sepsis treatment, 
which may represent the perioperative period for some 
patients. The following pragmatic targets are suggested 
for patients with sepsis who have tissue hypoperfusion, 
defined by blood lactate concentration at or more than 
4 mmol/L or hypotension persisting after initial IV fluid 
challenge163:
  

 •  CVP 8 to 12 mm Hg (12 to 15 mm Hg in patients on 
ventilation)

 •  MAP 65 mm Hg or greater
 •  Urine output 0.5 mL/kg/hr or greater
 •  Scvo2 greater than 70% (or mixed venous O2 saturation 

> 65%)
  

Some have criticized the use of fixed CVP targets to 
guide early sepsis therapy because of their limited value 
in predicting fluid responsiveness and tissue hypoxia; 
alternative suggested targets include stroke volume, 
pulse pressure variation, and echocardiographic assess-
ment of cardiac function.164 Given the apparent non-
superiority of colloids for resuscitation in this patient 
group and concerns about trends toward kidney injury 
when starches are administered in sepsis, current rec-
ommendations are to use 30 mL/kg of crystalloid in a 
protocolized fashion to achieve the described targets. 
In patients requiring further fluid, albumin should be 
considered, along with vasopressors, inotropes, and 
RBC transfusion to attain these goals. Further fluid chal-
lenges may be guided by dynamic measurements of fluid 
responsiveness, such as SV or pulse pressure variation. 
In established sepsis, fluid management becomes even 
more challenging as a result of the frequent presence of 
microvascular dysfunction, extravascular fluid overload, 
and disturbed neurohumoral responses to variations in 
intravascular volume.165 A disruption occurs in the O2 
delivery and usage relationship as a result of cellular 
inability to use O2 (cytopathic hypoxia),166,167 with the 
result that strategies to elevate global O2 delivery may 
be of little benefit while exposing patients to potential 
side effects of excessive fluid and catecholamines.168,169 
At this stage a less positive overall fluid balance is associ-
ated with improved outcomes.170

Patients with established acute respiratory distress 
syndrome (ARDS) may also present for surgical pro-
cedures. Here the focus of fluid therapy is the fine bal-
ance between avoiding an increase in lung edema while 
maintaining adequate tissue perfusion. ARDS is typified 
by increased pulmonary endothelial permeability, with 
extravasation of water and protein. The consequences 
are interstitial and alveolar edema, atelectasis, reduced 
pulmonary compliance, increased pulmonary artery pres-
sures, and hypoxemia. Meanwhile, organ perfusion may 
be impaired by increased intrathoracic pressures and 
a reduction in cardiac filling pressures. Observational 
studies have highlighted an association between overall 
positive fluid balance and mortality in ARDS,171 backed 
by a large randomized controlled trial demonstrating a 
reduction in ventilator and intensive therapy unit days in 
patients treated with a conservative fluid administration 
strategy.172 Findings were similar in a subgroup of this trial 
who had undergone surgery, without any increase in kid-
ney injury in patients treated with lower fluid volumes.173 
Extravascular lung water (EVLW) seems to be important 
in mediating the worse outcomes associated with a more 
positive fluid balance, with thermodilution studies show-
ing excess EVLW to have reasonable sensitivity and spec-
ificity in predicting intensive therapy unit mortality in 
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patients with ARDS.174 Assuming global organ perfusion 
appears adequate, as demonstrated by normal lactate lev-
els, intraoperative losses should be replaced but otherwise 
be conservative in the volumes of fluid given to patients 
with ARDS intraoperatively. There is a lack of adequately 
powered studies on the choice of colloid or crystalloid for 
intravascular volume replacement in patients with ARDS.

Burns. Extensive burns create a situation of copious fluid 
loss from the circulation combined with particular sensi-
tivity to the effects of excess fluid administration. Thermal 
injury creates an area of necrotic tissue with surrounding 
ischemic areas. The combination of dead tissue with areas 
undergoing ischemia and subsequent reperfusion causes 
localized and systemic inflammatory reactions through 
histamine, prostaglandin, reactive O2 species, and cytokine 
release. Local impairment of endothelial barrier function 
leads to the loss of oncotically active plasma constituents, 
increased capillary filtration into the interstitial compart-
ment, and evaporative transcutaneous fluid loss as a result 
of loss of skin integrity. Through similar mechanisms, 
extensive burns may lead to the systemic inflammatory 
response syndrome, with its well-recognized effects on fluid 
compartments outlined previously. The deleterious role of 
this inflammatory response is underlined by the reduction 
in mortality seen with early burn excision compared with 
conservative care.175 IV fluid therapy is generally instituted 
for burns of greater than 15% total body surface area in 
adults and 10% total body surface area in children.176 How-
ever, increasing uncertainty exists about the volume and 
type of fluid that should be given to patients with burns. 
Fluid administration is largely still based on formulas such 
as the Parkland formula (Box 59-1) or the Muir and Bar-
clay versions. Although these have given a starting point 
for resuscitation volumes based on patient weight and 
extent of burn, myriad other patient and pathologic fac-
tors put such a recipe-based approach at odds with modern 
perioperative fluid therapy based on objective physiologic 
goals. Although the approaches based on these formulas 
advocate down-titration of administered fluid volumes if 
urine output is adequate (0.5 to 1 mL/kg/hr),177 in reality 
this appears not to be practiced. Indeed, large studies have 
shown that the majority of burn patients receive fluid vol-
umes in excess of those predicted by the Parkland formula, 
with a mean of 6 mL/kg/% burn compared with 4 mL/
kg/% burn in 24 hours predicted by the formula.178 Con-
versely, patients with inhaled and other nonburn injuries, 
electrical burns, or delayed resuscitation are considered to 
need increased resuscitation intravascular volumes, yet this 
is not taken into account by the formula approaches.

First 8 hours: 2 mL/kg × % TBSA (lactated Ringer solution)
Next 16 hours: 2 mL/kg × %TBSA (lactated Ringer solution)
Next 24 hours: 0.8 mL/kg × %TBSA (5% dextrose) + 0.015 mL/

kg × %TBSA (5% albumin)

BOX 59-1 Parkland Burn Fluid Resuscitation 
Formula

Data from Baxter CR: Problems and complications of burn shock resuscitation, 
Surg Clin North Am 58:1313, 1978.

%TBSA, Burn size as % of total body surface area. Time periods refer to 
the time since the burn occurred.
Excessive fluid administration in burned patients 
(“fluid creep”) is not benign. As in all conditions typified 
by systemic inflammation, excess administered fluid will 
collect in compliant compartments. Pulmonary edema 
requiring ventilatory support, fasciotomies in nonburned 
muscle compartments, raised intraocular pressure, 
and conversion of superficial to deep burns have been 
observed and attributed to fluid resuscitation.176 Intraab-
dominal hypertension and compartment syndrome are 
correlated to the volume of fluid administered, with a 
particular rise when more than 300 mL/kg is adminis-
tered in 24 hours.179 These concerns have led to renewed 
efforts to find the optimum regimen for burn resuscita-
tion in terms of crystalloid versus colloid, newer formulas  
using lower volumes such as the Haifa formula, and 
targeting objective physiologic parameters such as SV or 
intrathoracic blood volume. Pending a consensus from 
this ongoing work, burn resuscitation should be com-
menced with one of the currently accepted formulas, but 
actively down-titrated if a urine output of 0.5 to 1 mL/kg/hr 
is obtained, and consideration given to using a combina-
tion of crystalloids and colloids to reduce the total fluid 
volume administered.180 Intraabdominal pressure should 
be monitored and consideration given to assessing resus-
citation endpoints, such as lactate and cardiac output, in 
addition to urine output.

Pediatrics. Perioperative fluid therapy in pediatric 
patients has for many years been based on traditional 
approaches that are increasingly being reexamined (see 
also Chapter 93). Holliday and Segar133 proposed a quan-
tity and composition of maintenance fluid in hospitalized 
children in 1957 based on water requirements to sustain 
average metabolic activity and the electrolyte composi-
tion of milk. This developed into the 4-2-1 volume cal-
culation for maintenance fluid requirements aimed at 
replacing insensible and urinary losses with hypotonic 
crystalloids containing glucose to maintain isoosmolal-
ity. These concepts were translated into the perioperative 
phase; glucose-based solutions were administered intra-
operatively to reduce the apparently high risk for pre-
operative hypoglycemia after prolonged fasting,181 and 
postoperative maintenance fluids were prescribed based 
on the 4-2-1 calculation using hypotonic crystalloids. Fur-
thermore, the pediatric population was thought to be at 
risk for clinically significant preoperative dehydration by 
fasting, as a result of limited urinary concentrating abil-
ity and ongoing insensible losses because of the relatively 
large body surface area. Intraoperative replenishment of 
these volumes using 25 mL/kg of isotonic salt solution for 
those 3 years of age and younger or 15 mL/kg for those 4 
years of age and older has been recommended.182

Multiple factors have led to a reevaluation of this 
approach. First, the modern approach to preoperative 
fasting, such that children may take clear—and poten-
tially carbohydrate-containing—fluids up to 2 hours 
before surgery, reduces the risk for hemodynamically 
significant preoperative dehydration. It should therefore 
be necessary only to replace preoperative deficits using 
the amounts given previously when fasting has been 
excessive or preoperative pathologic processes reducing 
circulating volume intervene.183 Second, the incidence 
of preoperative hypoglycemia is infrequent (<2.5%) and 



related to inappropriately prolonged fasting or other risk 
factors, such as premature infants, neonates who are 
small for gestational age, or those with poor nutritional 
status.184,185 Surgery itself increases blood glucose concen-
tration, and administering glucose-containing solutions 
intraoperatively may cause hyperglycemia,186 with the 
potential for osmotic diuresis and electrolyte abnormali-
ties, or even adverse neurologic outcomes in the event of 
an ischemic or hypoxic event.185 Glucose-free balanced 
crystalloid solutions should therefore be used intraopera-
tively, except in those at particularly high risk for hypo-
glycemia. Third, increasing awareness of the incidence 
and potentially disastrous neurologic outcomes from 
postoperative hyponatremia in pediatric populations has 
led to a reappraisal of postoperative hypotonic crystal-
loid maintenance fluids in 4-2-1 volumes. The effective 
SIADH induced by surgical stress and aggravated by the 
presence of pain and hypovolemia causes water retention 
and the risk for hypoosmolar hyponatremia if hypotonic 
solutions continue to be infused in significant volumes. 
Proposed strategies to avoid this include using half to two 
thirds of the calculated 4-2-1 formula maintenance flu-
ids,183 avoiding the most hypotonic fluids (4% dextrose 
with 0.18% NaCl),185 and general measures that should 
be applied to all patients, as follows:
  

 •  Returning to oral fluids as early as possible
 •  Ensuring euvolemia to minimize the ADH response187

 •  Not confusing maintenance requirements with the 
variable amounts of fluid required because of ongoing 
losses (e.g., GI or blood), which should typically be 
replaced by isotonic crystalloids, colloids, or blood

 •  Checking electrolytes at least daily in those still 
receiving IV fluids

  

Although isotonic saline has been advocated as a 
“safer” fluid for postoperative maintenance, this brings 
the risk for Na+ overload and hyperchloremic acidosis.

More recent developments in perioperative fluid man-
agement remain underexplored in pediatric populations. 
In particular, there is a dearth of data on whether col-
loid volume expansion is beneficial or harmful in pedi-
atrics or whether goal-directed fluid therapy may confer 
the advantages that have been seen in adult populations. 
These areas require urgent investigation.

Hepatic Failure. Progressive liver disease and cirrhosis 
cause a distinctive pattern of abnormal fluid balance (see 
also Chapters 73 and 74 ). The combination of periph-
eral vasodilation and relative intravascular depletion can 
mimic a decrease in intravascular volume. Yet, total body 
Na+ and water are retained with ascites and edema.188

The widely accepted pathophysiologic mechanisms are 
that progressive disruption of liver architecture combines 
with decreased hepatic nitric oxide (NO) bioavailability 
and increased vasoconstrictor production, leading to sinu-
soidal hypertension. Compensatory vasodilatory mecha-
nisms, including NO overproduction, lead to splanchnic 
and systemic vasodilation, relative hypovolemia, and 
reduced systemic arterial pressure. This triggers barore-
ceptor-mediated activation of the RAA, SNS, and ADH 
release. Although cardiac output increases, reduced sys-
temic vascular resistance persists despite these compensa-
tory mechanisms. The state of hyperaldosteronism causes 
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salt and water retention, frequently combined with hypo-
natremia resulting from a relative excess of water reten-
tion. Splanchnic vasodilation and vascular permeability 
combine with decreased lymphatic drainage to favor the 
formation of ascites. The neurohumoral response also 
induces renal artery vasoconstriction, reducing renal 
blood flow and increasing the risk for hepatorenal syn-
drome. A range of therapies centered around reduction 
of total body salt and water may maintain patients in a 
compensated state. These include dietary fluid and salt 
restriction, diuretics (particularly the aldosterone antag-
onist spironolactone and loop diuretics), and intermit-
tent or continuous drainage of ascites. However, the 
perioperative period presents considerable potential for 
disturbance of this fine balance. Excessive administra-
tion of isotonic saline will aggravate the preexisting salt 
and water overload, potentially leading to further ascites 
and edema formation. Conversely, periods of hypovole-
mia are poorly tolerated, leading to a significant deficit 
in organ perfusion, further stimulation of the RAA, SNS, 
and ADH axes, and risk for kidney injury. The approach 
should therefore be to assess volume status carefully, pos-
sibly assisted by cardiac output monitoring, to replace 
losses with appropriate volumes of isotonic crystalloid, 
colloid, or blood but to avoid salt and water overload with 
excessive volumes of saline without clear clinical indica-
tion. In instances of large-volume (>6 L) ascites drainage, 
hemodynamic instability is a risk. Albumin appears to 
be a more effective prophylactic treatment for this than 
saline, abrogating the stimulated increase in plasma renin 
activity and maintaining more stable hemodynamics.189 
Lactate and other buffered fluids may be used in hepatic 
failure, although their metabolism may be slowed in 
advanced liver disease.

In decompensated liver disease with encephalopathy, 
raised intracranial pressure may be present and osmo-
therapy, such as hypertonic saline, should be used to 
bring plasma Na+ into the high-normal range.190 This is in 
contrast to chronic compensated liver disease, in which 
a degree of hyponatremia is well tolerated and does not 
require acute correction unless it is severe or symptomatic 
(see earlier discussion).

Obstetrics: Preeclampsia. Preeclampsia is a multisys-
tem disease of pregnancy characterized by hyperten-
sion, proteinuria, and multiorgan involvement that may 
affect the kidneys, liver, pulmonary, and central nervous 
systems (see also Chapter 77). In contrast to the usual 
volume-expanded status in pregnancy, patients with pre-
eclampsia have reduced plasma volume, combined with 
endothelial dysfunction and hypoalbuminemia. Previ-
ously IV volume expansion was thought to be beneficial 
in treating hypertension in preeclampsia. However, this 
has not been borne out by later studies.191,192 Further-
more, a clear association exists between positive fluid 
balance and the incidence of pulmonary edema in this 
condition.193 Acute pulmonary edema occurs in between 
5% and 30% of cases of preeclampsia, is associated with 
increased hospital length of stay, and is a leading cause of 
death in preeclampsia. Most cases present in the postpar-
tum period, perhaps reflecting the autotransfusion into a 
vasoconstricted circulation that occurs after delivery. Low 
COP also contributes.
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Patients with preeclampsia should receive restricted 
volumes of IV crystalloid (80 mL/hr, including that 
received as drug diluents194), and fluid balance should 
be observed carefully. Oliguria should not be treated by 
administration of large volumes of fluids in the presence 
of normal renal function. This conservative strategy has 
not been associated with an increase in kidney injury.195 
Any blood loss in the peripartum or perioperative period 
should be replaced with an appropriate volume of crystal-
loid, colloid, or blood, depending on magnitude. Invasive 
monitoring should be used to direct fluid therapy in cases 
of severe preeclampsia.

surGiCal FaCtors

Neurosurgery. Multiple physiologic factors mean that 
fluid and electrolyte therapy are a key component in the 
perioperative management of intracranial pathology (see 
also Chapter 70). This management may be complicated 
by disturbances of water and Na+ balance caused by neu-
rosurgical diseases themselves. Much of the current fluid 
management in this area is based on knowledge of this 
physiology, experimental models, and gradual evolution 
of interventions investigated in small trials rather than 
large randomized studies.

The intact blood-brain barrier (BBB) excludes electro-
lytes and large molecules but allows passage of water. 
Extravascular brain water is therefore related to plasma 
osmolality, with cerebral edema a feature of hypoosmolar 
hyponatremic conditions. Intracranial diseases may com-
promise the integrity of the BBB, increasing the predispo-
sition to edema. Cerebral perfusion also may be impaired 
if systemic blood pressure is inadequate in the face of 
increased intracranial pressure, particularly in patho-
logic conditions in which autoregulation is impaired. 
Rational management of fluids in neurosurgical patients 
should start with maintaining baseline blood volume and 
cerebral perfusion and avoiding significant decreases in 
serum Na+, osmolality, and oncotic pressure. Several situ-
ations may require more specific management, as follows:
  

 1.  Increased intracranial pressure: Increasing serum 
osmolality may reduce total brain water and there-
fore intracranial pressure by creating brain-blood 
osmotic gradients. Mannitol and hypertonic saline 
given by bolus have been the pharmacologic main-
stays in this area. The osmotic action of these drugs 
may be reduced to variable degrees by dysfunction 
of the BBB, frequently seen in brain injury. However, 
they likely have therapeutic effects beyond simple 
osmotic effects.196 Meta-analysis of the small studies 
available suggests that hypertonic saline may be supe-
rior to mannitol in reducing intracranial hyperten-
sion, but large-scale controlled studies are required to 
confirm this.54 Conversely, using hypertonic saline in 
all patients with early traumatic brain injury without 
intracranial pressure monitoring has not been shown 
to improve outcomes.55 Similarly, continuous infu-
sion of hypertonic saline to induce persistent hyper-
natremia in the presence of cerebral edema also lacks 
evidence of benefit.197 Restrictive fluid strategies have 
been advocated to minimize intracranial hypertension 
in severe traumatic brain injury. Although retrospec-
tive data analysis suggests that positive fluid balance 
is not associated with refractory intracranial hyperten-
sion, an association between hypervolemia and pul-
monary edema was observed.198

 2.  Cerebral vasospasm: Manipulation of hemodynam-
ics and hematocrit is traditionally used in the treat-
ment of vasospasm after subarachnoid hemorrhage. 
This “triple-H” therapy (hypervolemia, hemodilution, 
hypertension) has entered practice based on small tri-
als of efficacy rather than randomized studies.199,200 
Some workers, using extensive animal models, have 
advocated a hematocrit no lower than 30%, below 
which the benefits of reducing blood viscosity are 
outweighed by a reduction in O2 delivery. They also 
caution against hypervolemia, both for its potentially 
injurious effects in the presence of a dysfunctional BBB 
and for the extracranial effects, particularly pulmonary 
edema.201

 3.  An intracranial pathologic condition may itself be a 
cause of disturbances of both water and Na+ balance 
through diabetes insipidus, cerebral salt wasting, or 
SIADH. This should be assessed and treated as described 
in the section on electrolyte imbalance.

  

Clear comparisons of crystalloid and colloid in a vari-
ety of neurosurgical settings are lacking. Of the available 
evidence, albumin is associated with an increase in mor-
tality in traumatic brain injury compared with isotonic 
saline.5 In the absence of more robust evidence, a mixture 
of isotonic crystalloids and colloids is advocated in other 
neurosurgical settings.200,202

Trauma. In patients with evidence of major traumatic 
hemorrhage the key goals are to avoid clot disruption 
until definitive control of bleeding, to treat the acute 
coagulopathy of trauma, to maximize tissue O2 deliv-
ery by the early use of packed red cell transfusion, and 
to avoid hypothermia and acidosis (see also Chapter 81). 
In the prehospital setting, restrictive fluid therapy may 
improve outcomes, particularly in penetrating trauma.203 
The approach should initially be one of permissive hypo-
volemia, with fluid administered to achieve cerebration 
rather than normotension in awake patients, systolic 
blood pressure of 70 to 80 mm Hg in penetrating trauma, 
or 90 mm Hg in blunt trauma.204 The duration of organ 
hypoperfusion that may be involved with this approach 
should be minimized by rapid transfer for damage con-
trol intervention to stop bleeding, whether radiologic or 
surgical. Large volumes of IV crystalloids or colloids in 
early resuscitation will cause hemodilution and dilute 
clotting factors, and saline-based fluids may aggravate the 
acidosis associated with major blood loss. Rather, packed 
RBCs (PBRCs), clotting factors (e.g., fresh frozen plasma 
[FFP]) and platelets should be replaced early. Limited evi-
dence, particularly from military populations and retro-
spective analyses, suggests “high” ratios of FFP to PRBC 
(e.g., 1:1 to 1:2) are associated with the best outcomes 
in massive transfusion compared with lower ratios (e.g., 
1:9)204,205 (see also Chapter 61). Active patient and fluid 
warming should be used and clot stability improved with 
tranexamic acid.206 Once hemostasis has been achieved, 
restoration of normal circulating volume and tissue per-
fusion is the goal, with ongoing blood, clotting factors, 
platelet, and fluid infusions targeting normalization of 
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