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cardiac output and O2 delivery, lactate levels, and blood 
clotting (best checked using near-patient whole-blood 
tests of clotting, such as thromboelastography). A small 
number of trials support the practice of GDT in the imme-
diate perioperative trauma setting, but larger controlled 
trials are required. After surgery and initial resuscitation, 
much of the evidence for ongoing fluid approaches is 
derived from unselected critical care populations. As out-
lined previously, the evidence suggests that in established 
critical illness, aggressive GDT may be harmful.203

Patients with traumatic brain injury in addition to 
major hemorrhage present a dilemma because the raised 
cerebral perfusion pressure required for adequate cere-
bral blood flow in the face of raised intracranial pressure 
is at odds with the hypotensive resuscitation approach. 
In isolated head injuries, using fluids and vasopressors 
to achieve a mean arterial pressure above 90 mm Hg is 
recommended, with avoidance of hyponatremia and 
hypoosmolality to minimize cerebral edema.196,207 Lit-
tle evidence exists to inform resuscitation treatment in 
patients with mixed intracranial and extracranial trauma, 
so the strategy should be a clinically judged compromise 
prioritizing the requirements of the most severe injuries. 
Rapid hemorrhage control is particularly important to 
allow subsequent normalization of systemic blood pres-
sure to meet the need for adequate cerebral perfusion. 
Even in general trauma, much of the evidence supporting 
current resuscitation approaches is derived from animal 
models and limited randomized trials, predominantly in 
young otherwise healthy subjects in the prehospital set-
ting.204 The needs of individual patients should therefore 
be taken into account, particularly because older patients 
with comorbidities may tolerate periods of hypoperfu-
sion very poorly.

Free Tissue Flap Surgery. Free tissue flaps are frequently 
used during oncoplastic surgery, typically for breast 
reconstruction or after resection of head and neck tumors 
and involve the autologous transplantation of tissue to 
fill a defect, complete with arterial supply and venous 
drainage. Transplanted vessels are denervated and lack 
intrinsic sympathetic tone, but the feeding vessels are 
not; vasoconstriction in these feeding vessels related to 
cold and excessive doses of vasopressor must be avoided 
because it may threaten the perfusion of the flap. Flap 
blood flow depends on systemic blood pressure and blood 
viscosity, and hypervolemic hemodilution has tradition-
ally been used to address these requirements. However, 
given the reduction in O2 carrying capacity and poten-
tial for flap edema that this entails, a more conservative 
fluid strategy should be used, which may improve flap 
outcome.208 The use of dextrans to improve blood flow is 
not currently favored, because no benefit has been dem-
onstrated and the risks for medical complications is rela-
tively high.209 Free tissue flaps have disrupted lymphatics, 
which take several weeks to reconnect, making them 
particularly prone to interstitial edema. Large volumes 
of crystalloid—favoring increased capillary filtration—
should be avoided and colloids used for blood volume 
expansion.210

Intrathoracic Procedures. Any procedure within the tho-
rax, including upper GI and thoracic surgery, can lead to 
postoperative respiratory problems, including ARDS and 
acute lung injury (ALI) (see also Chapter 66). The devel-
opment of ARDS and ALI is partly due to the proinflam-
matory nature of one-lung ventilation,211,212 modified by 
a host of other patient and surgical risk factors. In esopha-
gogastrectomy, retrospective studies and case series have 
suggested reduced pulmonary complications with restric-
tive fluid strategies.213-216 One retrospective observational 
study of esophagectomy patients found a cumulative 
fluid balance greater than 1900 mL from surgery to the 
second postoperative day to be an independent risk factor 
for other adverse outcomes, including death.217 The use 
of diuretics to actively target fluid balance, degree of car-
diovascular support, and presence or absence of epidurals 
is not explored in this study, and controlled trials of fluid 
balance approaches are therefore required in this popu-
lation. However, the potential benefit of conservative 
fluid administration in this group is consistent with the 
large randomized study of patients with ARDS demon-
strating improved pulmonary outcomes in those treated 
with a restrictive rather than liberal fluid regimen.172 
While maintaining adequate tissue perfusion, a cautious 
approach to fluid administration is recommended, both 
to minimize pulmonary complications and to avoid anas-
tomotic edema.

Hepatic Resection. Blood loss during liver parenchymal 
resection, a risk factor for worse outcomes, is associated 
with high venous pressure and backflow of blood through 
the valveless hepatic veins (see also Chapter 73). One 
study has shown that a CVP of 5 cm H2O or lower is asso-
ciated with significantly lower blood loss and transfusion 
requirements.218 Several techniques are used to maintain 
a low CVP, including conservative fluid management, 
at least until the hepatic resection is completed. Despite 
evidence that using a low CVP technique does not have 
adverse effects on renal or liver function,219 a pragmatic 
compromise must be sought for each patient; inducing 
hypovolemia during liver resection risks hemodynamic 
instability and end-organ hypoperfusion, particularly 
in those with preexisting cardiorespiratory morbidity, 
increases the risk for air embolism, and reduces the physi-
ologic reserve should massive blood loss occur. Once liver 
resection is finished, a more generous fluid approach can 
be taken to ensure adequate circulating volume. This may 
be guided by invasive hemodynamic monitoring and 
minimally invasive cardiac output monitoring to provide 
a rational endpoint to fluid therapy in this phase.

Major Intraabdominal Surgery. Major intraabdominal 
operations, particularly those involving multiple organ 
resections for tumor require careful perioperative fluid 
management. Major gynecologic operations such as pel-
vic exenteration or ovarian debulking and urologic pro-
cedures including cystectomy, radical nephrectomy, and 
major retroperitoneal lymph node dissection can involve 
dramatic fluid shifts in the perioperative period. Fluid 
losses during surgery are caused by prolonged peritoneal 
exposure, significant blood loss, and acute drainage of 
tumor-related ascites. The total volume lost is difficult to 
quantify, so cardiac output monitoring is valuable when 
combined with CVP and arterial pressure monitoring and 
serial blood gas analysis.220, 221 Intraoperative drainage of 
ascites is followed by fluid shift from the vascular space 
as this reaccumulates postoperatively and may require 
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large volumes to replace the ongoing loss. Another conse-
quence of fluid redistribution is electrolyte abnormalities; 
hypokalemia and hypomagnesemia are frequently seen.

Renal Transplant. The key goals of fluid therapy in 
the perioperative management of renal transplant are 
to ensure adequate renal perfusion to support early graft 
function and avoid fluid therapy side effects to which 
patients with impaired renal function may be susceptible 
(see also Chapter 74). Traditionally, CVP-guided intraop-
erative fluid therapy has been advocated, using large vol-
umes of crystalloid (up to 60 to 100 mL/kg) to achieve a 
CVP of 10 to 12 mm Hg or higher before reperfusion.222 
Recently, more conservative goals have been advocated, 
limiting crystalloid infusion to 15 mL/kg/hr, aiming for 
a CVP of 7 to 9 mm Hg223 with no apparent increase in 
graft failure. The role of alternative tools such as esopha-
geal Doppler or pulse contour analysis to supplement or 
replace CVP-guided fluid therapy in this area also has been 
suggested.224 Patients with renal failure may develop aci-
dosis-related hyperkalemia when isotonic saline is infused 
during transplant,44 so balanced crystalloid solutions, or 
even K+-free, buffered dialysate solutions, should be used. 
The role of colloids in this population requires further 
study, although concerns over renal toxicity of starches 
may limit their use.224 Postoperative fluid therapy should 
take into account the baseline maintenance requirements 
and the ongoing losses resulting from urine production.

Liver Transplant. Liver transplantation involves a series 
of major physiologic disruptions that have direct relevance 
to fluid and electrolyte management (see Chapter 74).225 
Therapy should be guided by data from invasive monitor-
ing, possibly including pulmonary artery catheterization. 
During phase I (preanhepatic), large-volume blood loss and 
further fluid shift resulting from drainage of ascites may 
occur. During phase II (anhepatic) a major reduction in 
venous return and therefore cardiac output may occur if 
(depending on surgical technique) the inferior vena cava, 
portal vein, and hepatic artery are cross-clamped. Crys-
talloid and colloid infusion may be required with vaso-
pressors to maintain arterial pressure during this phase, 
although excessive volume administration risks right heart 
failure after later unclamping. Absent citrate and lactate 
metabolism during this phase contributes to acidosis, 
hypocalcemia, and hypomagnesemia. On reperfusion and 
unclamping, cold, acidotic, hyperkalemic fluid is released 
into the circulation. Preparation for this must include nor-
malizing pH and maintaining plasma K+ in the low-normal 
range during phase II. This may require Ca+, insulin-dex-
trose, hyperventilation, and even NaHCO3 treatment. Phase 
III (reperfusion) leads to an acute rise in CVP, possibly with 
hepatic congestion and right heart strain. Systemic vasodi-
lation and cardiac suppression may occur, leading to hypo-
tension requiring vasopressor or inotrope support. If not 
given already, a bolus of CaCl2 should be used to prevent 
hyperkalemia-related arrhythmias. Subsequent uptake of 
K+ by a working graft may then require aggressive replace-
ment. Ongoing infusion of fluids, red cells, and blood prod-
ucts should be guided by clinical blood loss, maintaining a 
hematocrit of 26% to 32% and addressing coagulopathy as 
guided by near-patient tests of clotting.
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Perioperative Acid-Base Balance
PATRICK J. NELIGAN • CLIFFORD S. DEUTSCHMAN

K e y  P o i n t s

 •  The presence of a significant acid-base abnormality often signals a sinister 
underlying problem.

 •  All acid-base abnormalities result from alterations in the dissociation of water.
 •  Only three factors independently affect acid-base balance—the partial pressure of 

carbon dioxide in the arterial blood (Paco2), the strong ion difference (SID), and 
the total concentration of weak acids (ATOT).

 •  Respiratory acidosis and alkalosis are caused by hypercarbia and hypocarbia, 
respectively.

 •  Metabolic acidosis is caused by decreased SID or increased ATOT. Decreased SID 
results from accumulation of metabolic anions (shock, ketoacidosis, and renal 
failure), hyperchloremia, and free water excess. Increased ATOT results from 
hyperphosphatemia.

 •  Metabolic alkalosis is caused by increased SID or decreased ATOT. SID increases 
in response to sodium gain, chloride loss, or free water deficit. ATOT decreases in 
hypoalbuminemia and hypophosphatemia. This is particularly common in critical 
illness.

 •  Most acid-base disorders are treated by elimination of the cause.
WHY IS ACID-BASE BALANCE 
IMPORTANT?

The human body is composed principally of water, parti-
tioned into intracellular and extracellular compartments. 
The electrolyte composition of each of these spaces is 
tightly controlled to maintain homeostasis. Alterations 
in the relative concentrations of electrolytes and of car-
bon dioxide (CO2) affect the tendency of water to auto-
ionize into its component parts: hydrogen and hydroxyl 
ions. The hydrogen ion concentration is conventionally 
measured as pH, the negative logarithmic value of its con-
centration. Deviations in extracellular pH away from the 
resting value of 7.4 have long been associated with acute 
and critical illness. Such deviations are known as acid-
base abnormalities.1-3 The detection, interpretation, and 
treatment of acid-base abnormalities have become a core 
element of clinical care.4

All acid-base abnormalities result from changes in the 
local concentration of strong ions, weak acids, and CO2.

This chapter first looks at the basic chemistry behind 
acid-base balance. From there, we explain the various 
acid-base abnormalities encountered in clinical practice. 
Subsequently, we explore several different, although 
interconnected, approaches to acid-base abnormalities 
that are in widespread use. These approaches can be 
roughly described as descriptive, based on changes asso-
ciated with the Henderson-Hasselbalch equation; semi-
quantitative, based on calculations; and quantitative, 
1811

based on physical chemistry. Finally, we address acid-
base abnormities specific to the practice of anesthesiology 
in the perioperative and critical care setting.

WHAT ARE ACIDS AND BASES?

The concept of acids and bases is relatively new. In the 
early part of the twentieth century, it was known that 
the CO2 content of the blood decreased in critically ill 
patients. As early as 1831, O’Shaughnessy identified loss 
of “carbonate of soda” from the blood as a fundamen-
tal disturbance in patients dying of cholera. L.J. Hender-
son, in 1909, coined the term “acid-base balance.”5 He 
was able to define this process in terms of carbonic acid 
equilibrium. Henderson’s work was later refined by Has-
selbalch in 1916.6 Their method described acid-base bal-
ance in terms of the hydration equation for CO2.7

CO2 + H2O → H2CO3 → H + + HCO −
3

pH = pKa + log [HCO −
3 ] / [H2CO3]

Total CO2 = [HCO −
3 ] + [Dissolved CO2]

+ [Carbamino CO2] + [H2CO3]

≈ PCO2 × 0.03 mmol CO2/L/mm Hg
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So, substituting into the foregoing equation:

pH = 6.1 + log [HCO −
3 ] /PCO2 × 0.03

This is the Henderson-Hasselbalch equation.
Because the human body contains a large quantity of 

water, the physical properties of water have enormous 
implications for maintenance of homeostasis. Water is a 
simple triatomic molecule. Its chemical formula is H2O, 
and its structural formula is H-O-H. The charge distribu-
tion of each covalent bond is unequal, and the molecule 
has a polar conformation and an H-O-H bond angle of 
105 degrees. Water molecules attract, and form hydrogen 
bonds, with one another. Consequently, water has a high 
surface tension, a low vapor pressure, a high specific heat 
capacity, a high heat of vaporization, and a high boiling 
point.

Water molecules are in continual motion. Occasion-
ally a collision generates sufficient energy to transfer a 
proton from one water molecule to another. Thus, water 
is always slightly dissociated into a negatively charged 
hydroxyl (OH−) ion and a positively charged hydronium 
(H3O+) ion. Conventionally, this self-ionization of water 
is written as follows:

H2O ↔ H+ + OH−

The symbol H+ is convenient because, although pro-
tons dissociating from water have many aliases (such as 
H3O+ and H9O4

+), most physicians and chemists refer to 
them as hydrogen ions.

The self-ionization of water is miniscule. In pure water 
at 25° C, the [H+] and [OH−] are 1.0 × 10-7mmol/L. The 
tendency for water to dissociate into its component parts 
is represented by the following expression:

KeqH2O =
[
H+] [OH−]

The molarity of water is extremely high—55.5M (“there 
is a lot of water in water”). Because the concentration of 
water and the Keq are constants, the ion-product dissocia-
tion constant for water can be expressed as follows:

KeqH2O = Keq (55.5) = Kw =
[
H + ]

[OH −]

The implication is that the product of the concentra-
tions of hydroxyl and hydrogen is constant, so when the 
concentration of hydrogen ions increases, a concomitant 
decrease occurs in the concentration of hydroxyl ions, 
and vice versa.

Pure water is considered neutral because the relative 
concentrations of hydrogen and hydroxyl are equal at 
1.0 × 10-7mmol/L. A solution is considered acidic if the 
concentration of hydrogen ions exceeds that of hydroxyl 
ions ([H+] > 1.0 × 10-7mmol/L, [OH−] < 1.0 × 10-7mmol/L). 
A solution is considered alkaline if the hydroxyl ion con-
centration exceeds the hydrogen ion concentration.

Svante Arrhenius (1859 to 1927) established the foun-
dations of acid-base chemistry in 1903. In an aqueous 
solution, an Arrhenius acid is any substance that delivers 
a hydrogen ion into the solution.1 A base is any substance 
that delivers a hydroxyl ion into the solution. Because 
of its high dielectric constant, water is a highly ionizing 
solution. Substances with polar bonds will dissociate into 
their component parts (dissolve) in water. Brønsted and 
Lowry (BL) independently advanced this concept using 
slightly different terminology: an acid is a proton donor, 
a base a proton acceptor. Water itself is amphoteric, and 
it can act as either an acid or as a base. Thus, when hydro-
chloric acid (HCl) is dissolved in water, chloride (Cl−), the 
acid, donates a proton to water, the base. Similarly, when 
potassium hydroxide (KOH) is dissolved in water, potas-
sium (K+), the base, receives a hydrogen ion from water, 
the acid or proton donor.

The degree of dissociation of substances in water deter-
mines whether they are strong acids or strong bases. Lac-
tic acid, which has an ion dissociation constant (pKa) of 
3.4, is completely dissociated at physiologic pH, and is a 
strong acid. Conversely, carbonic acid, which has a pKa 
of 6.4, is incompletely dissociated, and is a weak acid. 
Similarly, ions, such as sodium (Na+), potassium (K+), and 
Cl−, which do not easily bind other molecules, are consi-
dered strong ions—they exist free in solution. As each Na+ 
delivers a hydroxyl moiety into extracellular fluid (ECF), 
it is functionally a base because are all cations. As each Cl− 
delivers a hydrogen moiety into ECF, it is functionally an 
acid because are all anions. The hydrogen and hydroxyl 
ions delivered in this way bind to one another, forming 
water molecules, and relatively few free hydrogen or 
hydroxyl ions remain free in solution.

 HCl + H2O → H3O+ + Cl− 

In this reaction, HCl acts as a BL acid and water as a BL 
base.

 NaOH + H2O → H2O + OH− + Na+
 

In this reaction, water acts as a BL acid and Na+ as a BL 
base.

OH− + Na+ + H3O+ + Cl− = Na+ + Cl− + H2O

Because of electrical neutrality, the hydrogen and 
hydroxyl ions delivered by Cl− and Na+ become water.

In summary, all acid-base reactions in the human 
body relate to the presence of charged particles within an 
aqueous environment. In the following section, we dis-
cuss how the components of ECF influence the acid-base 
status of the body, as measured by clinicians. We subse-
quently explain different acid-base abnormalities and the 
tools used to identify them. These approaches are neither 
distinct from one another nor scientifically incompatible.

WHAT DETERMINES THE ACIDITY  
OR ALKALINITY OF A SOLUTION?

Because all acid-base reactions are based on the prin-
ciples of physical chemistry, three simple rules must be 
followed8:
  

 1.  Electrical neutrality: In aqueous solutions, in any com-
partment, the sum of all the positively charged ions 
must equal the sum of all the negatively charged ions.
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 2.  Dissociation equilibriums: The dissociation equilibriums 
of all incompletely dissociated substances, as derived 
from the law of mass action, must be satisfied at all 
times.

 3.  Mass conservation: The amount of a substance in a given 
compartment remains constant unless it is added, 
removed, generated, or destroyed. The total concen-
tration of an incompletely dissociated substance is the 
sum of concentrations of its dissociated and undissoci-
ated forms.

  

To determine the acid-base status of a fluid, all sub-
stances to which these rules could be applied must be 
accounted for. Fundamentally this involves counting up 
all the charges (and hence hydrogen and hydroxyl ions) 
delivered by strong cations (bases) and strong anions 
(acids), weak acid buffers, and CO2.9 A discussion of key 
groups follows.

STRONG IONS

The first group of ions, the strong ions, dissociates com-
pletely. The most abundant strong ions in the extracel-
lular space are Na+ and Cl−. Other important strong ions 
include K+, sulfate (SO4

2-), magnesium (Mg2+), and cal-
cium (Ca2+). In a solution containing strong ions, created, 
for example, using specified concentrations of NaOH and 
HCl, the hydrogen ion concentration can be calculated 
by solving for electric neutrality:

 
([

Na + ]
− [Cl − ]

)
+

([
H + ]

− [OH − ]
)

= 0 

This creates two separate simultaneous equations:

and

These equations tell us that hydrogen and hydroxyl 
concentrations are determined by Kw (water dissociation 
constant), and the difference in charge between Na+ and 
Cl−. Because the former is constant, in this system ([Na+] 
− [Cl−]) must determine [H+] and [OH−]. Given that the 
concentrations of both Na+ and Cl− are known, the net 
positive charge minus net negative charge can be quanti-
fied. It is the strong ion difference (SID).3 Logically, in 
any solution, the sum total of the charges imparted by 
strong cations minus the charges from strong anions will 
represent the SID. SID independently influences hydro-
gen ion concentration (Fig. 60-1). SID is always positive 
in human ECF.

 

SID =
([

Na+]+
[
K+]+

[
Ca2+

]
+
[
Mg2+

])
− ([Cl−]+ [A−])

= 40−44mEq/L

Hydroxyl ions almost always exceed hydrogen ions 
quantitatively in solution. The relationship between SID 
and [H+] is nonlinear in these conditions. Any change in SID 
will change both [H+] and [OH−] concentrations. Because of 
the Kw, this relationship is inverse: as [H+] increases, [OH−] 
decreases (see Fig. 60-1). SID is an independent variable, 
and [H+] and [OH−] are dependent, meaning that the addi-
tion of hydrogen ions alone (without strong corresponding 
anions) cannot influence the pH of the solution.

WEAK ACID “BUFFER” SOLUTIONS

The degree of water dissociation, and the hydrogen ion 
concentration, is also influenced by charges derived from 
weak acids. These acids are partially dissociated com-
pounds whose degree of dissociation is determined by the 
prevailing temperature and pH. The predominant mol-
ecules in this group are albumin and phosphate. Stewart 
used the term ATOT to represent the total concentration 
of weak anions or acids that influence acid-base balance.8

The acid HA only partly dissociates, represented by the 
equilibrium:

[HA ] = KA H+ A−

KA is the weak acid dissociation constant. If we assume 
that HA and A− play no further part in this reaction (the 
law of mass conservation), the amount of A− present in 
the solution must equal the amount initially present, so:

[HA ][A− ] = [ATOT]

where [ATOT] is the total weak acid concentration.
To calculate the effect of weak acid dissociation on 

[H+], we must take into account water dissociation and 
electrical neutrality:

These four simultaneous equations determine the [H+] 
in this solution containing strong ions and weak acids. SID 
and ATOT are independent variables, whose concentration 
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Figure 60-1. Effect of changes in the strong ion gap (SID) on 
hydrogen and hydroxyl ion concentration. (Modified from Stewart 
PA: Modern quantitative acid-base chemistry, Can J Physiol Pharmacol 
61:1444-1461, 1983.)
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was determined during the production of the system. Kw 
and KA are constants. Consequently, the other variables 
[HA], [H+], [OH−], and [A−] must adjust to satisfy the fore-
going equations. They are dependent variables.

CARBON DIOXIDE

Along with strong ions and weak bases, ECF contains 
CO2. The concentration of CO2 in ECF is determined by 
tissue production and alveolar ventilation. CO2, when in 
solution, exists in four forms: CO2 [denoted CO2(d)], car-
bonic acid (H2CO3), bicarbonate ions (HCO3

−), and car-
bonate ions (CO3

2−).
The concentration of CO2(d) is determined by the sol-

ubility coefficient of CO2 (Sco2), which depends on body 
temperature, Pco2, and other factors. Several equilibrium 
equations can be derived from the hydration of CO2:

 [CO2 (d)] = [SCO2] × PCO2 

The tendency for CO2 to hydrate to H2CO3, and sub-
sequently dissociate to H+ and HCO −

3 , is reflected by this 
equation:

 [CO2 (d)] × [OH − ] = K1 × [HCO3
− ] 

These equations can be combined together and with 
water equilibrium to the following:

 
[
H + ]

× [HCO3
− ] = KC × PCO2 

HCO −
3  also dissociates to release hydrogen ions and 

carbonate, the equilibrium reaction for which is repre-
sented by this equation:

 
[
H + ]

×
[
CO3

2 −
]

= K3 [HCO3
− ]

 

Factors Independently Influencing Water 
Dissociation
Now that we have looked at the different factors that may 
influence the concentration of hydrogen ions in a solu-
tion, strong ions, weak acids, and CO2, we can combine 
the derived equations to solve for [H+]:

 1.  Water dissociation 
equilibrium: [H+] × [OH−] = Kw

 2.  Weak acid dissocia-
tion equilibrium: [H+] × [A−] = KA × [HA]

 3.  Conservation of 
mass for weak acids: [HA] + [A−] = [ATOT]

 4. HCO −
3  formation 

equilibrium: [H+] × [HCO3
− ] = KC × Pco2

 5.  Carbonate ion for-
mation equilibrium: [H+] × [CO3

2−] = K3 × [HCO3
− ]

 6.  Electrical neutrality: [SID] + [H+] − [HCO3
− ] − 

[A−] − [CO3
2−] − [OH−] = 0

There are six independent simultaneous equations, and 
just six unknown, dependent variables determined by them: 
[HA], [A−], [HCO3

−], [CO3
2−], [OH−], and [H+]. The three 

known independent variables are [SID], [ATOT], and Pco2.
Solving the equations for [H+]:

[SID]+[H + −KC × PCO2/
[
H + ]

− KA × [ATOT] /
(
KA +

[
H + ])

− K3 × KCPC/
[
H + ]2 − K

′
w/

[
H + ]

= 0

In other words, [H+] is a function of SID, ATOT, Pco2, 
and several constants. All other variables, most notably 
[H+], [OH−], and [HCO3

−], are dependent and cannot 
independently influence acid-base balance.

ACID-BASE ABNORMALITIES

The value of the physical chemistry approach (Stewart 
approach) is that it allows us to use a simple model for 
understanding acid-base disturbances because all abnor-
malities can be explained in terms of SID, ATOT, or Pco2.8 
Traditionally, acid-base disturbances have been classi-
fied as resulting from either alterations in arterial carbon 
dioxide (Paco2) tension (respiratory acidosis or alkalosis) 
or alterations in blood chemistry (metabolic acidosis or 
alkalosis).10 This classification remains useful, although 
respiratory or metabolic abnormalities rarely occur inde-
pendently of one another.

RESPIRATORY ACID-BASE ABNORMALITIES

Respiratory Alkalosis
Respiratory alkalosis occurs when an acute decrease in 
Paco2 results from hyperventilation. The patient presents 
with symptoms and signs of vasoconstriction: lighthead-
edness, visual disturbances, dizziness, and perhaps hypo-
calcemia from increased binding of calcium to albumin. 
The hypocalcemia is caused by an increase in the avail-
able negative charge on albumin in alkaline states. Acute 
hypocalcemia is associated with parasthesias and tetany.

Respiratory Acidosis
Respiratory acidosis occurs in the presence of an acute 
increase in Paco2, usually associated with respiratory fail-
ure. This may result from problems with the following’:
  

 •  Central ventilator control—such as toxicity from 
anesthetic drugs, benzodiazepines, or opioids, stroke, 
spinal cord injury

 •  Peripheral ventilator control—such as myasthenia 
gravis, poliomyelitis, polymyopathy, or neuromuscular 
blockade

 •  Ventilation-perfusion mismatch—associated with 
pneumo thorax, pleural effusion, atelectasis, pneumonia, 
or pulmonary edema

  

Clinically, patients have signs of CO2 retention: cya-
nosis, vasodilatation, and narcosis.

Respiratory acidosis causes a rapid increase in [H+]. 
Compensation for hypercarbia is slow, requiring 
increased urinary excretion of Cl−,8 and pH falls rapidly. 
A concomitant increase in the serum HCO3

− occurs and 
reflects a higher total CO2 load. The acuity of respiratory 
failure can be deduced by looking at the relative ratio 
of CO2 to HCO −

3  (Table 60-1). Many investigators have 
suggested that respiratory acidosis may not necessarily 
be harmful. There has been extensive clinical experience 



with “permissive hypercapnia” for acute respiratory fail-
ure, which appears to be well tolerated,11,12 and it may 
indeed be beneficial.13

METABOLIC ACID-BASE ABNORMALITIES

Metabolic acid-base abnormalities are caused by altera-
tions in the SID or ATOT, or both. An increase in the SID 
causes alkalemia; a decrease in the SID causes acidemia. 
The alteration may be caused by a change in the total 
or relative concentration of strong ions. For example, a 
decrease in the SID (i.e., more anions relative to cations) 
causes acidosis; this may occur because of a net increase 
in anions (e.g., hyperchloremia, lactatemia) or an increase 
in the volume of distribution of the same quantity of ions 
(e.g., dilutional acidosis) (Table 60-2).

Metabolic acidosis is of clinical significance for two 
reasons: disorders arising from the acidosis itself and dis-
orders arising from the cause of the acidosis. Acidosis is 
associated with alterations in transcellular ion pumps and 
increased ionized calcium. The results are vasodilation, 
diminished muscular performance (particularly myocar-
dial), and arrhythmias. The oxyhemoglobin dissociation 
curve shifts rightward to increase oxygen offload into 
the tissues (see also Chapter 61). Rapid-onset metabolic 
acidosis may be associated with profound hypotension, 
cardiac arrhythmias, and death. The malignancy of the 
acidosis is strongly related to the underlying disease pro-
cess; lactic acidosis caused by circulatory shock is more 
malevolent than is hyperchloremic acidosis resulting 
from excessive administration of 0.9% saline solution.13 
The body is hyperresponsive to acidosis. Increasing 
hydrogen ion content in cerebrospinal fluid activates the 
respiratory center to stimulate respiration. Alveolar venti-
lation increases, thus reducing both arterial CO2 content 
and total-body [H+]. HCO3

− concentration simultane-
ously decreases secondary to buffering activity and to the 
reduction in total CO2. As a result, the blood pH falls less 
in metabolic acidosis than in respiratory acidosis.

Metabolic alkalosis rarely occurs as a result of acute ill-
ness. Symptoms and signs of metabolic alkalosis include 
widespread vasoconstriction, lightheadedness, tetany, 
and paresthesia. The main compensatory mechanism 
is hypoventilation, which may delay weaning from 
mechanical ventilation in critically ill patients.

In normal ECF, the SID is 44 mEq, and this positive 
charge is balanced principally by weak acids. Anything 

TABLE 60-1 CHANGES IN Paco2 AND [HCO3
−] IN 

RESPONSE TO ACUTE AND CHRONIC ACID-BASE 
DISTURBANCES* 

Disturbance [HCO3
−] versus Paco2

Acute respiratory acidosis ΔHCO3
− = 0.2 ΔPaco2

Acute respiratory alkalosis ΔHCO3
− = 0.2 ΔPaco2

Chronic respiratory acidosis ΔHCO3
− = 0.5 ΔPaco2

Metabolic acidosis ΔPaco2 = 1.3 ΔHCO3
−

Metabolic alkalosis ΔPaco2 = 0.75 ΔHCO3
−

Modified from Narins RB, Emmett M: Simple and mixed acid-base disorders: a 
practical approach, Medicine (Baltimore) 59:161-187, 1980.

Δ, Change in value; [HCO3
−], concentration of bicarbonate ion; Paco2, 

partial pressure of arterial carbon dioxide.
* HCO3

− is measured in mEq/L or mmol/L and Paco2 is measured in mm Hg.
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that increases the SID will increase the relative concen-
tration of cations to anions and alkalinize the solution. 
Anything that decreases the SID will decrease the rela-
tive concentration of cations to anions and will acidify 
the solution. If the extracellular compartment volume 
is expanded with free water (no electrolytes), the com-
ponents of the system are diluted, with relatively more 
dilution of more abundant moieties (Na+ rather than 
Cl−); the results are a reduction in SID and dilutional 
acidosis. This condition rarely occurs in the presence of 
normally functioning kidneys. Conversely, if free water 
is removed from the ECF (e.g., from increased evapo-
rative losses), the relative concentration of charged 
moieties increases, and this concentration affects more 
abundant ions and compounds (Na+ rather than Cl−). 
The SID increases, and contraction alkalosis occurs (see 
Table 60-2).

In perioperative medicine, “normal saline” (NaCl 
0.9%), containing 154 mEq of Na+ and 154 mEq of Cl−, 
is commonly used. The SID of this solution is 0. Func-
tionally, however, each liter of normal saline delivers 
approximately 50 mmol of hydrochloric acid into ECF. 
The effects are a net reduction in the relative concentra-
tion of Na+ to Cl−, a reduction in SID, and hyperchloremic 
acidosis.14

Any process that removes Cl− without Na+, such as 
aggressive nasogastric suctioning with a loss of HCl, 
causes metabolic alkalosis (hypochloremic alkalosis) 
because of an increase in SID. The alkalosis is caused by 
Cl− loss, which obeys the law of conservation of mass 
(i.e., a finite quantity is available in the ECF), and not by 
hydrogen ions, whose source, water, is unlimited. Severe 
diarrhea, which is associated with loss of both K+ and 
Na+, reduces the SID and is associated with metabolic 
acidosis. Aggressive use of diuretics causes a net loss of 
free water over Na+ and Cl− and leads to contraction 
alkalosis.

TABLE 60-2 CLASSIFICATION OF PRIMARY  
ACID-BASE ABNORMALITIES

Abnormality Acidosis Alkalosis

Respiratory Increased Pco2 Decreased Pco2

Metabolic

Abnormal SID
Caused by water excess 

or deficit
Water excess = 

dilutional
Water deficit = 

contraction
↓ SID + ↓ [Na+] ↑ SID ↑ [Na+]

Caused by electrolytes Chloride excess Chloride deficit
 Chloride (measured) ↓ SID ↑ [Cl−] ↑ SID + ↓ [Cl−]
 Other (unmeasured) 

anions, such as 
lactate and keto acids

↓ SID ↑ [UMA−] —

Abnormal ATOT
Albumin [Alb] ↑ [Alb] (rare) ↓ [Alb]
Phosphate [Pi] ↑ [Pi]

Modified from Fencl V, Jabor A, Kazda A, Figge J: Diagnosis of metabolic 
acid-base disturbances in critically ill patients, Am J Respir Crit Care Med 
162:2246-2251, 2000.

[Alb], Concentration of serum albumin; ATOT, the total concentration of 
weak ions; [Cl-], concentration of chloride ions; [Na+], concentration 
of sodium ions; Pco2, partial pressure of carbon dioxide; [Pi], concen-
tration of inorganic phosphate; SID, strong ion difference; [UMA−], 
unmeasured anions; ↑, increased; ↓, decreased.
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The most significant form of metabolic acidosis is asso-
ciated with a net gain of “unmeasured” anions (i.e., elec-
trolytes not conventionally measured on serum chemistry 
analysis) and, consequently, a decreased SID:
  

 1.  In dysoxia and states of severe stress, lactate is pro-
duced, thus reducing the SID and causing acidosis.

 2.  In out of control diabetes (ketoacidosis) or during star-
vation, β-hydroxybutyrate and acetoacetate are pro-
duced, thereby reducing the SID and causing acidosis 
(see also Chapter 39).

 3.  In severe renal failure, SO4
2− and phosphate (PO4

3−) 
(“fixed renal acids”) are not excreted, with resulting 
acidosis (see also Chapter 74).

  

The total weak acid pool, principally serum albumin 
and phosphate, is also an important determinant of 
acid-base status. Hyperphosphatemia is associated with 
the acidosis of renal failure. Hypoalbuminemia is com-
mon in critical care (see also Chapter 101). Hypoalbu-
minemia decreases ATOT and is associated with metabolic 
 alkalosis.15,16 A strong association exists between hypoal-
buminemia and severity of critical illness. Albumin defi-
cits result from four different homeostatic changes: (1) 
reprioritization of hepatic protein production favoring 
production of acute phase reactants and limiting albu-
min synthesis, (2) capillary leak with loss of albumin into 
the interstitium, (3) breakdown of preexisting albumin so 
that its constituent amino acids can be used for protein 
synthesis, and (4) replacement of plasma with protein-
free fluids.

The impact of hypoalbuminemia on acid-base balance 
is important. Stewart’s original theory was subsequently 
modified by Fencl and Figge.17 The serum albumin con-
centration is the core negative charge offsetting the net 
positive charge of the SID.15 Consequently, the pres-
ence of hypoalbuminemia may mask the detection of 
acidosis18 that is caused, for example, by unmeasured 
anions (UMAs), when using conventional tools of acid-
base chemistry: pH, HCO3

−, base deficit, and the anion 
gap.19 The presence of hypoalbuminemia has significant 
implications, not least for its association with adverse 
outcomes.20 Hyperalbuminemia is very unusual; in chol-
era, when associated with hemoconcentration, it is linked 
with acidosis.21

REGULATION OF ACID-BASE BALANCE

Extracellular hydrogen ion concentration appears to be 
tightly controlled by the body. In all probability this reg-
ulation reflects a need to prevent rapid changes in extra-
cellular electrochemical balance from interfering with the 
function of transcellular ion pumps. To prevent fluctua-
tion, various intracellular and extracellular buffering sys-
tems have evolved. A buffer is a solution of two or more 
chemicals that minimizes changes in pH in response to 
the addition of an acid or base. Ideally, a buffer has a pKa 
that is equal to the pH, and an ideal body buffer has a pKa 
between 6.8 and 7.2. Most biologically salient buffers are 
weak acids.

The control of hydrogen ion concentration should 
be viewed in terms of volatile and metabolic acids. The 
major source of acid in the body is the volatile acid CO2, 
which produces 12,500 mEq of H+ a day, most excreted 
by the lungs. In contrast, only 20 to 70 mEq of hydro-
gen ion–promoting anions are excreted daily through 
the kidney. Volatile acid is principally buffered by hemo-
globin. Deoxygenated hemoglobin is a strong base, and 
there would be a huge rise in the pH of venous blood if 
hemoglobin did not bind the hydrogen ions produced in 
oxidative metabolism.

CO2 easily passes through cell membranes. Within the 
erythrocyte, CO2 combines with H2O, under the influence 
of the enzyme carbonic anhydrase, to form H2CO3, which 
ionizes to hydrogen and HCO3

−. Hydrogen ions bind to 
histidine residues on deoxyhemoglobin, and HCO3

− is 
actively pumped out of the cell. Cl− moves inward to 
maintain electroneutrality (the Cl− shift) and to ensure 
the continued production of carbonic acid. CO2 is also 
buffered directly by hemoglobin (carbaminohemoglobin) 
and by plasma proteins (carbamino proteins). Venous 
blood contains 1.68 mmol/L of extra CO2 over arterial 
blood: 65% as HCO3

− and H+ bound to hemoglobin, 27% 
as carbaminohemoglobin (CO2 bound to hemoglobin), 
and 8% dissolved.

When respiratory failure occurs, the principal CO2 buff-
ering system, hemoglobin, becomes overwhelmed, lead-
ing to the rapid development of acidosis (see also Chapter 
103). In response, the kidney excretes an increased Cl− 
load, using ammonium (NH4

+), a weak cation, for elec-
trochemical balance. ECF osmolality is maintained. This 
process is conventionally referred to as metabolic com-
pensation. Chronic respiratory acidosis increases total-
body CO2 content, reflected principally by an increase in 
serum HCO3

−. Hypercapnia increases cerebrospinal fluid 
HCO −

3 , thus reflecting an overall increase in total CO2 
load. Compensation for this hypercarbia is a reduction in 
cerebrospinal fluid Cl−,22 as well as an increase in cerebro-
spinal fluid SID.23-25 This is probably controlled by active 
transport mechanisms across the blood-brain barrier or 
at the level of the choroid plexus and can be blocked by 
furosemide and acetazolamide.26-29 The result is a right-
ward shift in the Pco2 response curve: the respiratory 
center responds to hypercarbia by increasing respiratory 
drive at a higher Pco2 level than under normal condi-
tions. Mathematically,

ΔHCO3
− = 0.5 ΔPaCO2 in mm Hg30

HCO −
3  is a dependent variable that increases or 

decreases with Pco2. The rate of conversion of CO2 to 
HCO −

3  depends on carbonic anhydrase activity and 
occurs slowly. It is possible mathematically to determine 
whether an increase in Paco2 is acute or long-standing 
(see Table 60-1). In acute respiratory acidosis,

Δ HCO3
− = 0.2 ΔPaCO2

Metabolic acid is buffered principally by increased 
alveolar ventilation, thus producing respiratory alkalosis, 
and extracellular weak acids. These weak acids include 
plasma proteins, phosphate, and HCO −

3 . The HCO −
3  buff-

ering system (92% of plasma buffering and 13% over-
all) is probably the most important extracellular buffer.  
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The pKa of HCO −
3  is relatively low (6.1), but the system 

derives its importance from the enormous quantity of 
CO2 present in the body. The coupling of HCO −

3  and 
H2O produces CO2, which is then excreted through the 
lungs and increases alveolar ventilation. Physicians must 
be aware of the importance of this compensatory mecha-
nism. For example, anesthetized or critically ill patients 
receiving controlled mechanical ventilation lose the 
capacity to regulate their own Pco2. Consequently, the 
combination of acute metabolic and respiratory acidosis 
can cause a devastating reduction in pH.

The major effect of the kidney on acid-base balance 
relates to renal handling of Na+ and Cl− ions. Because 
dietary intake of Na+ and Cl− is roughly equal, the kidney 
excretes a net Cl− load, using NH4

+, a weak cation, to neu-
tralize urinary chloride electrochemically.2

In metabolic acidosis, the kidneys preferentially 
excrete Cl−. In metabolic alkalosis, Cl− is retained, and 
Na+ and K+ are excreted. The presence of HCO −

3  in the 
urine reflects the need to maintain electrical neutral-
ity. Abnormalities in the renal handling of Cl− may be 
responsible for several inherited acid-base disturbances. 
In renal tubular acidosis, patients are unable to excrete 
Cl− in proportion to Na+.31 The diagnosis can be made by 
observing hyperchloremic metabolic acidosis with inap-
propriately low levels of Cl− in the urine. The urinary SID 
is positive. If the urinary SID is negative, the process is 
not of renal origin. Similarly, pseudohypoaldosteronism 
appears to result from high reabsorption of chloride.32 
Bartter syndrome is caused by a mutation in the gene 
encoding the Cl− channel—CLCNKB—that regulates the 
Na-K-2Cl cotransporter (NKCC2).33

The other causes of hyperchloremic metabolic acidosis 
are gastrointestinal losses (diarrhea, small bowel or pan-
creatic drainage), parenteral nutrition, excessive admin-
istration of saline, and the use of carbonic anhydrase 
inhibitors.

ANALYTIC TOOLS USED IN ACID-BASE 
CHEMISTRY

Acid-base balance is a core component of the clinical 
evaluation of acutely and critically ill patients. Arterial 
blood gas analysis provides immediate information on 
the status of the patient’s respiratory system and ascer-
tains whether or not a state of acidosis or alkalosis is 
present. By applying a variety of empiric “rules,” the 
information contained in arterial blood gas analysis is 
often sufficient to identify the presence, cause, and pro-
gression of a disease (see also Chapters 44 and 51). The 
diagnostic sensitivity of arterial blood gas analysis is aug-
mented when a serum chemistry panel, glucose and lac-
tate determinations, and urinary ketone measurements 
are added.

Several different approaches to acid-base balance are in 
widespread use.34 These can be described as follows: descrip-
tive, based on changes in the Henderson- Hasselbalch 
equation; semiquantitative, based on calculations and 
nomograms; or quantitative, based on physical chem-
istry. The descriptive approach uses the interrelation-
ship between Pco2 and [HCO −

3 ] to detect and diagnose 
acid-base abnormalities. An extension of this is the anion 
gap. The semiquantitative approach includes the buffer-
base concept, the standardized base deficit-excess, and the 
base-deficit gap. The quantitative approach uses SID and 
ATOT and is quantified using the strong ion gap (SIG).

DESCRIPTIVE APPROACH: CARBON 
DIOXIDE–BICARBONATE (BOSTON 
APPROACH)

Schwartz and colleagues at Tufts University in Boston 
developed a descriptive approach to acid-base chemistry. 
Their formulation uses acid-base maps and the mathe-
matic relationship between CO2 tension and serum HCO −

3  
(or total CO2), derived from the Henderson- Hasselbalch 
equation to classify acid-base disturbances in terms 
of two independent variables: Paco2 and [HCO3

−].35,36  
To validate this approach, patients with known acid-
base disturbances, at steady states of compensation, were 
evaluated. The degree of compensation, relative to what 
was considered normal, was measured for each disease 
state. The investigators described six primary states of 
acid-base imbalance by using linear equations or maps, 
relating hydrogen ion concentration to Pco2 for respira-
tory disturbances, and Pco2 to HCO −

3  concentration for 
metabolic disturbances (Fig. 60-2). For any given acid-
base disturbance, an expected HCO −

3  concentration was 
determined. These maps and equations were then com-
piled into a series of mathematic rules (Box 60-1). For 
most simple disturbances, this is a reasonable approach. 
For example, in acute respiratory acidosis, the [HCO −

3 ] 
will increase by 1 mEq/L for every 10 mm Hg elevation 
in Paco2 greater than 40 mm Hg. In chronic respiratory 
acidosis, the [HCO −

3 ] will increase by 4 mEq/L for every 
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10 mm Hg elevation in Paco2 greater than 40 mm Hg. 
In acute metabolic acidosis, the Paco2 follows the 1.5 × 
[HCO −

3 ] plus 8 rule. In metabolic alkalosis, the expected 
Paco2 follows the 0.7 × [HCO −

3 ] plus 20 rule.
Using these maps and equations and rules, physi-

cians can determine the nature of most respiratory and 
metabolic acid-base disturbances and in a manner that 
is usually accurate. Although a mathematic relationship 
is in place, alterations in [H+] and [HCO −

3 ] do not reflect 
cause and effect. For example, chronic hypoventila-
tion is associated with an increase in Pco2 and [HCO −

3 ]. 
Many physicians have incorrectly assigned the increase 
in [HCO −

3 ] as compensation for raised Pco2. It is not. The 
increased HCO −

3  concentration reflects increased total 
CO2 in the body.

Although the Pco2-HCO −
3  approach is relatively accu-

rate for most disturbances and is particularly useful for 
respiratory problems, it has several inherent pitfalls, par-
ticularly in relation to the metabolic component. First, 
the approach is not as simple as it seems. It requires the 
clinician to refer to confusing maps or to learn formulas 
and perform mental arithmetic. Second, the system nei-
ther explains nor accounts for many of the complex acid-
base abnormalities seen in perioperative and critically ill 
patients, such as patients with acute acidosis in the set-
ting of hypoalbuminemia, hyperchloremic acidosis, or 
dilutional acidosis or patients with lactic acidosis in the 
setting of chronic respiratory acidosis.

ANION GAP APPROACH

The most widely used tool for investigating metabolic aci-
dosis is the anion gap, developed by Emmet and Narins in 
1975.37 It is based on the law of electrical neutrality. It is 
entirely consistent with the physical chemistry approach, 
described later, and is usually used alongside the  Boston 
approach to acid-base balance. The system is based on 

RespiRatoRy DisoRDeRs

Acute Respiratory Acidosis

Expected [HCO3
− ] = 24 + [(Measured PaCO2 − 40) /10]

Chronic Respiratory Acidosis

Expected [HCO3
− ] = 24 + 4 [(Measured PaCO2 − 40) /10]

Acute Respiratory Alkalosis

Expected [HCO3
− ] = 24 − 2 [(40 − Measured PaCO2) /10]

Chronic Respiratory Alkalosis

Expected [HCO3
−
] = 24 − 5 [(40 − Measured PaCO2) /10] (range: ± 2)

Metabolic DisoRDeRs

Metabolic Acidosis

Expected PaCO2 = 1.5 × [HCO3
− ] + 8 (range: ± 2)

Metabolic Alkalosis

Expected PaCO2 = 0.7 × [HCO3
− ] + 20 (range: ± 5)

BOX 60-1 The Descriptive (CO2-HCO −
3 ) 

Approach to Acid-Base Disorders
data that were not easily available or known at the time 
of publication: the contribution to electrical neutral-
ity ascribed to weak acids (phosphate and albumin) and 
UMAs. The sum of the difference in charge of the com-
mon extracellular ions reveals an unaccounted for “gap” 
of −10 to −12 mEq/L. Three variants of the anion gap are 
widely used (Fig. 60-3), and they depend on whether or 
not K+ and lactate are included:

If the patient develops metabolic acidosis, and the gap 
“widens” to, for example, more than 20 mEq/L, then the 
acidosis is caused by UMAs: renal acids or ketones. If the gap 
does not widen, then the anions are being measured, and 
the acidosis has been caused by hyperchloremia (HCO −

3  
cannot independently influence acid-base status) or lactate 
(if used). Although this is a useful tool, it is weakened by the 
assumption of what is or is not a “normal gap.”38 The anion 
gap frequently underestimates the extent of the metabolic 
disturbance.18 Most critically ill patients are hypoalbumin-
emic, and many are also hypophosphatemic.39 Conse-
quently, the gap may be normal in the presence of UMAs. 
This was extensively studied by Fencl and Figge, who pro-
vided a variant known as the corrected anion gap19:

Anion gap corrected (for albumin) = Calculated anion gap + 2.5 ×
(Normal albumin g/dL − Observed albumin g/dL)
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Figure 60-3. The anion gap. The anion gap represents the differ-
ence in charge between measured cations and measured anions. The 
missing negative charge is made up of weak acids (A−), such as albu-
min and phosphate, and strong unmeasured anions (UMAs), such as 
lactate.
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In this corrected form, the anion gap accurately quan-
tifies metabolic acidosis, and it is useful for discriminat-
ing acidosis caused by UMAs from acidosis reflecting 
hyperchloremia in a previously healthy patient (e.g., in 
acute trauma). Moviat and colleagues demonstrated that 
the anion gap corrected for albumin accurately detects 
complex acid-base abnormalities in intensive care.40

Another version of the anion gap is the delta anion gap 
(Box 60-2), an approach that has successfully predicted 

Delta ratio = Δ Anion gap/ Δ [HCO3
− ] or ↑ Anion gap/ ↓ [HCO3

− ]

=
Measured anion gap − Normal anion gap

Normal [HCO3
− ] − Measured [HCO3

− ]

=
(Anion gap − 12)

(24 − [HCO3
− ])

BOX 60-2 The Delta Anion Gap (Delta Ratio)
adverse outcomes in critical illness.41 Simply, if the anion 
gap is normal, or unchanged, and the HCO −

3  level falls, 
then the delta ratio will be less than 0.4, and hyperchlo-
remic acidosis is present. A delta ratio between 1 and 2 is 
what one would expect from metabolic acidosis caused by 
UMAs or lactate. If the ratio is greater than 2, mixed acid-
base abnormalities are present. Although, on the surface, 
this process is relatively simple, it assumes that the clinician 
knows the normal anion gap and HCO −

3  for that particular 
patient. In addition, it does not result in a clear diagnosis 
other than hyperchloremia. Figure 60-4 is a decision tree 
that uses this descriptive approach to acid-base balance.

SEMIQUANTITATIVE APPROACH: BASE 
DEFICIT OR EXCESS (COPENHAGEN)

In metabolic acidosis, the addition of routinely UMAs 
to the ECF results in a net gain of one hydrogen ion for 
each anion. This is “buffered” principally by HCO −

3 , such 
that each anion gained results in a fall in the HCO −

3  
Figure 60-4. The descriptive (“Bos-
ton”) approach to acid-base bal-
ance. AG, Anion gap; DKA, diabetic 
ketoacidosis.
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concentration. The change in the HCO −
3  concentration 

from baseline should reflect the total quantity of net 
anions gained. Adherents to the descriptive approach to 
acid-base balance refer to this as the “delta” HCO −

3 . How-
ever, this is problematic because it does not separate the 
effect of CO2 metabolism on the [HCO −

3 ].
In 1948, Singer and Hastings proposed that changes in the 

whole-blood buffer base could be used to quantify the meta-
bolic component independent of the Henderson-Hassel-
balch equation.42 The buffer base represented the sum of the 
HCO −

3  and the nonvolatile buffer ions (essentially the serum 
albumin, phosphate, and hemoglobin). Applying the law of 
electrical neutrality, the buffer base was forced to equal the 
electrical charge difference between strong (fully dissociated) 
ions. Normally buffer base = [Na+] + [K+] − [Cl−]. Alterations 
in buffer base represented changes in strong ion concentra-
tions (which could not be easily measured in 1948). The 
buffer base increases in metabolic alkalosis and decreases in 
metabolic acidosis. The major drawback of buffer base mea-
surements is the potential for changes in buffering capacity 
associated with alterations in hemoglobin concentration.

In 1957, Astrup and colleagues developed the standard 
HCO −

3 —the HCO −
3  concentration at 37° C and at a Paco2 

of 40 mm Hg. Building on this work, Astrup and Siggard-
Andersen recognized that Pco2 and [HCO −

3 ] were not 
independent variables.43 As a result, they derived the base 
deficit excess (BDE) approach as a measure that could differ-
entiate respiratory from metabolic acid-base disturbances. 
As defined, the BDE is the amount of strong acid or base 
required to return the pH to 7.4, assuming that Pco2 is con-
stant at 40 mm Hg and that the temperature is 37° C. As in 
the Boston group, the Siggard-Andersen data were derived 
from observations on a large population of patients. The 
investigators carefully titrated known amounts of acid or 
base to blood maintained by tonometry at various Paco2 
values and a wide range of hemoglobin concentration at 
37° C. These studies led to the development of an align-
ment nomogram (Fig. 60-5 and Table 60-3), which allowed 
for the determination of BDE from a single measurement 
of pH, Paco2, and hemoglobin concentration at 37° C. Cur-
rent algorithms for computing the BDE are derived from 
the Van Slyke equation published in 1977.44

BDE = (HCO3 − 24.4 + [2.3 × Hb + 7.7] × [pH − 7.4])
× (1 − 0.023 × Hb)

A very high level of agreement exists between this 
calculation and the empiric data that were used to con-
struct the original nomogram. The calculation is accurate 
in vitro, but not in vivo, because of the dynamic buffering 
activity of hemoglobin within the acid-base paradigm of 
gas and electrolyte exchange. This approach was modified 
to use only anemic blood (hemoglobin 5 g/dL), which 
more accurately reflects whole-body base excess in vivo: 
the calculation became the standard base excess (SBE):

SBE = 0.93 × (HCO3 − 24.4 + 14.83] × [pH − 7.4]

The BDE approach to acid-base chemistry was success-
fully validated by Schlichtig45 and Morgan.46 The major 
weakness of this equation is the assumption of a normal 
quantity of weak acids (ATOT), which is rarely the case 
in critical illness. Wooten corrected SBE for weak acids 
(albumin and phosphate) and produced an accurate mul-
ticompartment model (SBEc)47:

SBEc = (HCO3 − 24.4) + ([8.3 × Albumin g/dL × 0.15]
+ [0.29 × Phosphate mg/dL × 0.32] × [pH − 7.4]
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Figure 60-5. Acid-base nomogram using the Copenhagen 
approach as revised by Schlichtig. The various acid-base distur-
bances can be distinguished based on Pco2 and base deficit or excess, 
here referred to as standard base excess (SBE). Arrows represent 
changes as the body compensates for acute acidosis or alkalosis. AR, 
Acute respiratory acidosis or alkalosis; CR, chronic respiratory acidosis or 
alkalosis; M, metabolic acidosis or alkalosis. (From Schlichtig R, Grogono 
AW, Severinghaus JW: Human Paco2 and standard base excess compensa-
tion for acid-base imbalance, Crit Care Med 26:1173-1179, 1998.).

TABLE 60-3 CHANGES IN STANDARD BASE DEFICIT 
OR EXCESS IN RESPONSE TO ACUTE AND CHRONIC 
ACID-BASE DISTURBANCES

Disturbance SBDE versus Paco2

Acute respiratory acidosis ΔBDE = 0
Acute respiratory alkalosis ΔBDE = 0
Chronic respiratory acidosis ΔBDE = 0.4 ΔPaco2

Metabolic acidosis ΔPaco2 = ΔBDE
Metabolic alkalosis ΔPaco2 = 0.6 ΔBDE

Modified from Narins RB, Emmett M: Simple and mixed acid-base disorders: a 
practical approach, Medicine (Baltimore) 59:161-187, 1980.

Δ, Change in value; BDE, base deficit or excess; Paco2, partial pressure of 
arterial oxygen; SBDE, standard base deficit or excess.

BDENaCl =
([

Na + ]
− [Cl − ]

)
− 38

BDEAlb = 0.25 (42 − Albumin g/L)

BDENaCl − BDEAlb = BDEcalc

BDE − BDEcalc = BDE gap = The effect of unmeasured anions or cations

BOX 60-3 Calculation of Base Deficit or 
Excess of Sodium, Chloride, and Free Water 
and Albumin*

* This approach involves calculating the base deficit or excess (BDE) 
for sodium, chloride, and free water (BDENaCl) and that for albumin 
(BDEAlb). The result is the calculated BDE (BDEcalc). This is subtracted 
from the measured BDE to find the BDE gap.
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Figure 60-6. The semiquantitative (“Copenhagen”) approach to acid-base balance. BD, Base deficit; BE, base excess; BDEm, measured base 
deficit or excess; BDEc, base deficit or excess corrected for albumin, sodium, chloride, and free water (see Box 60-3); UMA, unmeasured anion; 
lactate in mmol/L, creatinine in mg/dL, osmolar gap in mOsm.
Using Wooten’s multicompartment model,47 it can be 
seen that the SBE is the quantity of strong anion or strong 
cation required to bring SID back to normal, with the pH 
corrected to 7.4 and the Pco2 at 40 mm Hg.

Application of simple mathematic rules allows for use 
of the BDE in each of the common acid-base disturbances 
(Box 60-3 and Fig. 60-6). For example, in acute respiratory 
acidosis or alkalosis, BDE does not change. Conversely, in 
acute metabolic acidosis, the magnitude of change of the 
Pco2 (in millimeters of mercury) is the same as that of the 
BDE (in milliequivalents per liter).

Considerable discussion has arisen since the 1980s 
about the merits and demerits of the BDE, as compared 
with the CO2-HCO −

3  system. In reality, little difference 
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exists between the two; both equations and nomograms 
were derived from patient data and abstracted backward. 
Calculations use HCO −

3  as measured on a blood gas ana-
lyzer. Consequently, for most patients, either approach 
is relatively accurate, but calculations may be misleading 
because they do not allow the clinician to distinguish 
between, for example, acidosis caused by lactate or Cl− 
and alkalosis resulting from dehydration or hypoalbu-
minemia. These measures may miss the presence of an 
acid-base disturbance entirely; for example a hypoalbu-
minemic (metabolic alkalosis) critically ill patient with 
lactic acidosis (metabolic acidosis) may have a pH, HCO −

3 ,  
and base excess in the normal range. This lack of preci-
sion may lead to inappropriate or inadequate therapy.

A complementary approach, used by Gilfix and col-
leagues,48 and subsequently by Balasubramanyan and asso-
ciates49 and Story and associates,50 is to calculate the BDE 
gap. This allows recalculation of BDE using strong ions, 
free water, and albumin. The resulting BDE gap should 
mirror the SIG, and the anion gap should be corrected.

We find the simplified calculation of Story and associ-
ates to be most useful (see Box 60-3).50 These investigators 
used two equations to calculate the BDE for Na+, Cl−, and 
free water (BDENaCl) and for albumin (see Box 60-3).

STEWART-FENCL APPROACH

A more accurate reflection of true acid-base status can 
be derived using the Stewart-Fencl or physical chemis-
try approach.1,3 This approach is based on the concept 
of electrical neutrality, a small advance from the anion 
gap. Plasma has an apparent SIDa [(Na + Mg2+ + Ca2+ + 
K+) − (Cl− + A−)] of 40 to 44 mEq/L, balanced by the nega-
tive charge on HCO −

3  and ATOT (the buffer base, effective 
SID [SIDe]). A small difference between SIDa and buffer 
base (SIDe) represents a SIG and quantifies the amount of 
UMA present (Fig. 60-7).

 
SIDa =

([
Na + ]

+
[
K + ]

+
[
Mg2 +

]
+
[
Ca2 +

])
− [Cl −

]

 
SIDe = [HCO3

− ] +
[Charge on albumin] + [Charge on Pi] (in mmol/L)

The degree of ionization of weak acids is pH depen-
dent, so one must calculate for this:

[Alb − ] = [Alb g/L] × (0.123 × pH − 0.631)
[Pi] (in mg/dL) = [Pi] /10 × pH − 0.47

SIG = SIDa − SIDe

Unfortunately, the SIG may not represent unmeasured 
strong anions, but only all anions that are unmeasured. 
For example, if resuscitated with gelatin, a patient’s SIG 
will increase. Further, SID changes quantitatively in abso-
lute and relative terms when changes in plasma water 
concentration occur. Fencl and Leith addressed this by 
correcting the Cl− concentration for free water (Cl−corr) 
with the following equation1:

[Cl − ] corr = [Cl − ] observed ×
([

Na + ]
normal/

[
Na + ]

observed
)

This corrected Cl− concentration may then be inserted 
into the SIDa equation. Similarly, the derived value for 
UMAs can also be corrected for free water by substituting 
UMAs for Cl− in the previous equation.18 In a series of 
nine normal subjects, Fencl and colleagues estimated the 
“normal” SIG as 8 ± 2 mEq/L.18

Calculation of SIG is cumbersome. The data required 
are more extensive and expensive than other approaches, 
and much confusion exists about the normal range of 
SIG. It is unclear, in standard clinical practice, that SIG 
has any advantage over the corrected anion gap (which 
is SIG without calcium, magnesium, and phosphate—
which usually cancel out each other’s charges).

No single number can make sense of complex acid-base 
disturbances. Fencl and associates suggested that anion 
gap or BDE should be replaced by viewing each blood 
gas in terms of all alkalinizing and acidifying effects: 
respiratory acidosis or alkalosis, the presence or absence 
of abnormal SID (from water excess or deficit, measured 
electrolytes or unmeasured electrolytes), and abnormal 
ATOT.18 Consider the following patient, described by Fencl 
and colleagues18 (data in mEq/L unless otherwise stated):

Na, 117; Cl, 92; Ca, 3.0; albumin, 6.0 g/L; K, 3.9; Mg, 
1.4; Pi, 0.6 mmol/L; arterial blood gases: pH, 7.33; Pco2, 
30 mm Hg; HCO3

−,15
Derived values would be as follows:
Anion gap, 13; corrected anion gap, 23; BE, −10; SID, 

18; corrected Cl, 112; corrected UMA, 18
Using traditional methods, one would describe this as 

nongap metabolic acidosis and look for causes of HCO −
3  

wasting, such as renal tubular acidosis or gastrointestinal 
losses. The degree of respiratory alkalosis is appropriate for 
the degree of acidosis (ΔBD = ΔPco2). The Fencl-Stewart 
approach reveals a much more complex situation. SID is 
reduced to 18 mEq/L—caused by free water excess, UMAs, 
and surprisingly, hyperchloremia (see the corrected Cl−). 
The degree of acidosis does not mirror the metabolic dis-
turbance because of the alkalinizing force of hypoalbu-
minemia. The corrected anion gap mirrors the change in 
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Figure 60-7. The strong ion gap (SIG). SID apparent (SIDa) is the 
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−). SID effective (SIDe) is the real SID. The dif-
ference between the two is made up of unmeasured anions (UMAs). 
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Figure 60-8. Using the breathing 
pattern to determine the cause 
of acute respiratory distress and 
respiratory acidosis. NM, Neuro-
muscular; V/Q, ventilation-perfusion.
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SID, but this alteration is grossly underestimated by the 
base deficit. This patient has dilutional acidosis, hyper-
chloremic acidosis, and lactic acidosis.

In conclusion, for most patients presenting to the emer-
gency room or operating suite who have been previously 
healthy, the use of tools such as the base deficit or anion 
gap to assess metabolic disturbances remains reasonable, 
particularly if it is corrected for albumin. For critically ill 
patients, the most effective method of interpreting acid-
base conundrums involves unraveling simultaneous acidi-
fying and alkalinizing processes and using calculations 
to distinguish among the various forces at play. Unfortu-
nately, a clinician’s ability to interpret such information 
depends on the amount of available data. A simple blood 
gas analysis alone may camouflage a significant acid-base 
disturbance.

In the next section, we look at the causes of many 
commonly seen acid-base disturbances in different clini-
cal settings.

ACID-BASE PROBLEMS IN DIFFERENT 
CLINICAL SETTINGS

ACID-BASE DISTURBANCES  
IN THE EMERGENCY SETTING
Acid-base disturbances are an important part of labora-
tory investigation of acutely ill patients (see also Chapter 
101). The most common disturbances are acute respira-
tory acidosis or alkalosis and acute metabolic acidosis. 
Acute metabolic alkalosis is unusual. Mixed respiratory 
and metabolic acidosis is seen in the severely injured or 
infected patient.

Acute respiratory acidosis results from hypoventilation 
or increased dead space ventilation. Assessment begins 
with an examination of the patient’s breathing pattern 
(Fig. 60-8): slow, shallow breathing indicates impaired 
respiratory drive; rapid, shallow breathing suggests chest 
wall or lung disease; and obstructed breathing signifies 
airway obstruction.

Respiratory acidosis complicates a wide variety of 
pathologic processes. These include neurologic injury 
(stroke, spinal cord injury, botulism, tetanus), toxic sup-
pression of the respiratory center (opioids, barbiturates, 
benzodiazepines), neuromuscular disorders (Guillain-
Barré syndrome, myasthenia gravis), abdominal hyperten-
sion, flail chest, hydrohemopneumothorax, pulmonary 
edema, and pneumonia. It also complicates anesthesia 
with excessive sedation, partial neuromuscular blockade, 
and intraoperative hypoventilation. Frequently, mechan-
ical ventilation is required to reverse the acidosis.

Acute respiratory alkalosis is caused by hyperventila-
tion, in response to anxiety or pain, central respiratory 
stimulation (as occurs early in salicylate poisoning), or 
excessive artificial ventilation. Acute respiratory alkalosis 
usually accompanies acute metabolic acidosis, in which 
case the reduction in Pco2 from baseline (usually 40 mm 
Hg) is equal to the magnitude of the base deficit (see Table 
60-3). For example, in a patient with lactic acidosis whose 
lactate concentration is 10 mEq/L, the base deficit should 
be −10 and the Pco2 30 mm Hg. If the Pco2 is higher than 
expected, then a concomitant problem exists with the 
respiratory apparatus. An example is the multitrauma 
patient in whom massive blood loss leads to lactic acido-
sis and a flail chest causes respiratory acidosis.

Acute metabolic acidosis is caused by an alteration in 
SID or ATOT. SID is changed by an alteration in the relative 
quantity of strong anions to strong cations. Anions can 
be gained, as occurs with lactic acidosis, renal acidosis, 
ketoacidosis, and hyperchloremic acidosis, or cations can 
be lost, as occurs with severe diarrhea or renal tubular 
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acidosis. Acidosis also can result from an increase in free 
water relative to strong ions—the dilutional acidosis that 
accompanies excessive hypotonic fluid intake and certain 
poisonings with alcohol such as methanol, ethylene gly-
col, or isopropyl alcohol.

To investigate acute metabolic acidosis in previously 
healthy patients, simple observational and mathematic 
tools, such as the anion gap and base deficit, are useful (see 
Fig. 60-4; Box 60-4). The base deficit merely demonstrates 
the presence of an acid-base anomaly. The anion gap 
differentiates acidosis caused by hyperchloremia (renal 
tubular acidosis or excessive administration of “normal 
saline”) or lactate from that caused by UMAs (ketones or 
renal acids) and dilution. When a patient presents with 
acute metabolic upset, such as trauma, exsanguination, 
loss of consciousness, or tachypnea, the tests needed to 
evaluate the patient completely include blood gas analy-
sis, an electrolyte panel, serum osmolality testing, and 
urinalysis.

In acute metabolic acidosis, three diagnoses should be 
immediately investigated: (1) lactic acidosis (send for a 
serum lactate determination—it should mirror the magni-
tude of base deficit); (2) ketoacidosis secondary to diabetes 
(the patient should be hyperglycemic and have positive 

 1.  Is acidosis being caused by measured or unmeasured anions 
(i.e., chloride)?

Look at blood chemistry
Calculate anion gap: Na + K − Cl = 10-12
If gap is normal, too much chloride is present because of 

excessive administration, excess loss of sodium (diarrhea, 
ileostomy), or renal tubular acidosis

If gap is wide (>16), other unmeasured anions are present, 
causing acidosis

Check serum lactate—if >2, probably lactic acidosis
If high lactate is explained by circulatory insufficiency (shock, 

hypovolemia, oliguria, underresuscitation, anemia, carbon 
monoxide poisoning, seizures), then “type A” lactic  
acidosis

If not, think about “type B (rare)” causes—biguanides, fruc-
tose, sorbitol, nitroprusside, ethylene glycol, cancer, liver 
disease

Look at creatinine and urine output
If patient is in acute renal failure, these may be renal acids

Look at blood glucose and urinary ketones
If patient is hyperglycemic and ketotic, this is diabetic 

ketoacidosis
If patient is ketotic (unmeasured anion) and normoglycemic, 

this is either alcoholic (check blood alcohol) or starvation 
ketosis

Check for presence of chronic alcohol abuse—high mean 
corpuscular volume, increased γ-glutamyl transferase on 
liver panel

 2. If all these test results are negative, think of intoxication
Send toxicology laboratory tests (particularly salicylates) 

and serum osmolality, and calculate osmolality using the 
 formula: 2(Na + K) + Glucose / 18 + BUN / 2.8

Look for unmeasured source of osmoles: if gap between mea-
sured and calculated serum osmolality >12, think of alcohol, 
particularly ethylene glycol, isopropyl alcohol, and methanol  

BOX 60-4 Evaluation of a Patient With 
Metabolic Acidosis
urinary ketones); or (3) starvation and acute renal fail-
ure, as demonstrated by high serum urea and creatinine 
levels and low total CO2. Starvation and renal failure are 
diagnoses of exclusion. The presence of a low serum Na+ 
concentration (<135 mEq/dL) or a very wide anion/base 
deficit/SIG should alert the clinician to the unusual possi-
bility of dilutional acidosis, such as that caused by alcohol 
poisoning. Alcohols such as ethanol, methanol, isopropyl 
alcohol, and ethylene glycol are osmotically active mol-
ecules that expand extracellular water. Alcohol poison-
ing should be suspected in the patient with an osmolar 
gap: a difference between the measured and calculated 
serum osmolality of greater than 12 mOsm demonstrates 
the presence of unmeasured osmoles. Toxicology analysis 
can reveal the presence of various alcohols.

Renal acidosis is caused by accumulation of strong ion 
products of metabolism excreted exclusively by the kid-
ney. Examples include sulfate and formate. In addition, 
accumulation of phosphate, a weak acid, is caused by 
relative deficiency of vitamin D. Diabetic ketoacidosis is 
treated with volume resuscitation and insulin. Starvation 
ketosis is treated by administration of glucose and then 
protein. Renal acidosis is treated with dialysis.

The use of NaHCO3 boluses or infusions to treat meta-
bolic acidosis is controversial. Little evidence supports the 
use of this agent in lactic acidosis or ketoacidosis. NaHCO3 
will indeed reverse the acidosis by increasing SID, but in 
general the acidosis is a reflection of a greater underlying 
problem. Nevertheless, NaHCO3 (8.4%) is a hypertonic 
solution and should have a plasma-expanding effect simi-
lar to that of hypertonic saline, albeit at the cost of increas-
ing Paco2. This property likely explains the perceived 
hemodynamic benefit in shock. NaHCO3 infusions have 
been used to increase SID to reduce patients’ symptoms 
and prevent hyperkalemia in patients awaiting dialysis.

Methanol is metabolized to formaldehyde and formate 
by alcohol dehydrogenase. These metabolites are highly 
toxic, causing blindness, cardiovascular instability, and 
death. Treatment strategies include the use of ethanol 
to compete for binding on alcohol dehydrogenase and 
fomepizole to inhibit the enzyme. Ethylene glycol poi-
soning causes central nervous system depression, lactic 
acidosis, and formation of calcium oxalate urinary crys-
tals. The resultant hypocalcemia can lead to renal fail-
ure, cardiovascular depression, and death. Treatment 
includes administration of fomepizole with or without 
hemodialysis.

Lactic Acidosis
Lactic acidosis occurs when the production of lactate in 
the body is greater than the liver’s capacity to clear it. The 
problem is overproduction or inadequate clearance.

Lactic acid is produced physiologically as a degrada-
tion product of glucose metabolism. Its formation from 
pyruvate is catalyzed by lactate dehydrogenase. Under 
normal conditions, the ratio of lactate to pyruvate is less 
than 20:1. In anaerobic conditions, for example follow-
ing vigorous exercise, lactate levels increase dramatically. 
In addition, lactate can be produced under aerobic con-
ditions. Activation of β-adrenergic receptors in skeletal 
muscle by stress (increased circulating catecholamines) 
or exogenous infusion (epinephrine or norepinephrine 



infusions) increases lactate, with resulting aerobic gly-
colysis. Lactate can be converted to CO2 and H2O by the 
liver; the lactate in Ringer lactate solution is functionally 
HCO −

3 .
Serum lactate and arterial pH should be measured early 

in any critically ill patient. A lactate concentration of 
more than 2 mEq/L is clinically significant, and a level of 
5 mEq/L in the presence of metabolic acidosis is severe.51 
Isolated hyperlactatemia in the absence of acidosis is of 
unclear clinical significance.52

Two types of lactic acidosis are recognized. Type A 
(global inadequate oxygen delivery) is seen in hypovole-
mic or hemorrhagic shock, whereas type B occurs despite 
normal global oxygen delivery and tissue perfusion. Lac-
tic acidosis may also develop in situations of significant 
regional hypoperfusion. Examples include bowel ischemia, 
in which lactate is produced in large quantity as a result 
of glycolysis despite global oxygen delivery that is normal. 
Type B lactic acidosis is associated with any state charac-
terized by excess circulating catecholamines (endogenous 
or exogenous). Examples include simple exercise and the 
hyperinflammatory state of trauma or sepsis. Type B lactic 
acidosis may also be seen in cyanide poisoning (associated 
with sodium nitroprusside), with biguanides (metformin), 
and in hypercatabolic diseases, such as lymphoma, leu-
kemia, acquired immunodeficiency syndrome (AIDS), or 
diabetic ketoacidosis (also see Chapter 39).

Lactic acidosis is a sensitive marker of disease sever-
ity,53 and failure to clear the acidosis is a strong predic-
tor of adverse outcomes.54-56 The presence of a low mixed 
venous oxygen saturation (SvO2) with a high lactate con-
centration, coupled with an elevated lactate-to-pyruvate 
ratio (>20:1), is indicative of type A (hypoxia associated) 
acidosis (Fig. 60-9).

The presence of normal systemic indices of perfusion 
does not exclude significant regional hypoperfusion or 
mitochondrial failure.57,58 Clinicians frequently misin-
terpret high serum lactate levels as indicative of tissue 
hypoperfusion and as a result may institute inappropri-
ate therapy.58,59 Dynamic measurements of lactate over 
time are better predictors of outcome than are static 
measures.60 Lactate clearance has been proposed as an 
end point of resuscitation in sepsis,61,62 because lactate 
concentration should decrease with adequate resuscita-
tion.62 Rapid clearance of lactate has been associated with 
improved outcomes.63,64 A failure of lactate clearance in 
response to resuscitation suggests that global perfusion is 
not the underlying problem and should prompt a search 
for a more sinister etiology (see also Chapter 108).

PERIOPERATIVE ACID-BASE DISTURBANCES

In addition to the acid-base disturbances seen in emer-
gency situations, several acid-base conundrums are pecu-
liar to the perioperative and critically ill patient (Table 
60-4; see also Chapters 81, 82, and 101). These include 
the respiratory acidosis and alkalosis associated with 
mechanical ventilation, acidosis secondary to hyperchlo-
remia or contraction, and alkalosis resulting from Na+ 
gain or Cl− loss.

Perioperative respiratory acidosis is most often the 
result of a poor mechanical ventilation strategy, narcosis, 
Chapter 60: Perioperative Acid-Base Balance 1825

or incomplete reversal of neuromuscular blockade. Respi-
ratory alkalosis is likely caused by hyperventilation from 
secondary pain or anxiety.

Metabolic acid-base disturbances are relatively com-
mon perioperatively. Pathologic causes involve lactic 
acidosis, ketoacidosis, and renal acidosis, as previously 
described. Iatrogenic causes reflect manipulation of SID 
by administration of electrolyte or osmotically imbal-
anced solutions.

Hyperchloremic acidosis is frequently seen in the 
perioperative period. This abnormality usually follows 
administration of large volumes of 0.9% (normal) saline 
solution, which contains 154 mEq of both Na+ and Cl− 
and has an SID of 0. Each liter of normal saline is associ-
ated with a reduction in the ECF SID, and it produces 
hyperchloremic acidosis.

Is hyperchloremic acidosis clinically significant? As 
a cause of acidosis, hyperchloremia is less sinister than 
other causes: in a study of critically ill patients with vari-
ous acid-base disorders, mortality was highest for lac-
tic acidosis (56%); for SIG acidosis it was 39%, and for 
hyperchloremic acidosis it was 29% (P < .001),65 findings 
consistent with other data.66,67 Nevertheless, hyperchlo-
remia may result in clinically significant organ dysfunc-
tion. An observational study of 31,000 surgical patients68 
comparing intravenous saline with intravenous balanced 
salt solutions demonstrated significant outcome differ-
ences favoring balanced salt solutions. Complications 
enhanced by the use of normal saline included postop-
erative infections, blood transfusions, and kidney injury 
requiring dialysis. Patients with perioperative metabolic 
acidosis have a prolonged duration of hospital stay.69

A hyperchloremic state may be associated with nephro-
toxicity: saline infusion has been associated with reduced 
renal blood flow,70 renal vasoconstricton,71,72 reduced 
glomerular filtration,73 splanchnic hypoperfusion,74 and 
perhaps an increased risk of contrast nephropathy.74,75 
Critically ill patients with sepsis frequently develop hyper-
chloremic acidosis that appears to be associated with 
worse outcomes.76 In a relatively large before and after 
cohort study of patients treated in an Australian inten-
sive care unit, the use of Cl−-rich fluids was associated 
with a 3.7% absolute increase in the risk for need of renal 
replacement therapy relative to balanced salt solution.77

The presence of a significant base deficit and low pH 
in a patient with diabetic ketoacidosis or lactic acidosis 
usually prompts continued fluid resuscitation. However, 
this strategy may be inappropriate if the cause of acidosis 
is hyperchloremia (see Table 60-4). International guide-
lines recommending the use of 0.9% NaHCO3 (normal 
saline) for fluid resuscitation in diabetic ketoacidosis 
are based on scant evidence. This practice developed as 
a result of concern that the K+ content of balanced salt 
solutions could become problematic if renal insufficiency 
was the underlying cause of acidosis. However, a study 
of anephric patients undergoing renal transplantation 
demonstrated that patients treated with normal saline 
were more acidotic and hyperkalemic than were patients 
treated with lactated Ringer solution.78 Further, a small 
study that compared normal saline with Plasma-Lyte 148 
(a balanced salt solution) reported that patients receiv-
ing the balanced salt solution instead of normal saline 
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Figure 60-9. Evaluation of a patient with lactic acidosis. CRP, C-reactive protein; CVP, central venous pressure; EF, ejection fraction; GI, gastro-
intestinal; IABP, intraaortic balloon counterpulsation; SV, stroke volume; SvO2, mixed venous oxygen saturation; WCC, white cell count.
had more rapid resolution of metabolic acidosis, less 
hyperchloremia, an improved blood pressure profile, and 
greater urinary output.79

Mahler and colleagues conducted a study comparing 
normal saline with lactated Ringer solution in diabetic 
ketoacidosis: hyperchloremic acidosis was significantly 
more common in the group receiving normal saline.80 
A similar study comparing normal saline with lactated 
Ringer solution failed to demonstrate a benefit with 
lactated Ringer solution; the time to normalization of 
blood glucose was longer with lactated Ringer solution 
than with normal saline.81

Until more data are available, 0.9% NaHCO3 is not the 
resuscitation fluid of choice in critically ill patients, in 
particular those at risk for development of acute kidney 
injury (see also Chapter 108).

Perioperative metabolic alkalosis is usually of iatro-
genic origin. Overventilation of patients with chronic 



respiratory failure results in acute metabolic alkalosis 
because the presence of chronic compensatory alkalosis 
associated with Cl− loss in urine has not been taken into 
account (Fig. 60-10). More frequently, metabolic alkalosis 
is associated with increased SID secondary to Na+ gain. 
This abnormality results from the administration of fluids 
in which Na+ is “buffered” by weak ions, such as citrate 

TABLE 60-4 ACID-BASE DISTURBANCES 
COMMONLY SEEN PERIOPERATIVELY

Disorder Cause

Respiratory acidosis Hypoventilation: narcosis, 
incomplete reversal of 
neuromuscular blockade

Respiratory alkalosis Hyperventilation: anxiety, pain
Metabolic acidosis from 

unmeasured anions 
(widened gap acidosis)

Hypoperfusion—lactic acidosis; 
diabetic ketoacidosis; renal failure

Metabolic acidosis 
from measured 
anions (nongap 
hyperchloremic 
acidosis)

Hyperchloremia—“normal” saline 
and saline containing fluids; 
renal tubular acidosis; bladder 
reconstructions

Metabolic acidosis from 
free water excess 
(hyponatremia, dilution 
acidosis)

Hypotonic fluid administration; 
sodium loss—diarrhea; 
administration of hyperosmolar 
fluids—mannitol, alcohol: 
hyperproteinemia

Metabolic alkalosis Hyperventilation of patient with 
a history of CO2 retention 
(COPD); sodium gain (sodium 
bicarbonate, massive blood 
transfusion); chloride loss—
nasogastric suctioning

COPD, Chronic obstructive pulmonary disease.
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(in blood products), acetate (in parenteral nutrition), and 
HCO −

3 . Buffer ions such as citrate, acetate, gluconate, and 
lactate, under normal conditions, are rapidly cleared by 
the liver and do not contribute to acid-base balance. Na+ 
and Cl− obey the law of conservation of mass. Na+ gain 
is Cl−-sensitive alkalosis, treated by administration of net 
loads of Cl−—0.9% NaHCO3, KCl, CaCl, and, occasion-
ally HCl. It is important to correct Cl−-sensitive alkalosis 
because the normal compensatory measure is hypoventi-
lation, thus increasing Paco2, which may lead to CO2 nar-
cosis and failure to liberate from mechanical ventilation.

Another cause of metabolic alkalosis in perioperative 
patients stems from the loss of Cl−-rich fluids from the gas-
trointestinal tract. Gastric juice contains HCl, which, when 
lost as a result of continuous suctioning or vomiting, obeys 
the law of conservation of mass and leads to alkalosis. The 
loss of hydrogen ions is not the cause of the alkalosis because 
the ability to produce hydrogen ion is virtually unlimited.

It is important to understand the effects of fluids on 
acid-base disturbances. For patients receiving 1 or 2 L of 
fluid perioperatively, little difference exists among the 
choices of fluids. If larger-volume crystalloid resuscitation 
is expected, then balanced buffered solutions, which mir-
ror the electrolyte content of ECF, such as lactated Ringer 
solution, Normosol, or Plasma-Lyte, are recommended. If 
the patient has been undergoing continuous nasogastric 
suctioning, then normal saline should be administered 
intravenously until the base deficit returns to 0; balanced 
buffered solutions should be used thereafter. Similarly, if 
large volumes of blood or plasma are administered intra-
venously, then normal saline should be given. Care must 
be taken to avoid hypokalemia, hypocalcemia, hypo-
magnesemia, and hypophosphatemia. Patients who have 
received purgatives for bowel surgery should be treated 
with balanced salt solutions.
40
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Figure 60-10. Changes in acid-base and electrolyte composition in patients with respiratory acidosis. Left to right, the panels depict normal 
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acid-base disorders: first of two parts, N Engl J Med 338:26–34, 1998.)
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ACID-BASE DISTURBANCES IN  
CRITICAL ILLNESS

Critically ill patients may have many confounding acid-
base disturbances that are not evident when only a single 
quantitative measure, such as base deficit, is employed 
(see also Chapter 101). Patients frequently have perturba-
tions of Pco2, SID, and ATOT, and significant disturbances 
may be overlooked because of apparently normal blood 
gas results.82

The most common single disturbance in acid-base 
chemistry in critically ill patients is hypoalbuminemia.17 
This abnormality is ubiquitous and causes metabolic alka-
losis of unpredictable magnitude. Hypoalbuminemia may 
mask significant alterations in SID, such as lactic acido-
sis. Therefore, when the anion gap is used in critically ill 
patients, it should be corrected for albumin.19 Similarly, 
the use of base deficit to predict lactate is unreliable in 
critical illness, particularly in patients undergoing sec-
ondary deterioration.18 Prolonged respiratory failure, 
with associated hypercarbia, leads to additional metabolic 
alkalosis resulting from Cl− loss in urine.83 Kidney injury 
is associated with accumulation of metabolic by-products, 
phosphate, renal anions, Cl−, and other UMAs. Polyuric 
renal failure may be associated with significant contrac-
tion alkalosis in response to loss of Na+, K+, and free water.

Critically ill patients are vulnerable to significant 
changes in SID and free water. Nasogastric suctioning 
causes Cl− loss, and diarrhea leads to Na+ and K+ deficits. 
Surgical drains placed in tissue beds may remove fluids 
with varying electrolyte concentrations (e.g., the pancre-
atic bed secretes fluid rich in Na+). Fever, sweating, evapo-
ration from denuded tissue, and inadequately humidified 
ventilator circuits all can lead to large volume insensible 
loss and contraction alkalosis.

Infusions administered to patients may be responsible 
for unrecognized alterations in serum chemistry. Many 
antibiotics, such as piperacillin-tazobactam, are diluted 
in Na+-rich solutions. Others, such as vancomycin, are 
administered in large volumes of free water (5% dextrose). 
Lorazepam is diluted in propylene glycol, large volumes 
of which will cause metabolic acidosis similar to that seen 
with ethylene glycol.84

Continuous renal replacement therapy is used in criti-
cal illness for hemofiltration and hemodialysis in patients 
who are hemodynamically unstable. Rocktaeschel and 
colleagues demonstrated that continuous renal replace-
ment therapy resolved the acidosis of acute renal failure 
by removing strong ions and phosphate.85,86 However, in 
the presence of hypoalbuminemia, use of dialysis to cor-
rect metabolic acidosis may unmask metabolic alkalosis 
caused by hypoalbuminemia. Continuous renal replace-
ment therapy is not an effective treatment for either type 
A or type B lactic acidosis.

Other, seemingly innocuous therapies may cause sig-
nificant disturbances to acid-base balance. Loop diuretics, 
such as furosemide, are often administered to critically 
ill patients. These agents preferentially excrete water over 
electrolytes and provoke contraction alkalosis. Carbonic 
anhydrase inhibitors, such as acetazolamide, may be used 
to treat patients with hypochloremic metabolic alkalo-
sis or respiratory alkalosis by decreasing the serum SID. 
This effect is completely explained by the increased renal 
excretion ratio of Na+ to Cl− that results in an elevation 
in serum chloride.87 No treatment for hypoalbuminemic 
metabolic alkalosis exists except recovery. Contraction 
alkalosis is treated by correcting the free water deficit 
using the following formula:

Free water deficit = 0.6 × Patient ′ s weight in kilograms
×
(
Patient ′ s Na + /140 − 1

)

Hypochloremic alkalosis should be treated by correct-
ing the Cl− deficit with normal saline.

Neurosurgical patients are vulnerable to a variety 
of acid-base disturbances as a result of osmotherapy 
or from disturbances caused by brain injury (see also 
Chapter 70). Mannitol is administered to reduce intra-
cranial pressure and causes brief dilutional acidosis. 
Moreover, these patients are routinely treated with 
normal saline solution, which causes acidosis. Diabe-
tes insipidus is a frequent complication of severe head 
injury, particularly when the patient is progressing 
toward brain death. Diabetes insipidus is caused by 
damage to the pituitary and/or the hypothalamus and 
results in a loss of antidiuretic hormone (ADH) secre-
tion. Absent ADH, the kidney is unable to concentrate 
the urine, and massive diuresis follows. The disorder is 
characterized by an increase in plasma osmolality in the 
presence of low urinary osmolality. Diabetes insipidus 
typically manifests as contraction alkalosis. The treat-
ment is hormonal replacement with either vasopressin 
or desmopressin.

TREATING ACID-BASE DISTURBANCES

Therapeutic treatment of acid-base disturbances is con-
troversial. Many experts regard it as “window dressing,” 
rather than addressing the cause. This refers particularly 
to the use of NaHCO3 in the treatment of lactic acidosis.88 
Therapeutic use of NaHCO3 has three effects: (1) intra-
vascular volume expansion because the 7.5% solution 
is hypertonic (hence the often marked improvement in 
cardiovascular performance), (2) increased SID resulting 
from the administration of Na+ without accompanying 
strong anion,89 and (3) increased CO2 generation. No evi-
dence indicates that NaHCO3 administration improves 
outcomes in circulatory shock.88 Much discussion has 
focused on induction of intracellular acidosis by HCO −

3 ,90  
but this is probably clinically insignificant.88,91 Lactic aci-
dosis is treated with intravascular volume resuscitation 
and source control. Diabetic ketoacidosis is treated with 
intravascular volume resuscitation and insulin.

Hyperchloremic or dilutional acidosis is treated by 
increasing the SID of infused fluids (e.g., by infusing Na+ 
without Cl−). Although no such fluid is available commer-
cially, such a fluid can be constructed by using NaHCO3 
or sodium acetate.

Renal acidosis is treated with dialysis, which removes 
fixed acids. However, alteration in SID with NaHCO3 or 
sodium acetate can be used, for the patient’s comfort, as 
a bridge to dialysis.
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Significant interest in hypercapnic acidosis has been 
shown since the 1990s, following the introduction of 
“permissive hypercapnia” in patients with acute respira-
tory distress syndrome (ARDS), to prevent ventilator-asso-
ciated lung injury11 (see also Chapter 101). Accumulating 
evidence indicates that hypercapnia has a lung-protective 
effect and that reversing the acidosis may have adverse 
effects.92 Nevertheless, in patients with hypercapnic aci-
dosis and associated cardiovascular instability, we rec-
ommend the use of tris-hydroxymethyl-amino-methane 
(THAM).93 THAM titrates hydrogen ions (e.g., lactic acid 
or CO2) according to the following reaction:

R − NH2 + HA ↔ R − NH3
+ + A −

THAM is a proton acceptor that generates NH3
+/HCO −

3  
without generating CO2, and the protonated R-NH3

+ is 
eliminated by the kidneys, along with Cl−. THAM has 
the significant advantage of buffering acidosis without 
increasing serum Na+ or generating more CO2.

SUMMARY

Much of the confusion regarding acid-base chemistry 
relates to the attempt to apply observational approaches, 
such as that of Henderson-Hasselbalch and Schwartz 
and Brackett, to the entire spectrum of pathophysiologic 
processes. The use of physical chemistry principles has 
permitted an easier explanation of acid-base balance 
and provides tools to apply to a wide variety of clinical 
situations. This does not suggest that the “traditional” 
approach is incorrect, merely that it looks at a mirror 
image of that proposed by Stewart, Fencl, and others. All 
acid-base disorders can be explained in terms of SID, ATOT, 
and Pco2. This is important to anesthesiologists, who may 
significantly affect acid-base balance with our choice of 
fluids and mechanical ventilation strategy.
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C h a p t e r  6 1

Patient Blood Management: 
Transfusion Therapy
RONALD D. MILLER

K e y  P o i n t s

 •  The blood supply is safer now than at any other time in history. Advances in 
donor screening, improved testing, automated data systems, and changes in 
transfusion medicine practices account for these increases in safety (see 2012 U.S. 
Food and Drug Administration Fatalities Report).

 •  Although the overall condition of the patient is of prime importance, hemoglobin 
(Hb) values remain a primary component for transfusion decisions with the use 
of either a restrictive or liberal strategy. Generally, a transfusion trigger of an Hb 
level of 6 to 8 g/dL or less (restrictive strategy) can be tolerated by relatively 
healthy, younger patients. Those who are older, critically ill, or have severe 
cardiorespiratory disease may require a transfusion trigger of 9 to 10 g/dL (liberal 
strategy).

 •  Preoperative anemia is an independent risk factor for postoperative morbidity and 
mortality.

 •  The term patient blood management (see also Chapter 63) has become 
synonymous with appropriate transfusion strategy, especially with the initial unit 
of blood given. The indications for more than 1 unit of blood are addressed in this 
chapter.

 •  The addition of plasma and sometimes platelets to packed red blood cells (PRBCs) 
is described by the term transfusion ratios. For example, 2 units of plasma with 1 
unit of platelets with 1 unit of PRBCs would be 2:1:1.

 •  Infectivity of blood is no longer a major cause of transfusion-related morbidity and 
mortality. Transfusion-related acute lung injury is the leading cause of transfusion-
related mortality.

 •  Fresh whole blood has been reemphasized as an excellent choice in patients 
who are in a dire clinical situation, especially with major blood loss and a related 
coagulopathy (see also Chapters 62 and 63).

 •  The quality and effectiveness of blood transfusion is directly related to the length 
of time blood has been stored. In certain patients in critical clinical situations, 
blood that has been stored for 14 days or less may be considered.
1830

EVOLUTION AND RECENT HISTORY OF 
BLOOD TRANSFUSION THERAPY

SOURCE OF DONORS AND HISTORY

Eighty percent of the world’s population has access to 
only 20% of the world’s “safe” blood—that is, blood that 
is properly collected and tested. Only 30% of the world’s 
countries have a nationwide transfusion service and an 
appropriate donor pool.1 Another issue in some parts 
of the world is incentivized donors. The policy of the 
World Health Organization (WHO) has been that a safe 
and reliable blood supply should use nonremunerated 
blood donation. More recently, the WHO suggested that 
offering economic rewards to donors should be seriously 
considered.2 Yet the WHO’s Coordinator for Blood Trans-
fusion Safety, Neelam Dhingra, strongly defends the vol-
untary nonremunerated blood donation as a vehicle to 
a safer blood supply and increased donor participation.3 
The conclusions presented in this chapter assume the use 
of contemporary concepts and technology by organized 
transfusion services with voluntary nonremunerated 
blood donors.

THE 1960s

Transfusion medicine has undergone enormous changes 
in the last 50 years and especially since the writing of 
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this chapter for the 7th edition of Miller’s Anesthesia. 
Although many changes have occurred, especially regard-
ing the infectivity of blood, the consensus of whether to 
use whole blood, its components, or both has vacillated 
every decade or so. In the l960s, most blood given was in 
the form of whole blood. Fresh frozen plasma (FFP) was 
available for the treatment of coagulopathies. In addi-
tion, fresh whole blood (usually <24 hours of storage) was 
given for treatment of severe coagulopathies.4,5

THE 1970s THROUGH THE 1980s

Transfusion therapy was characterized in this 10- to 
15-year period by “giving the patient only that compo-
nent of blood that was needed.” This philosophy led to 
component therapy rather than whole blood as the stan-
dard of care. For example, if the patient was anemic, only 
packed red blood cells (PRBCs) would be given instead of 
whole blood. If thrombocytopenia existed, only platelet 
concentrates would be given. Overall, caution regarding 
administration of blood transfusions increased from 1970 
to l990 in part because of a major valid concern regarding 
the infectivity of blood (e.g., hepatitis and immunode-
ficiency syndrome [AIDS]). These and other health risks 
appropriately caused clinicians to be extremely cautious 
when giving blood. Furthermore, individual clinical deci-
sions regarding blood transfusions were and continue to 
be monitored by local hospital transfusion committees 
(as required by regulatory agencies of various countries 
including the United States), which have the responsibil-
ity of monitoring the appropriateness of individual and 
institutional transfusion practices. One outcome of this 
increased scrutiny was to place prime attention on what 
the transfusion trigger should be.6 Specifically, a trans-
fusion trigger defines what the hemoglobin (Hb) value 
should be to trigger a blood transfusion, as discussed later 
in this chapter.

1990 TO 2005

In the period from 1990 to 2005, the strategy of specific 
component therapy was still prominent but not practi-
cal for urgent medical and surgical situations. Led by 
trauma hospitals and the military, the concept of recon-
stituted whole blood was introduced. Basically, FFP and 
platelets were added to PRBCs, resulting in the concept 
of transfusion ratios, which are reviewed in a separate 
section in this chapter. The addition of plasma and 
platelets to PRBCs results in a transfusion that is simi-
lar to that with whole blood.7,8 Accordingly, the use of 
reconstituted whole blood logically rouses the opinion 
that perhaps we should go back to the previous prac-
tice of using whole blood more often instead of PRBCs. 
Today, even the concept of giving fresh blood has been 
reintroduced9 and is emphasized in modern transfusion 
practice.10,11

2005 TO THE PRESENT

The aforesaid issues and the marked decrease in the 
infectivity of blood transfusions have resulted in 
multiple transfusion guidelines published by several 
societies and specialties based on many outcome stud-
ies.12-14 As a result, more fundamental changes in trans-
fusion medicine have occurred in the last 5 years than 
had taken place since 1970. Also, the term patient blood 
management has become synonymous with appropriate 
transfusion medicine.15-17 This term is described as “the 
appropriate use of blood and blood components with 
a goal of minimizing their use.”18 Patient blood man-
agement tends to emphasize transfusion practice in a 
nonbleeding state. The clinical importance of preopera-
tive anemia is also receiving significant attention. Clini-
cians will need to decide whether they wish to practice 
a liberal versus restrictive transfusion strategy. The anes-
thesia provider should be an expert on the implications 
and complications associated with blood transfusions 
and should be a leader of acute transfusion medicine in 
the hospital setting. Such experts must understand the 
changes in transfusion therapy and how patient blood 
management fits into their clinical situation (see also 
Chapter 63). Patient blood management in many coun-
tries has been facilitated by computerized data systems19 
and supply guidelines.20 Specifically, transfusion ther-
apy includes all forms and purposes of blood transfu-
sion. Once again, even frozen blood products are being 
resurrected for use in remote and military locations.21 
A limitation of most of the patient blood management 
publications is that they describe mostly nonbleeding 
anemic patients and the initial transfusion. Very little 
information addresses what guidelines should be used 
for repetitive transfusions. This chapter focuses on trans-
fusion medicine in the perioperative period, including 
the indications for both the initial and subsequent 
blood transfusions.

The decreased incidence of infectivity from blood 
transfusions has led to the term noninfectious serious haz
ards of transfusions (NISHOTs).22 These hazards are numer-
ous and widely based and are described in this chapter.

INDICATIONS FOR TRANSFUSION

ALLOGENEIC (HOMOLOGOUS) BLOOD

Blood transfusions are given to increase oxygen-carrying 
capacity and intravascular volume. Theoretically, increas-
ing intravascular volume is not an indication for blood 
transfusion because volume can be augmented with 
administration of intravascular fluids that are not derived 
from human blood (e.g., crystalloids or some colloids). 
For my entire career, Hb values were only one of many 
variables in a transfusion decision. To add emphasis, it 
was often stated that an Hb value should not be the sole 
basis for a transfusion decision; it should be the overall 
status of the patient. Although the overall status of the 
patient is of prime importance, I have been surprised at 
how important the Hb value has become as the basis for 
many transfusion strategies. In fact, it is the prime cri-
terion for defining restrictive versus liberal transfusion 
strategies, as described later.

When a patient is hemorrhaging, the goals should 
be to restore intravascular volume, cardiac output, and 
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TABLE 61-1 AMERICAN COLLEGE OF SURGEONS CLASSES OF ACUTE HEMORRHAGE

Factors Class I Class II Class III Class IV

Blood loss (mL) 750 750-1500 1500-2000 2000 or more
Blood loss (% blood  

volume)
15 15-30 30-40 40 or more

Pulse (beats/min) 100 100 120 140 or higher
Blood pressure Normal Normal Decreased Decreased
Pulse pressure (mm Hg) Normal or increased Decreased Decreased Decreased
Capillary refill test Normal Positive Positive Positive
Respirations per minute 14-20 20-30 30-40 35
Urine output (mL/hr) 30 20-30 5-10 Negligible
Central nervous system: 

Mental status
Slightly anxious Mildly anxious Anxious, confused Confused, lethargic

Fluid replacement  
(3-1 rule)

Crystalloid Crystalloid Crystalloid + blood Crystalloid + blood
organ perfusion to normal levels. By using crystalloids, 
colloids, or both to treat hypovolemia, normovolemic 
dilutional anemia may be created. Increasing cardiac 
output enhances O2 delivery to the tissues to a limited 
extent. In fact, using normovolemic anemia clinically, 
Mathru and colleagues23 found inadequate splanchnic 
and preportal O2 delivery and consumption when the 
Hb level decreased to 5.9 g/dL.23 Although the current 
patient blood management emphasis is on fewer or even 
avoidance of blood transfusions, clearly an Hb value 
exists below which a blood transfusion should be given, 
as discussed later. Additional O2 delivery to organs and 
tissues can only be enhanced by RBCs via whole blood or 
PRBCs. Thus, increasing O2-carrying capacity is the only 
real indication for blood transfusions.

The basis for using the Hb or hematocrit (Hct) value 
as the initial consideration for defining transfusion 
requirements followed a 1988 National Institutes of 
Health (NIH) Consensus Conference7 that concluded 
that otherwise healthy patients with Hb value more 
than 10 g/dL rarely require perioperative blood transfu-
sions, whereas patients with acute anemia (as in intra-
operative blood loss) of less than 7 g/dL frequently 
require blood transfusions. They also recognized that 
patients with chronic anemia (as in renal failure) might 
tolerate an Hb concentration of less than 6 to 7 g/L. 
Amazingly, and despite many studies, publications, 
and debates, the fundamental guidelines have not 
changed substantially in the 25 plus years since this 
conference.

An excellent editorial by Manach and associates24 
outlines key questions that should be considered regard-
ing transfusion triggers, including what we need to learn 
and the role of databases. Of prime importance is iden-
tifying the variables that are predictive for erythrocyte 
transfusion and the approach that can most accurately 
estimate the impact of transfusions. Many studies use 
death rate as their main indicator. Although clearly an 
important indicator, there are additional obvious fac-
tors in between the extremes of life and death, including 
vital signs, key laboratory values, and other indicators 
used in critical care units (see also Chapter 101). The 
ultimate determination of the Hb or Hct value at which 
blood should be given is a clinical judgment based on 
many factors, such as cardiovascular status, age, antici-
pated additional blood loss, arterial oxygenation, mixed 
venous O2 tension, cardiac output, and intravascular 
blood volume (Table 61-1). The O2 extraction ratio has 
been recommended as an indicator for transfusions9; 
however, this technique requires invasive monitoring. 
Even so, the results by this indicator were not dramatic 
between groups who were or were not transfused.

ADDITIONAL BLOOD TRANSFUSIONS

After the initial administration of blood, what should 
be the indications for administering additional units of 
blood? Of major importance is the overall condition of 
the patient. Generally, most clinical situations should 
be combined with key information that, at a minimum, 
should be used to guide the need for additional transfu-
sions. The following key information is required:

 1.  Overall condition of the patient, including measure-
ment of vital signs

 2.  Assessment of anticipated blood loss
 3.  Measurement of blood loss
 4.  Quantitation of intravenous fluids given overall
 5.  Determination of Hb concentration
  

Overall Condition
Of prime importance in effective clinical care is the over-
all analysis of the patient (see list item 1). Although all 
five of these variables are clearly important, items 3 and 
5 require additional clarification, especially in a chapter 
focused on blood transfusion.

Measurement of Blood Loss
Measuring blood loss is obviously important when assess-
ing the need for both the initial and subsequent blood 
transfusions (see Table 61-1). However, the accuracy of 
these measurements is not uniformly accurate. The over-
all clinical condition of the patient is explained and 
illustrated in Table 61-1. With regard to measurement 
of blood loss, clinical investigators at Duke University 
emphasized that “interpretation of intermittent mea-
surements of hemoglobin levels is often complicated by 
fluid shifts, intravenous volume infusions, and actual 
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transfusions.”25 A standard approach includes a combina-
tion of visualization and gravimetric measurements based 
on weight differences between dry and blood-soaked 
gauze pads. A study in patients undergoing spine surgery 
found that the anesthesiologists’ estimate of blood loss 
was as much as 40% too large (Fig. 61-1). Basically, they 
collected the blood into heparinized saline to prevent 
clotting and then measured the volume of blood lost. 
Their findings were disturbing because overestimation of 
blood loss could lead to larger amounts of stored blood 
being given. Another study used an optical scanner for 
Apple’s iPad tablet computer.26 The scanner tended to 
underestimate blood loss, compared with the standard 
gravimetric calculations. Measuring intraoperative blood 
loss is extremely important and hopefully will be a more 
frequent topic of investigation.

Quantitation
The indications for administering additional units of 
blood are clear and logical. However, the five components 
of the key information (listed earlier) needed for making 
the decision to give more blood are often not very precise. 
As indicated previously and in Figure 61-1, intraoperative 
blood loss is even difficult to adequately quantify. Yet we 
need to make these decisions.

Determination of Hemoglobin 
Concentration
Transfusion decisions depend on many clinical factors 
and the blood Hb value, as indicated earlier. Clearly, 
these values are critical to decision making regarding 
blood transfusion and patient blood management deci-
sions. Continuous blood Hb monitoring has become 
available on a noninvasive basis using spectrophotomet-
ric finger technology (Masimo SpHb, Masimo, Irvine, 
Calif). Numerous studies have been performed in a vari-
ety of clinical situations with emphasis on assessment of 
blood loss and/or the need for transfusions. Although 
measurement is frequently accurate (i.e., SpHb-Hb < 1.0 
to 1.5 g/dL), the appearance of inaccurate values is not 
uncommon.27,28

Accuracy depends on both sensory factors and the 
physiology of the finger. If blood flow and temperature 
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Figure 61-1. Discrepancy between estimated and actual blood loss. 
(From Stovener J: Anesthesiologists vastly overstate bleeding, Anesthesiol 
News May 14, 2012.)
are increased, so is accuracy. For example, a digital nerve 
block decreases the number of inaccurate values and 
increases the number of accurate values.29 The monitor 
displays many values, which can be helpful in assess-
ing the accuracy of the SpHb value. Of prime impor-
tance is the perfusion index (PI). The accuracy of SpHb 
can be improved with a PI greater than 4% to 5%. This 
can be consistently achieved with a bupivacaine digital 
nerve block for several hours.30 Although not specifically 
studied, warming the finger should increase the PI and, 
therefore, the accuracy of SpHb. This type of thinking 
was required in the early days of pulse oximetry; perhaps 
SpHb will evolve into being accurate even when the phys-
iology of the finger is not optimal.

Can SpHb monitoring still be valuable even though its 
accuracy is not consistent? For example, Giraud and col-
leagues31 concluded that SpHb is less invasive and less 
accurate than other measurements but provides valu-
able data on a continuous basis. They then concluded 
that none of the results would have led to transfusion 
errors as identified by the American Society of Anesthesi-
ologists (ASA) Task Force on Perioperative Blood Transfu-
sion and Adjuvant Therapies’ updated practice guidelines 
published in 2006. Unfortunately, that outline is out of 
date, and a new one will appear in 2015. Observation of 
the trend is often recommended. Specifically, if the SpHb 
value suddenly changes 1 or 2 g/dL, the reasons for this 
change should be explored even if the absolute value is 
satisfactory. For example, if the SpHb reading is 11 g/
dL, but rapidly decreases to 9.5 g/dL, the clinical situa-
tion has changed and needs to be reassessed. Although 
an attractive concept and possibly accurate, it is largely 
speculative.

HemoCue (HCue) (AB Leo Diagnostics, Helsinborg, 
Sweden) can be an accurate point-of-care Hb value. Hb 
values can be determined at the bedside or operating 
room in 5 to15 minutes. If the person performing the 
test is properly trained, both Giraud and colleagues31 
and Miller and colleagues28 concluded that HCue mea-
surements are extremely accurate. Yet, although HCue is 
probably more accurate than SpHb, the continuous man-
ner of SpHb may identify some Hb changes more rapidly 
than HCue. In other words, an Hb value automatically 
occurs with SpHb whereas with HCue the clinician must 
make a decision that an Hb value is needed.

My opinion is that SpHb technology will consistently 
improve, as was the case with pulse oximetry. If so, SpHb 
could become very valuable with transfusion decision 
making in the future.

Preoperative Anemia
Preoperative anemia (i.e., low Hb value in women <12 
g/dL; in men <13 g/dL) is an independent risk factor for 
increases in perioperative morbidity and mortality,17 
such as postoperative acute kidney injury (AKI).32 Ide-
ally, the patient’s Hb value is known 2 to 4 weeks preop-
eratively. This provides sufficient time for the patient to 
undergo iron therapy, to correct nutritional deficiencies, 
or both. In a recent review of pharmacologic therapies in 
patient blood management, Goodnough and Shander33 
emphasized erythropoiesis-stimulating agents, especially 
intravenously administrated iron therapy, for treatment 
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of preoperative anemia. The concept of treating anemia 
preoperatively as a vehicle for decreasing the need for 
intraoperative transfusions is widely accepted. This con-
cept has been demonstrated in other clinical situations. 
For example, intravascular iron therapy has eliminated 
the need for blood transfusions in gynecologic cancer.34 
If limited preoperative time is available, Karkouti and 
associates35 seriously suggested that prophylactic eryth-
rocyte transfusion should be used to reduce periopera-
tive anemia. This suggestion met with controversy in the 
form of editorials and letters to the editor that were writ-
ten supporting33 (Karkouti) and condemning36 such an 
approach.

Liberal Versus Restrictive Transfusion 
Strategy
The terminology of liberal versus restrictive has become 
completely indoctrinated into the transfusion therapy 
vocabulary. Several medical and surgical organizations 
have provided documents regarding their own defini-
tion of liberal and restrictive approaches. Some of these 
organizations include the American Association of 
Blood Banks,37 International Conference on Transfu-
sion Outcomes Group,7 and Surgical Hip Fracture Repair 
(FOCUS).38,39 Anesthesia providers need to understand 
exactly what the “strategies” are and their limitations.

Liberal versus restrictive transfusion strategy is based 
on the Hb value when a transfusion decision is made. 
A restrictive policy would be giving a blood transfusion 
only when the Hb value is 7 to 8 g/dL or less. In con-
trast, a liberal policy would be giving a blood transfusion 
when the Hb value is 9 to 10 g/dL or greater. Many stud-
ies have been performed in multiple clinical situations, 
with varying patient conditions, and ASA physical status 
values. One conclusion is that if no clinical advantages 
are associated with the liberal transfusion policy, per-
haps the restrictive approach should be used. Certainly, 
fewer transfusion reactions would be expected with the 
restrictive approach.38 In fact, many of these studies 
were supported by the NIH, which is an indication of 
how important this topic is for patient care. As indicated 
before, I find it amazing how important one laboratory 
test (Hb) has become regarding transfusion policies and 
patient blood management. One of many examples is the 
study by Kotze and colleagues.40 One of their conclusions 
is that preoperative Hb values predict markers of hip or 
knee arthroplasty outcome. Kotze’s group is one of many 
recommending a systemic approach to correcting Hb 
mass preoperatively. More recently, a meta-analysis was 
performed on all randomized trials of the liberal versus 
restrictive transfusion approaches to transfusion medi-
cine.41 Not surprisingly, they concluded, “restrictive strat-
egies may decrease the incidence of health care–associated 
infections.” Their restrictive Hb values were 6.4 to 9.7 g/
dL and liberal 9.0 to 11.3 g/dL (some overlap). Although 
a meta-analysis contains no original data, Carson42 pro-
vided a cautious editorial regarding Hb values. In my 
opinion, Hb values are important, but the overall condi-
tion of the patient is of prime importance. Accordingly, 
the American College of Surgeons attempted to categorize 
patient characteristics and blood loss as a basis for trans-
fusion decisions (see Table 61-1).
The liberal versus restrictive strategy associated with 
patient blood management has some limitations. This 
strategy primarily addresses the indications for admin-
istering an initial unit of blood.43 Most of this strategy 
is directed toward anemia in stable patients who are not 
actively bleeding. It does not describe what the indications 
for administration of repetitive units of blood should be. 
The need for repetitive transfusions in a bleeding patient 
is not addressed in the liberal versus restrictive discussion. 
Yet it is a very important topic for anesthesia providers and 
is discussed later in this chapter. The other considerations 
include status of the patient, vital signs, and blood loss. The 
transfusion trigger probably should be different in older 
patients with coexisting conditions who have abnormal 
cardiovascular status. Clearly, patients with active bleeding, 
especially those with cardiovascular disease, should be sub-
jected to a more liberal transfusion strategy.44

General Conclusions
The emphasis on Hb levels for transfusion decisions needs 
some caution. The limitation of such values is based on a 
potential extreme variability from one patient to another 
regarding the need for increased O2-carrying capacity via 
blood transfusions. For example, young healthy patients 
with normal cardiorespiratory function may easily com-
pensate for anemia (i.e., chronic or acutely induced by 
hemorrhage), whereas at an identical Hct value, older 
patients with cardiac disease may have serious problems 
with surgery and anesthesia (see also Chapter 80). An 
individual patient’s Hb level may vary markedly in the 
perioperative period independent of and in addition to 
transfusions of RBCs. For example, in the process of acute 
bleeding, Hb values are only slightly decreased initially 
even if the intravascular volume is markedly depleted.44 
Despite this caution, Hb levels are of principal impor-
tance in transfusion decisions.

AUTOLOGOUS BLOOD

Autologous blood (see also Chapter 63) is assumed to be 
much safer than allogeneic blood, mainly because of the 
decreased risk for infection. Because of a marked decrease 
in infectivity from allogeneic blood (see section on infec-
tivity of blood), the difference in safety compared with 
that with autologous blood is much less. Not surpris-
ingly, the proportion of autologous blood collected has 
significantly decreased since the peak in 1992. In fact, 
autologous blood may not be safer than allogeneic blood. 
Furthermore, autologous blood does have risks. Compli-
cations associated with autologous blood transfusions 
include the following:

 •  Anemia
 •  Preoperative myocardial ischemia from anemia induced 

by preoperative donation
 •  Autologous units given to the wrong patient
 •  Need for more frequent blood transfusions
  

In fact, transfusion-related bacterial sepsis may be 
more frequent with use of autologous blood because of 
the underlying medical condition of the donor and less 
stringent donor selection. Also, autologous blood must be 
tested the same as allogeneic blood.
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TABLE 61-2 PROPERTIES OF WHOLE BLOOD AND PACKED RED CELL CONCENTRATES STORED IN CPDA-1

Days of Storage

Variable 0 35 (Whole Blood) 35 (Packed Cells)

pH 7.55 6.73 6.71
Plasma hemoglobin (mg/dL) 0.50 46.00 246.00
Plasma potassium (mEq/L) 4.20 17.20 76.00
Plasma sodium (mEq/L) 169.00 153.00 122.00
Blood dextrose (mg/dL) 440.00 282.00 84.00
2,3-Diphosphoglycerate  

(μM/mL)
13.20 1.00 1.00

Percent survival* — 79.00 71.00

CPDA-1, Citrate phosphate dextrose adenine-1.
*Percent recovery of OR-tagged red blood cells at 24 hours.
The testing and screening of blood donors is by no 
means perfect. Ask yourself a question: If given a choice, 
would you want your own blood or allogeneic blood?45

CHANGES DURING STORAGE OF BLOOD

BIOCHEMICAL CHANGES IN STORED 
BLOOD

Units of blood collected from donors are usually separated 
into components, such as RBCs, plasma, cryoprecipitate, 
and platelets. PRBCs or whole blood can be stored for up 
to 42 days. The storage bags allow separation of blood 
into components. Citrate phosphate dextrose adenine-1 
(CPDA-1) is an anticoagulant preservative in which blood 
is stored at 1° to 6° C. Citrate is an anticoagulant, phos-
phate serves as a buffer, and dextrose is a red cell energy 
source. The addition of adenine to citrate phosphate dex-
trose (CPD) solution allows RBCs to resynthesize adenos-
ine triphosphate (ATP), which extends the storage time 
from 21 to 35 days. As a result, RBCs or whole blood can 
be stored for 35 days when stored in CPDA-1.46 The shelf 
life can be extended to 42 days when AS-1 (Adsol), AS-3 
(Nutricel), or AS-5 (Optisol) is used.47,48 Adsol contains 
adenine, glucose, mannitol, and sodium chloride. Nutri-
cel contains glucose, adenine, citrate, phosphate, and 
NaCl. Optisol contains only dextrose, adenine, NaCl, and 
mannitol. At the University of California, San Francisco 
(UCSF), 90% of RBCs are stored in AS-1. On a national 
level, 85% of RBCs are collected in AS-1. The Hct of 
PRBCs stored in AS-1 is approximately 60%. This dura-
tion of storage has been set by U.S. federal regulation and 
is determined by the requirement that at least 70% of the 
transfused RBCs remain in circulation for 24 hours after 
infusion. RBCs that survive 24 hours after transfusion dis-
appear from the circulation at a normal rate. The RBCs 
that do not survive are subsequently removed from circu-
lation by the blood recipient.

That blood can be stored for 42 days is a mixed bless-
ing. The obvious advantage is the increased availability of 
blood. However, an increasing number of authors think 
blood stored for long periods is less effective than fresher 
blood in critically ill patients, possibly because of a left-
ward shift in the O2-dissociation curve (see section on 
changes in oxygen transport).49 An increased incidence 
of postoperative pneumonia in cardiac patients has been 
associated with the use of older blood.50

The citrate ion prevents clotting by binding Ca2+; dex-
trose allows the RBCs to continue glycolysis and main-
tain sufficient concentrations of high-energy nucleotides 
(ATP) to ensure continued RBC metabolism and subse-
quent viability during storage. Storage at 1° to 6° C assists 
preservation by slowing the rate of glycolysis approxi-
mately 40 times the rate at body temperature. The addi-
tion of adenine prolongs storage time by increasing RBC 
survival, allowing them to resynthesize the ATP needed 
to fuel metabolic reactions. Without adenine, RBCs 
gradually lose their ATP and their ability to survive after 
transfusion.

During storage of whole blood and PRBCs, a series of 
biochemical reactions occur that alter the biochemical 
makeup of blood and account for some of the complica-
tions that are discussed later. During storage, RBCs metab-
olize glucose to lactate, hydrogen ions accumulate, and 
plasma pH decreases. The storage temperatures of 1° to 6° 
C stimulate the sodium-potassium pump, and RBCs lose 
K+ and gain Na. The osmotic fragility of RBCs increases 
during storage, and some cells undergo lysis, resulting in 
increased plasma Hb levels. Progressive decreases in RBC 
concentrations of ATP and 2,3-diphosphoglycerate (2,3-
DPG) occur during storage.

PRBCs have a slightly shorter survival time than whole 
blood (Table 61-2), although values for Hb and K+ con-
centrations may appear somewhat high in 35-day stored 
RBC concentrates. However, the total plasma volume in 
the concentrates is only 70 mL. Specifically, when CPDA 
is the anticoagulant used, the Hct is approximately 65%. 
Because most of the plasma is removed, the resulting vol-
ume is approximately 250 mL. When CPDA-1 is used, the 
storage time is increased from 35 to 42 days. The plasma is 
removed and 100 mL of storage solution is added, result-
ing in an Hct of 40% and volume of 310 mL.51

CLINICAL IMPLICATIONS: DURATION  
OF BLOOD STORAGE

Several groups working with patients in intensive care 
units (ICUs) have attempted to define the point at which 
blood transfusions should be given by measures of tis-
sue oxygenation and hemodynamics (e.g., increase in O2 
consumption in response to added O2 content).52-54 No 
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specific measure can consistently predict when a patient 
will benefit from a blood transfusion. However, the qual-
ity (e.g., age) of the blood and its increased O2 capacity 
(e.g., Hb level > 10 g/dL) may benefit very sick patients. 
Purdy and colleagues55 found that patients who received 
17-day-old blood (range, 5 to 35 days) versus 25-day-old 
blood (range, 9 to 36 days) had a more frequent survival 
rate. In 1999, the length of storage of banked blood was 
related to the development of postoperative pneumonia 
after cardiac surgery.50 (Yet, in contrast, in 2003 pro-
longed storage of blood was not associated with increased 
morbidity after cardiac surgery.)49

As stated in the 7th edition of this book, “Yet the 
saga continues,” which also applies to this 8th edition. 
In 2006, Weiskopf and associates56 performed studies in 
healthy volunteers who were evaluated by a standard 
computerized neuropsychological test 2 days and 1 week 
after acute isovolemic anemia was induced.56 When cor-
recting the anemia, they concluded that erythrocytes 
stored for 3 weeks are as efficacious as those stored for 3.5 
hours. Spahn57 wrote an accompanying editorial agreeing 
with Weiskopf and associates57 and, furthermore, postu-
lated that 2,3-DPG levels may not be the key factor in 
determining the delivery of O2 (i.e., 2,3-DPG levels are 
reduced in older blood, but the blood still delivers O2).

Two years later, different conclusions were published. 
Koch and colleagues58 concluded that giving erythro-
cytes (PRBCs) older than 14 days was associated with an 
increased risk for postoperative complications along with 
reduced short-term and long-term survival in patients 
undergoing coronary artery bypass surgery. This article 
also had an accompanying editorial that concluded, “to 
the extent possible, newer blood might be used in clinical 
situations that seem to call for it.”59 Rather than continu-
ing the ongoing saga and debate regarding the influence 
of the age of blood transfused, all of the available stud-
ies that probably relate to the underlying health of the 
patient and the specific condition that requires blood 
transfusions need to be analyzed together. Thus, the 
debate regarding the effectiveness of a blood transfusion 
and its duration of storage continues. Because the quality 
of blood decreases with length of storage, an association 
with morbidity could be expected. Several other studies 
have sought resolution regarding the impact of storage 
time on blood.

In 2007, Bennett-Guerrero and associates60 described 
the biochemical changes in RBCs in great detail. Yet the 
most current opinions and data do not answer the ques-
tions. A meta-analysis concluded that older stored blood 
is associated with an increased risk for death.61 However, 
Spinella and associates62 did not arrive at a clear conclu-
sion and recommended more studies. Cata and associ-
ates63 also concluded that no change in outcome occurred 
in patients undergoing radical prostatectomy and receiv-
ing older blood. Saager and colleagues64 also found no rela-
tionship between duration of blood storage and mortality 
in nearly 7000 patients undergoing noncardiac surgery. 
This study was a retrospective analysis with mortality as 
its end point. Yet Frank and associates65 studied the blood 
of patients undergoing posterior spinal fusion surgery 
and found that duration of blood storage was associated 
with RBC deformity, which was not “readily” reversible 
after transfusion. They speculated that these deformed 
cells may be defective in delivering O2 to the cells. On a 
broader basis, they concluded that both the “age of blood 
storage” (i.e., because of the changes in rheology of older 
blood) and “amount” of blood given should be consid-
ered when giving blood.

Although conclusions cannot be definitive, logic dic-
tates that blood less than 14 days of storage should be bet-
ter than older storage. Yet we still do not have a complete 
answer for the possible importance of duration of stor-
age on clinical outcomes. Furthermore, the measures of 
outcome may be insufficiently sensitive to detect clinical 
outcomes. Many studies use mortality as their outcome 
measure. Although this is obviously a crucial outcome, 
it may not be sensitive enough to detect the importance 
of how long the storage of blood transfused has been. 
However, other clinical outcomes should be better (e.g., 
duration of hospitalization, cardiovascular changes). 
Certainly, many adverse clinical outcomes could occur 
without a change in mortality per se. Also, many of the 
studies rely on retrospective analysis, which is signifi-
cantly dependent on the thoroughness of the database 
content that records the patient’s past clinical course and 
outcomes. Of course, mortality is a definitive outcome 
and easily validated, but the less dramatic outcomes need 
to be analyzed. Two national studies are underway in the 
United States, including Age of Blood Evaluation (ABLE) 
and Red Cell Storage Study (RECESS), which will hope-
fully provide some decisive conclusions regarding the 
influence of the duration of blood storage.

The development of more sensitive indicators of tissue 
oxygenation (e.g., intramucosal pH) may provide indi-
cators for transfusion. In the 1990s, several investigative 
efforts could not relate postoperative Hb levels to spe-
cific outcomes. Furthermore, Weiskopf and co-workers66 
found that decreases in Hb concentration to 5.0 g/dL did 
not produce any evidence of inadequate oxygenation 
in healthy patients. However, these patients were not 
subjected to the stresses of recovery from surgery and 
anesthesia. Still, Weiskopf and co-workers66 found that 
these patients compensated for their low Hb levels with 
increased heart rates and stroke volumes. It is tempt-
ing to argue that patients who have a more rapid than 
expected heart rate or who cannot increase their cardiac 
output should receive a transfusion at a higher Hb level 
than 10 g/dL. Unfortunately, precise conclusions can-
not be derived from these suggestive data. The following 
paragraph and list of guidelines was published in the 7th 
edition of Miller’s Anesthesia and still applies.

To arrive at some conclusions in the presence of 
incomplete data, two complementary recommendations 
are given. The ASA’s 2006 updated practice guidelines 
offer these recommendations67:

 1.  Transfusion is rarely indicated when the Hb concentra-
tion is more than 10 g/dL and is almost always indi-
cated when it is less than 6 g/dL, especially when the 
anemia is acute.

 2.  The determination of whether intermediate Hb con-
centrations (6 to 10 g/dL) justify or require RBC 
transfusion should be based on the patient’s risk for 
complications of inadequate oxygenation.
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 3.  The use of a single Hb trigger for all patients and other 
approaches that fail to consider all important physi-
ologic and surgical factors affecting oxygenation is not 
recommended.

 4.  When appropriate, preoperative autologous blood 
donation, intraoperative and postoperative blood 
recovery, acute normovolemic hemodilution, and 
measures to decrease blood loss (i.e., deliberate hypo-
tension and pharmacologic drugs) may be beneficial. 
The pharmacologic approach is discussed later in this 
chapter.

 5.  The indications for transfusion of autologous RBCs 
may be more liberal than those for allogeneic RBCs 
because of less frequent (but still significant) risks asso-
ciated with the former.

  

As previously mentioned, the 2006 ASA updated prac-
tice guidelines will be updated again in 2015. The follow-
ing indications were recommended in the 6th edition 
of Miller’s Anesthesia and are still useful, with the rule of 
thumb that administration of 1 unit of PRBCs increases 
the Hct value by 3% to 5%:

 1.  Blood loss greater than 20% of blood volume when 
more than 100 mL

 2.  Hb level less than 8 g/dL
 3.  Hb level less than 9 to 10 g/dL with major disease (e.g., 

emphysema, ischemic heart disease)
 4.  Hb level of less than 10 g/dL with autologous blood
 5.  Hb level less than 11 to 12 g/dL and ventilator 

dependent
  

Although these recommendations are current, the 
elusive transfusion trigger remains in a prominent part 
of the debates in anesthesia specifically and in medicine 
in general. Both lists of recommendations67 agree that a 
transfusion trigger of 8.0 g/dL or less can be tolerated by 
patients who are not critically ill or do not have severe 
cardiorespiratory disease. That conclusion is still valid.

How liberal should the transfusion trigger be in criti-
cally ill patients? Some critical care physicians have sug-
gested that administration of blood transfusions is related 
to the incidence of ventilator-assisted pneumonia68 and 
nosocomial infections69; although this possibility can-
not be excluded, these are complicated problems with 
many variables. Despite the difficulty with identifying 
a specific transfusion trigger, Ely and Bernard70 have 
generally confirmed the conclusions listed earlier in 
the 6th edition of Miller’s Anesthesia. Subsequent efforts 
and editorials lean toward a lower transfusion trigger 
for even critically ill patients.71,72 Better outcomes have 
not consistently occurred with transfusion-induced Hb 
levels more than 8.0 g/dL (i.e., 9.0 to 10.0 g/dL).73,74 
Yet Vincent and associates,75 using a multicenter obser-
vational study, found that “blood transfusions may no 
longer be associated with increased mortality rates and 
may be associated with improved survival.” Although 
these multicenter studies have statistical challenges,76 a 
more liberal transfusion trigger is suggested. Perhaps the 
margin of safety should be increased by increasing the 
Hb in critically ill patients, including those with cardio-
respiratory disease. Some concern even exists about the 
underuse of blood transfusion therapy.77 However, blood 
is a valuable resource that sometimes is in short supply. 
Perhaps with the availability of erythropoietin and syn-
thetic RBCs, a more liberal Hb concentration can be used. 
As concluded by Weiskopf,78 “We merely await advances 
in technology that will enable us to measure directly the 
value of concern and thereby free us from arguments over 
which surrogate (e.g., hemoglobin) to measure and what 
value indicates the need for augmented oxygen delivery.” 
Although Weiskopf wrote this opinion in l998, surrogate 
indicators, such as the blood Hb values, are still used for 
transfusion decisions.

COMPATIBILITY TESTING

GENERAL PRINCIPLES

The ABO-Rh type, crossmatch, and antibody screen are 
frequently referred to as compatibility tests. These tests 
were designed to demonstrate harmful antigen-antibody 
interactions in vitro so that harmful in vivo antigen-anti-
body interactions could be prevented. Donor blood used 
for emergency transfusion of group-specific blood must 
be screened for hemolytic anti-A or anti-B antibodies, or 
both. All donor blood must be tested for the correct ABO 
and Rh type and screened for unexpected antibodies. Sim-
ilarly, recipient blood must also undergo ABO-Rh typing, 
as well as testing for unexpected antibodies. Once this has 
been completed, proper selection of donor blood requires 
a test for compatibility between recipient blood and donor 
blood; this test is known as a crossmatch (Fig. 61-2).

All approved blood banks have redundant processes 
in place to ensure that the patient receives the correct 
unit of blood. For example, in 2012, UCSF’s Blood Bank 
reported 88 incidents of near misses, which infers that 
some part of the process was not sufficiently precise. Four 
near misses occurred when the wrong blood was in the 
tube that was given to the blood bank; five other tubes 
had wrong patient information on the tube. These inci-
dences emphasize the advantage of and need for a confir-
matory specimen drawn at a separate time from the type 
and screen. At the risk for being redundant, a patient must 
not receive the wrong unit of blood. A hemolytic blood 
transfusion reaction usually occurs when the wrong unit 
of blood is given. This type of reaction is described later 
in the chapter.

ABO-RH TYPING

Determination of the patient’s correct blood type is 
exceedingly important because the most serious and 
tragic reactions are usually caused by accidental transfu-
sion of ABO-incompatible blood. These reactions result 
from naturally occurring antibodies (i.e., anti-A and anti-
B), which activate complement and lead to rapid intrave-
nous hemolysis. Anti-A or anti-B antibodies, or both, are 
formed whenever the individual lacks either or both of 
the A and B antigens. In essence, antibodies are directed 
against those antigens that are lacking in the individual’s 
own cells. ABO typing is performed by testing RBCs for 
the A and B antigens and the serum for the A and B anti-
bodies before transfusion (Table 61-3).
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The only additional required testing is that for the Rh(D) 
antigen. Antigen D is a very common one and, except 
for the A and B antigens, the one most likely to produce 
immunization. Of Rh(D)-negative recipients, 60% to 70% 
are immunized (produce anti-D) if they are given blood 
transfusions with Rh(D)-positive blood. Approximately 
85% of individuals possess the D antigen and are classified 
as Rh(D) positive; the remaining 15%, who lack the D anti-
gen, are classified as Rh(D) negative. Because anesthesiolo-
gists and surgeons often have difficulty understanding the 
blood grouping system, Table 61-4 is included to facilitate 
identification of donor blood groups whose blood patients 
can receive.

CROSSMATCHING

A crossmatch is essentially a trial transfusion within a test 
tube in which donor RBCs are mixed with recipient serum 
to detect a potential for serious transfusion reaction. The 
crossmatch can be completed in 45 to 60 minutes and is 
performed in three phases: an immediate phase, an incu-
bation phase, and an antiglobulin phase.

The first, or immediate, phase (RT) is conducted at 
room temperature and is a check against errors in ABO 
typing. It detects ABO incompatibilities and those caused 
by naturally occurring antibodies in the MN, P, and Lewis 
systems. This takes 1 to 5 minutes to complete.

The second, or incubation, phase involves incubation 
of the first-phase reactions at 37° C in albumin or low–
ionic strength salt solution. The addition of albumin and 
low–ionic strength salt solution aids in the detection of 
incomplete antibodies or antibodies able to attach to a 
specific antigen (i.e., sensitization) but are unable to 

Type O

Donor

Crossmatch vs.

ABO-Rh ABO-Rh

red cells Red cells

Patient serum Patient serum

Antibody screen

red cells Crossmatch

Crossmatch

Patient serum

Antibody screen

Type and screen

Figure 61-2. Outline of the tests used for a crossmatch. The X over 
the word crossmatch means that the crossmatch is not included in the 
type and screen.
cause agglutination in a saline suspension of RBCs. This 
phase primarily detects antibodies in the Rh system. An 
incubation period of 30 to 45 minutes in albumin and 
of 10 to 20 minutes in low–ionic strength salt solution 
in this phase is of sufficient duration to allow antibody 
uptake sensitization by cells so that incomplete antibod-
ies missed in this phase can be detected in the subsequent 
antiglobulin phase.

The third, or antiglobulin, phase of the crossmatch, the 
indirect antiglobulin test, involves the addition of anti-
globulin sera to the incubated test tubes. With this addi-
tion, antihuman antibodies present in the sera become 
attached to the antibody globulin on the RBCs, caus-
ing agglutination. This antiglobulin phase detects most 
incomplete antibodies in the blood group systems, includ-
ing the Rh, Kell, Kidd, and Duffy blood group systems.

Although all three phases of the crossmatch are 
important, the first two are of prime importance in pre-
venting serious hemolytic transfusion reactions (see 
section on type and screen). The incubation and anti-
globulin phases are especially important because the 
antibodies appearing in these phases are capable of caus-
ing serious hemolytic reactions. Except for hemolytic 
reactions involving anti-A and anti-B, reactions caused 
by antibodies appearing in the immediate phase are fre-
quently less severe. This is because many of the anti-
bodies appearing in this phase are naturally occurring 
antibodies present in a low titer and are not reactive at 
physiologic temperatures.

ANTIBODY SCREENING

The antibody screen is also carried out in three phases 
and is similar in length to the crossmatch. The screen, 
however, is a trial transfusion between the recipient’s 
serum and commercially supplied RBCs that are spe-
cifically selected to contain optimal numbers of RBC 
antigens or antigens that will react with antibodies 
that are commonly implicated in hemolytic transfusion 
reactions.

TABLE 61-3 ABO COMPATIBILITY TESTING

Red Cells Tested With Serum Tested With

Blood 
Group Anti-A Anti-B A Cells B Cells

A + − − +
B − + + −
AB + + − −
O − − + +

TABLE 61-4 DONOR BLOOD GROUPS THAT 
PATIENTS CAN RECEIVE

Donor Recipient

O O, A, B, AB
A A, AB
B B, AB
AB AB
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The screen for unexpected antibodies is also used 
on donor serum and is performed shortly after with-
drawal of blood from the donor. It is necessary to screen 
donor serum for unexpected antibodies to prevent their 
introduction into the recipient serum. This screen is 
performed primarily to prevent reactions between trans-
fused donor units.

APPROACHES REQUIRING LESS THAN  
A COMPLETE CROSSMATCH

TYPE AND SCREEN

The term type and screen refers to elimination of the cross-
match in which blood is set aside with only the ABO-
Rh type having been determined and antibody screening 
having been performed. The type and screen without 
crossmatch determines the ABO-Rh of the patient and the 
presence of the most commonly found unexpected anti-
bodies. Specifically, the patient’s serum is screened for the 
presence of unexpected antibodies by incubating it with 
selected reagent RBCs (i.e., screen cells).79 These cells con-
tain all antigens capable of inducing clinically significant 
RBC antibody reactions.

Complete transfusion testing for compatibility between 
donor and recipient blood ensures optimal safety and ther-
apeutic effect of transfused blood. In some cases, however, 
the crossmatch is eliminated and blood can be set aside 
in which only the ABO-Rh type and antibody screen are 
performed (i.e., type and screen). For those few patients in 
whom the antibody screen reveals the presence of unex-
pected antibody, the antibody is subsequently identified 
in the blood bank and units of blood lacking the corre-
sponding antigen are set aside for surgery. If an emergency 
transfusion is required after type and screen alone, an 
immediate-phase crossmatch is performed before transfu-
sion to eliminate reactions that may result from human 
errors in ABO-Rh typing. Blood given in this manner is 
more than 99% effective in preventing incompatible 
transfusion reactions caused by unexpected antibodies.80 
The type and screen without the complete crossmatch 
does not protect against reactions caused by antibodies 
reactive against lower incidence antigens—that is, those 
not represented on the screening cells but present on the 
donor RBCs. Generally, antibodies that are not detected 
in the type and screen are weakly reactive antibodies that 
do not result in serious hemolytic transfusion reactions. 
In a study of 13,950 patients, Oberman and associates81 
discovered only eight “clinically significant” antibodies 
after complete crossmatch that were not detected during 
the antibody screening. The antibodies were all in lower 
titer and were believed by Oberman and associates to be 
unlikely to cause serious hemolytic reactions.

Most recently, Dexter and associates82 established that 
using the estimated blood loss located in an anesthesia 
information system is more efficacious than that based 
on estimated blood loss and incidences of transfusions. 
An editorial by Reich and associates83 emphasizes that 
this approach to type and screen decisions is an example 
of medicine’s increasing dependence on information sys-
tems as described in the Preface of this book.
Type and screen should not be confused with the term 
type and hold. This term refers to a sample of blood from 
a potential blood recipient received by the blood bank in 
which the blood type but no crossmatch has been ordered. 
This term is misleading because it does not denote how 
long the blood should be held or whether an antibody 
screen has been performed on the sample. However, in 
most cases in which a type and hold has been ordered, an 
antibody screen is performed on that sample. Because of 
the confusion that has arisen with type and screen, the 
type and hold terminology and method of ordering blood 
have been abandoned by most blood banks.

MAXIMAL SURGICAL BLOOD ORDER 
SCHEDULE

The following paragraph is the same one that appeared 
in the 7th edition of Miller’s Anesthesia and still applies 
in hospitals without contemporary information technol-
ogy systems in place: Routine preoperative crossmatch-
ing of blood for surgical cases means that crossmatched 
blood is unavailable for others for 24 to 48 hours. Dur-
ing this time, 1 to 2 days is lost and the chance for out-
dating increases. A second aspect relates to the growing 
realization that, for certain elective surgical procedures, 
the number of crossmatched units ordered frequently far 
exceeds the number actually transfused. To quantify this 
problem better, the crossmatch-to-transfusion (C/T) ratio 
has been used. If the C/T ratio is high, the blood bank 
is burdened with keeping a large blood inventory, using 
excessive personnel time, and having a high incidence of 
outdated units. Sarma84 recommended that for surgical 
procedures in which the average number of units trans-
fused per case is less than 0.5, determination of the ABO-
Rh type and a screen of the patient serum for unexpected 
antibodies (type and screen) should be used. This would 
be in lieu of a complete type and crossmatch for patients 
with negative antibody screens. For those with a positive 
antibody screen, the blood bank must provide compat-
ible units that lack the corresponding antigen. Blood 
banks attempt to maintain C/T ratios of 2.1 to 2.7.84 To 
increase the rate of use and lower the C/T ratio, blood 
banks attempt to decrease the emphasis on crossmatching 
of blood through such means as the type and screen and 
such programs as the maximal surgical blood order sched-
ule (MSBOS).85 This schedule consists of a list of surgical 
procedures and the maximal number of units of blood 
that the blood bank will crossmatch for each procedure. 
This schedule is based on the blood transfusion experi-
ence for surgical cases in hospitals in which the schedule 
is employed. Each hospital’s MSBOS is developed by the 
suppliers and the users of blood in that hospital, such as 
blood bank staffers, anesthesiologists, and surgeons.

In the past several years, many blood banks have 
implemented information technology systems and 
revised procedures. Although information systems may 
vary among some institutions, some common pathways 
exist. Instead of the blood bank examining the next day’s 
surgical schedule and allocating blood as described in the 
previous paragraph, now information technology sys-
tems have the capability of displaying the surgical sched-
ule along with the MSBOS’s recommendation regarding 
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blood for each surgical procedure. For institutions with 
information technology systems in place, the process is 
more as follows. The night before, the blood bank exam-
ines the surgical schedule and MSBOS recommendations 
to see what blood samples are missing and whether blood 
is needed. A communication to the preoperative team on 
what samples are needed (e.g., is any type and screen and 
ABO confirmation missing) and what tests have already 
been performed is disseminated. Then the preoperative 
team checks this communication and sends appropriate 
blood samples. The blood bank uses the MSBOS informa-
tion to see if additional testing should be performed. If 
the MSBOS says that a type and screen is not needed, test-
ing will not occur.*

IS THE CROSSMATCH REALLY NEEDED?

In previously transfused or pregnant patients, only 
approximately 1 patient in 100 may have an irregular 
antibody other than the anti-A and anti-B antibodies. 
However, some of these irregular antibodies are reactive 
only at temperatures below 30° C and therefore are insig-
nificant in most transfusions. Others that are reactive at 
approximately 30° C can produce serious reactions if the 
transfused cells contain appropriate antigen. In order of 
probable significance, anti-Rh(D), Kell, C, E, and Kidd are 
the most common of clinically significant antibodies. 
After anti-A and anti-B, anti-Rh(D) is the most common 
significant antibody. If the correct ABO and Rh blood type 
is given, the possibility of transfusing incompatible blood 
is less than 1 chance in 1000. Put in other terms, ABO-Rh 
typing alone results in a 99.8% chance of a compatible 
transfusion, the addition of an antibody screen increases 
the safety to 99.94%, and a crossmatch increases this to 
99.95%.86

The blood bank can reduce the chance of incompat-
ibility by performing an antibody screen. The chance of 
this screening test missing an antibody that is potentially 
dangerous has been estimated to be no more than 1 in 
10,000.

EMERGENCY TRANSFUSION

Blood transfusions constitute a part of the overall care of 
a patient with a serious and urgent clinical situation (see 
also Chapters 81 to 83). In the past few years, terminology 
has been added to our clinical vocabulary to character-
ize these situations. The “lethal triad” consists of hypo-
thermia, acidosis, and a coagulopathy, the combination 
of which is well known to contribute to morbidity and 
mortality in severely injured or hemorrhaging patients. 
These factors add many biochemical and physiologic fac-
tors that contribute to persistent hemorrhage and clini-
cal decline in patient welfare. The approach of damage 
control resuscitation has evolved. This approach includes 
use of permissive hypotension, damage control surgical 
techniques, and cautious administration of crystalloids. 

* This author acknowledges the help of Morvarid Moayeri, MD, PhD, 
Associate Director of the UCSF Blood Bank, for his help with this 
paragraph.
Topical hemostatic agents may include topical applica-
tion of hemostatic dressings. There are even “walking 
blood banks” of prescreened donors available for urgent 
transfusion needs.87

In many situations, urgent need for blood occurs 
before completion of compatibility testing (ABO-Rh, 
antibody screen, and crossmatch; see also Chapter 81), 
which describes transfusion challenges in patients who 
require surgery and anesthesia after injury from trauma. 
In essence, for those situations that do not allow time for 
complete testing, an abbreviated format for testing can be 
used, such as described in the following paragraphs.

TYPE-SPECIFIC, PARTIALLY CROSSMATCHED 
BLOOD

When using uncrossmatched blood, it is best to obtain at 
least an ABO-Rh typing and an immediate-phase cross-
match. This incomplete crossmatch is accomplished by 
adding the patient’s serum to donor RBCs at room temper-
ature, centrifuging it, and then reading it for macroscopic 
agglutination. This takes 1 to 5 minutes and eliminates 
serious hemolytic reactions resulting from errors that 
may occur in ABO typing. Only a few unexpected anti-
bodies outside the ABO systems are detected, such as 
those directed against antigens in the MN, P, and Lewis 
systems, most of which are not clinically significant.

TYPE-SPECIFIC, UNCROSSMATCHED BLOOD

For proper use of type-specific blood, the ABO-Rh type 
must be determined during the patient’s hospitalization. 
Blood types from historical records, relatives, ambulance 
drivers, and other hospitals are frequently inaccurate. 
For those who have never been exposed to foreign RBCs, 
most ABO type-specific transfusions are successful. Cau-
tion should be used for patients who have previously 
received transfusions or have had pregnancies. In my 
experience in the military, type-specific uncrossmatched 
blood was frequently used in emergencies with no serious 
consequence. In the civilian setting, using 1 year’s expe-
rience with 56 patients, uncrossmatched, type-specific 
blood for emergency transfusion produced no adverse 
effects, even though complete serologic testing had not 
been performed.88 These investigators concluded that 
although the use of uncrossmatched blood is usually safe, 
the potential for serious reaction still exists, and they cau-
tioned against its indiscriminate use. Approximately 1 in 
1000 patients has an unexpected antibody detected in 
crossmatch. For those who have previously been exposed 
to RBC antigens, transfusion of the ABO-Rh type-specific, 
uncrossmatched blood may be more hazardous. For every 
100 of these individuals, 1 has an antibody detected by 
the crossmatch.

TYPE O RH-NEGATIVE (UNIVERSAL 
DONOR), UNCROSSMATCHED BLOOD

Type O blood lacks the A and B antigens and conse-
quently cannot be hemolyzed by anti-A or anti-B anti-
bodies in the recipient’s blood (see Tables 61-3 and 61-4). 
Because of this, people with type O blood have been 
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called universal donors and their blood can be used in 
emergency transfusions when typing or crossmatching 
is not available. However, some type O donors produce 
high titers of hemolytic immunoglobulin G (IgG), IgM, 
anti-A, and anti-B antibodies. High titers of these hemoly-
sins in donor units are capable of causing destruction of A 
or B RBCs of a non–type O recipient. Type O Rh-negative, 
uncrossmatched PRBCs should be used in preference to 
type O Rh-negative whole blood because packed erythro-
cytes have smaller volumes of plasma and are almost free 
of hemolytic anti-A and anti-B antibodies. If type O Rh-
negative whole blood is to be used, the blood bank must 
supply type O blood that is free of hemolytic anti-A and 
anti-B antibodies.

In addition to trauma units, anesthesia and surgi-
cal teams often struggle with how much and how the 
crossmatch process can be attenuated in emergency situ-
ations. At the risk for being repetitive, a brief situation 
is described. Some hospitals have an emergency-release 
RBC pack, which is uncrossmatched RBCs that are O neg-
ative. If clinicians think the situation is urgent, this blood 
usually can be provided in approximately 5 minutes. Also 
available in concept in some hospitals is a massive trans-
fusion protocol (MTP), which includes 4 units uncross-
matched O negative RBCs, 4 units thawed AB plasma, and 
1 unit of platelet concentrates. A physician must directly 
order this blood, and that decision is reviewed after anal-
ysis of the emergency situation. The complete crossmatch 
(i.e., electronic, immediate spin, or Coombs or antihu-
man globulin) is only eliminated in a well-defined emer-
gency and with only O-negative blood.

This process is usually with PRBCs and not whole 
blood. Although uncrossmatched blood appropriately 
causes great concern, the risks for complication “appear” 
to be quite infrequent.†

During emergency transfusion of more than 2 units 
of type O Rh-negative, uncrossmatched whole blood, the 
patient probably cannot be switched to his or her blood 
type (A, B, or AB) as soon as the blood bank determines 
the correct blood type. Switching could cause major 
intravascular hemolysis of donor RBCs by increasing 
titers of transfused anti-A and anti-B. Continued use of 
O Rh-negative whole blood results only in minor hemo-
lysis of recipient RBCs, with hyperbilirubinemia as the 
only complication. The patient must not be transfused 
with his or her correct blood type until the blood bank 
determines that the transfused anti-A and anti-B has 
decreased to levels that permit safe transfusion of type-
specific blood.

FRESH WHOLE BLOOD

The definition of fresh whole blood is based on stor-
age time, which varies from 1 hour to 5 days89 before 
it is administered to patients. This definition takes into 
account that whole blood stored for 1 hour is much 
different from that stored for 5 days. For example, Kor 
and associates90 concluded that there was no differ-
ence in pulmonary function or coagulation status when 

† This author acknowledges the help of Morvarid Moayeri, MD, PhD, 
Associate Director of the UCSF Blood Bank, with this section.)
comparing fresh blood with standard-unit blood trans-
fusion. However, this rather liberal definition of fresh 
blood is based on being stored for less than 5 days. Was 
this really fresh blood? For example, blood stored for less 
than 24 hours is much different than that stored for 4 
days. The degree to which fresh blood regains its various 
functions is directly related to the length of storage and 
whether it has been cooled. The longer blood is stored, 
the less effective it becomes, especially regarding coagula-
tion. Even 1 unit of whole blood stored for 24 hours at 4° 
C has less hemostatic effects than 1 unit of fresh blood 
stored for less than 6 hours because of decreased plate-
let aggregability.91 Whole blood that has been typed and 
crossmatched, but not cooled retains most of the factors 
in normal in vivo blood. Spinella and colleagues92 define 
fresh blood as having a shelf life of 24 hours and that is 
stored at 1° to 6° C within 8 hours after collection. Some 
institutions define it as fresh if it has been stored less than 
48 hours at 2° to 5° C. The difference between 1 hour and 
2 days of storage is tremendous, especially as it relates to 
platelet activity.

Numerous articles appear in the literature regarding 
the use of fresh whole blood. Part of the explanation 
of variability among studies is related to the duration 
of storage and use of hypothermia during the storage of 
fresh whole blood. Nevertheless, whole blood has been 
a component of transfusion for over 70 years, including 
during World War II.11 The military and trauma hospi-
tals have promoted and fine-tuned its use. My experi-
ence in Vietnam verified that typed and crossmatched 
warm whole blood was extremely effective in treating 
the coagulopathy from massive transfusions, especially 
in the absence of sepsis.4,5 The use of unrefrigerated fresh 
whole blood is well known to be clinically very effec-
tive.93 Many different protocols have complicated varia-
tions to the concept of simple administration of fresh 
whole blood as very effective, as described in the next 
paragraph.

The current literature is not consistent partly because 
of the variety of clinical situations. Even the ratio concept 
has been used for platelets. A transfusion ratio of 1:1:1 
(RBCs to frozen plasma to platelets) was compared with a 
standard MTP based on laboratory values.94 No difference 
between the two groups was found. However, the fixed 
ratio was associated with increased plasma wastage. Cot-
ton and colleagues95 compared whole blood versus com-
ponent therapy. Unfortunately, each group automatically 
received platelets, making any conclusions regarding 
platelets impossible. Not surprisingly, fresh whole blood 
is effective in treating unresponsive life-threatening hem-
orrhage. A study of human volunteers who were given 
fresh and stored autologous blood came to the conclu-
sion that blood stored for more than 21 days is not more 
injurious than fresh whole blood.15 Yet using autologous 
blood is probably not an appropriate model to answer 
this question.

Basically, administration of older stored blood, col-
loids, and crystalloids dilute the platelets resulting in 
dilutional thrombocytopenia. After 15 to 20 units of 
blood have been given, the thrombocytopenia will cause 
a coagulopathy on a dilutional basis. If any additional 
cause of the coagulopathy exists (e.g., sepsis, massive 
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consumption), the clinical coagulopathy will appear with 
fewer than 15 to 20 units of blood given. A more current 
rule of thumb is to transfuse 1 apheresis pack (6 units) 
of platelets in anticipation of a platelet count of 50 to 
75,000/μL.96

One additional consideration is the best source of 
platelets—fresh blood or apheresis platelets. This ques-
tion was studied in the armed forces when given to mas-
sively transfused military patients. No difference was 
found in adverse effects and mortality between patient 
groups receiving platelets.97 In an atmosphere of lim-
ited resources, fresh whole blood is an excellent source 
of platelets.

SPECIFIC RECOMMENDED PROTOCOLS

In view of the aforementioned considerations, recom-
mended protocols exist for the care of patients who 
are in urgent clinical situations potentially including 
hypovolemia and the possible requirement for blood 
transfusions. Of course, administration of blood prod-
ucts is only one part of a comprehensive approach to 
such urgent clinical challenges (see also Chapters 81 
through 83). The following recommendations are brief 
and general, with the details of these further discussed 
in other sections of this chapter or in other chapters of 
this edition.

 1.  Infuse colloids, or crystalloids, or both. This topic was 
addressed by Myberg and associates.98 Colloids are 
discussed in this chapter’s section on synthetic col-
loid solution therapy, and the section on crystalloids 
in Chapter 59. The Myberg article “Resuscitation Flu-
ids” states, “Although albumin has been determined 
to be safe for use as a resuscitation fluid in most criti-
cally ill patients and may have a role in early sepsis, 
its use is associated with increased mortality among 
patients with acute brain injury (also see Chapter 
70). The use of hydroxyethyl starch (HES) solutions is 
associated with increased rates of renal-replacement 
therapy and adverse events among patients in ICUs. 
There is no evidence to recommend the use of other 
semisynthetic colloid solutions.” In essence, crystal-
loids and blood (assuming blood loss and/or anemia) 
are the main fluids for resuscitation in acutely ill 
patients.

 2.  Draw a blood sample for typing and crossmatching.
 3.  If crossmatched blood is not ready to give, use type-

specific or type O Rh-negative RBCs or type O-positive 
RBCs for males or postmenopausal females without 
a history of transfusions; type-specific, partially 
crossmatched blood; or type-specific, crossmatched  
blood.

 4.  In certain severe cases, the problems of massive trans-
fusion should be anticipated. As indicated in this 
chapter, fresh whole blood should be considered if 
available.

  

Innovative methods of storing blood are being devel-
oped. For example, storing blood in an electrostatic field 
of 500 to 3000 V decreases hemolysis and attenuates the 
decrease in pH associated with prolonged storage.99
COMPLICATIONS

CHANGES IN OXYGEN TRANSPORT

RBCs are transfused primarily to increase transport of O2 
to tissues. An increase in the circulating red cell mass pro-
duces an increase in O2 uptake in the lungs and a cor-
responding probable increase in O2 delivery to tissues. 
The respiratory function of RBCs may be impaired during 
preservation, making it difficult for them to release O2 to 
the tissues immediately after transfusion.

REVIEW OF THE OXYGEN DISSOCIATION 
CURVE

The O2 dissociation curve is determined by plotting the 
partial pressure of O2 (Po2) in blood against the percent-
age of Hb saturated with O2 (Fig. 61-3). As Hb becomes 
more saturated, the affinity of Hb for O2 also increases. 
This is reflected in the sigmoid shape of the curve, which 
indicates that a decrease in Pao2 makes considerably more 
O2 available to the tissues. The sigmoid shape of the curve 
implies greater efficiency of blood transportation of O2 
from the lungs to tissues.

Shifts in the O2 dissociation curve are quantitated by 
the P50, which is the partial pressure of O2 at which Hb 
is half saturated with O2 at 37° C and pH 7.4. A low P50 
indicates a left shift in the O2-dissociation curve and an 
increased affinity of Hb for O2; in other words, the left 
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shift of the curve indicates that a lower-than-normal 
O2 tension saturates Hb in the lung and the subsequent 
release of O2 to the tissues occurs at a lower than normal 
capillary O2 tension. An increased affinity may be enough 
to ensure that O2 is released to the tissues unless the tissue 
Po2 is in the hypoxic range. The clinical evidence sup-
porting the accuracy of this hypothesis during infusion is 
discussed in the following section.

CLINICAL EVIDENCE

The clinical evidence is not consistent, reflecting the dif-
ficulty of conducting a systematic study of seriously ill 
patients in varied clinical settings. For 40 years, various 
clinicians in a variety of clinical settings have tried to 
establish a firm relationship between the 2,3-DPG levels 
associated with stored blood and patient welfare (e.g., 
organ function). In 1993, Marik and Sibbald100 found 
that the administration of blood that had been stored 
for more than 15 days actually decreased intramucosal 
pH, suggesting that splanchnic ischemia had occurred. In 
the past 10 years, numerous studies have tried to prove 
that older blood (and therefore decreased O2 delivery) is 
not as beneficial as fresher blood in critically ill patients. 
Although a definitive conclusion cannot be made, I think 
that blood with less than 15 days of storage should be 
used in very ill patients.

COAGULATION IN GENERAL

Unless a patient has a preoperative coagulopathy (e.g., 
aspirin, antiplatelet drugs, hemophilia), major trauma or 
blood loss will initiate a cascade of coagulation abnor-
malities, including a consumptive coagulopathy from tis-
sue hypoperfusion as manifested by increased protein C 
levels.101 The addition of a large amount of blood (e.g., 6 
to 10 units of PRBCs) only augments this coagulopathy. 
Various protocols have been developed for approaches 
to massive blood transfusion administration (Fig. 61-4). 
This coagulopathy is caused by a combination of factors, 
of which the most important are the volume of blood 
given and the duration of hypotension or hypoperfu-
sion. Patients who are well perfused and are not hypoten-
sive for a long period (e.g., 1 hour) can tolerate multiple 
units of blood without developing a coagulopathy. The 
patient who is hypotensive and has received many units 
of blood probably has a coagulopathy from a condition 
that resembles disseminated intravascular coagulation 
(DIC) and dilution of coagulation factors from stored 
bank blood. When such bleeding occurs, the differential 
diagnosis for a patient who did not have a pretransfusion 
coagulopathy (e.g., hemophilia) is dilutional thrombocy-
topenia, low factors V and VIII, a DIC-like syndrome, or 
hemolytic transfusion reaction. Clinical manifestations 
include oozing into the surgical field, hematuria, gingival 
bleeding, petechial bleeding from venipuncture sites, and 
ecchymosis.

THROMBOCYTOPENIA

Thrombocytopenia is defined as a platelet count less 
than 150,000/mm3 or more than 50% over the previous 
measurement. Clinical bleeding usually does not occur 
until less than 50,000/mm3 for surgical bleeding and 
even less for spontaneous bleeding.96 Thrombocytopenia 
can be a cause of a hemorrhagic diathesis in a patient who 
has received multiple units of bank blood. Independent 
of whether whole blood or PRBCs are given, few viable 
platelets exist in a unit of blood stored for more than 24 
hours. For whole blood at a storage temperature of 4° C, 
platelets are damaged sufficiently to be readily trapped 
and absorbed by the reticuloendothelial system soon after 
infusion. Even platelets that are not immediately stored 
have a reduced survival time. Considering survival time 
and viability, total platelet activity is only 50% to 70% 
of the original in vivo activity after 6 hours of storage in 
bank blood at 4° C. After 24 or 48 hours of storage, plate-
let activity is only approximately 10% or 5% of normal, 
respectively. Infusion of bank blood stored for longer 
than 24 hours dilutes the available platelet pool. Platelet 
counts decreased to less than 100,000/mm3 when 10 to 
15 units of blood were given to acutely wounded, previ-
ously healthy soldiers.101 The platelet count in smaller, 
older patients may decrease to 100,000/mm3 after being 
given fewer units of blood because these patients have a 
smaller blood volume and possibly a lower preoperative 
platelet count than soldiers. Over 40 years ago, my col-
leagues and I defined the importance of the platelet count 
because when it is approximately 75,000/mm3 or less, a 
hemorrhagic diathesis is likely to occur (Table 61-5). 
One trauma group even suggested that a normal platelet 
count may not be high enough in severely injured trauma 
patients.13 The general principle of using the platelet 
count as one of the indicators of clinical bleeding still 
applies even when thromboelastography (TEG) is used 
as a monitor.102 Also, as indicated in Chapter 62, TEG 
and other devices are increasingly being used instead of 
specific blood levels of coagulation factors (e.g., platelet 
count, partial thromboplastin time [PTT]).

The preceding paragraph places emphasis on dilu-
tional thrombocytopenia being the major cause of clini-
cal bleeding in patients receiving multiple units of blood. 
In this situation, the clinician can dependably predict 
what the platelet count will be.11 However, a concomi-
tant medical condition can alter these relationships. 
Other authors emphasize that platelet counts cannot be 
predicted.96 Certainly, if the patient has other medical 
issues (e.g., DIC, sepsis), thrombocytopenia will happen 
more rapidly. Routine monitoring of coagulation (see 
later discussion) should be a standard approach when 
hemorrhage occurs.96 As discussed earlier in this chapter, 
the military and trauma hospitals tend not to follow this 
approach because they give blood in combinations of 
transfusion ratios.

Although major emphasis had been placed on moni-
toring the platelet count, several investigators103,104 have 
questioned the role of dilutional thrombocytopenia in 
the coagulopathy of massively transfused patients. They 
correctly point out that the platelet count rarely decreases 
to as low a level as would be predicted from dilution alone 
(Fig. 61-5). This is probably because platelets are released 
into the circulation from the spleen and bone marrow 
and because of the presence of nonfunctional platelets. 
Reed and associates104 found no benefit to prophylactic 
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Anticipated ongoing
blood loss

From blood sample:
CBC including platelets

PT, PTT
Fibrinogen

Indications for type O blood:
BP < 70 mm Hg

PT, PTT
Get fibrinogen

Indications for transfusion protocol:
BP < 90 mm Hg after 2 PRBC

Blood loss = circulating 
blood volume

Monitoring protocol:
Hct, PT, PTT, fibrinogen, 

platelets
Create flow sheet
EBV 70-90 mL/kg

Transfusion thresholds:
Hct, PT, PTT

INR > 2.0 usually
INR > eye, brain, airway, 

1.7 bleeding
Platelets < 75,000 usually
Fibrinogen < 100 mg/dL

Transfuse to maintain thresholds:
Hct < 30%

FFP with PC ratio of 1:1
Platelets with PC in ratio of 1:1

Crystalloids + reevaluateNO

NO

NO

NO

NO

NO

NO

YES

YES

Crystalloids + blood 
by lab values

Give 4 units of FFP and
6 packs of platelets

Give whole blood 
(preferred) or packed 

cells to Hct 30

Give platelets, 6 packs 
to PC 25,000-50,000

Blood to lab
4 units PRBC (0+)
in ED (0–) women

Indication 
for immediate 

transfusion

PC < transfusion
threshold?

PT > transfusion
threshold?

Deactivate massive
transfusion 

protocol

Review lab results
Coagulopathy 

present?

Give 2 units PRBC

YES

YES

YES

HCT < 30%?

Figure 61-4. This algorithm for diagnosing and treating a massive transfusion was modified from the massive transfusion protocol used at the 
San Francisco General Hospital. There are many other similar approaches (e.g., Fig. 61-8 provides an algorithm for a pure coagulation). This pro-
tocol suggests how to approach a patient with major blood loss but does not include the use of recombinant activated factor VII, which may be 
possible in the future. (Kleinman)168 BP, Blood pressure; CBC, complete blood cell count; EBV, effective blood volume; ED, emergency department; 
FFP, fresh frozen plasma; Hct, hematocrit; INR, international normalized ratio; PC, platelet count; PRBCs, packed red blood cells; PT, prothrombin 
time; PTT, partial thromboplastin time.
TABLE 61-5 CORRELATION BETWEEN PLATELET 
COUNT AND INCIDENCE OF BLEEDING 

Platelet Count  
(cells/mm3) Total No. Patients

No. Patients 
with Bleeding

>100,000 21 0
75,000-100,000 14 3
50,000-75,000 11 7
<50,000 5 5

Data from Miller RD, Robbins TO, Tong MJ, et al: Coagulation defects associ-
ated with massive blood transfusions, Ann Surg 174:794, 1971.
platelet administration during massive transfusion. Plate-
lets should not be given to treat laboratory evidence of 
thrombocytopenia unless clinical coagulopathy is also 
present. Treating laboratory numbers without correlation 
with the clinical status is fundamentally contrary to good 
medical practice; transfusion medicine is no exception. 
When the platelet count is less than 50,000 to 75,000/
mm3, a bleeding problem is likely and is probably a 
combination of dilutional thrombocytopenia and DIC. 
Platelet therapy would be appropriate in this situation 
(see later section on platelet concentrates). Evaluation of 
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the literature with regard to the benefit of some blood-
related therapy is difficult. Basically, sicker patients 
often need more blood. Yet, are these patients better off 
because of the blood? Patients who receive platelets dur-
ing liver transplantation have an increased mortality rate 
in one study.105 The unanswered question is whether 
the increased mortality rate is because the patients who 
received platelets were more critically ill before platelets 
were given. This is just one of the reasons why efficacy of 
blood product administration is often difficult to assess.

To place such emphasis on the platelet count as 
a guide is appropriate, as defended previously, with 
some exceptions. For example, patients with chronic 
thrombocytopenia or leukemia are commonly known 
to survive and not have a hemorrhagic diathesis with a 
platelet count lower than 15,000 cells/mm3. However, 
this does not negate the general guideline that patients 
with a platelet count of less than 75,000 cells/mm3 are 
likely to bleed. For unexplained reasons, patients with 
an acutely induced thrombocytopenia (e.g., from blood 
transfusions) develop a hemorrhagic diathesis at a much 
higher platelet count than patients with a chronically 
induced thrombocytopenia (e.g., idiopathic thrombocy-
topenic purpura). A higher platelet count is required to 
maintain adequate hemostasis with a surgical incision or 
trauma because damaged capillaries require platelets to 
plug the holes. The chapter on transfusion therapy in the 
7th edition of this book resolved that the platelet count 
was a reasonably accurate guide as to when patients will 
develop a bleeding problem from dilutional thrombocy-
topenia (see Table 61-5). Although that conclusion is still 
correct, increasingly it is not practically useful because 
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of the growing use of point-of-care thromboelastometry 
(ROTEM) to guide hemostatic therapy.106

LOW LEVELS OF FIBRINOGEN AND 
FACTORS V AND VIII

In the past few years considerable attention has been 
brought to the decreases in blood fibrinogen concentra-
tions that occur during blood loss and blood replacement, 
probably because of the availability in some countries of a 
lyophilized fibrinogen concentrate for clinical use. Previ-
ously, fibrinogen supplementation was primarily received 
from administration of FFP and cryoprecipitate. Levy and 
colleagues107 provided an excellent scholarly review of 
fibrinogen and hemostasis. As indicated earlier, more pre-
cise monitoring with thromboelastometry has allowed 
much more information to become available regarding 
fibrinogen. Levy and colleagues had two major conclu-
sions. First, “fibrinogen is critical for effective clot forma-
tion, and its monitoring and guided supplementation as 
the treatment of major bleeding increasingly recognized.” 
Second, their last sentence is typical of such reviews: 
“The prospective study of fibrinogen supplementation in 
acquired bleeding is needed to accurately assess the range 
of clinical settings in which this management strategy is 
appropriate, the most effective method of supplementa-
tion, and a comprehensive safety profile of fibrinogen 
concentrate used for such an approach.” Indeed, such 
studies are beginning to appear. An examination of the 
Cochrane Database concluded that fibrinogen adminis-
tration probably does reduce transfusion requirements.108 
Another group concluded that current recommendations 
for fibrinogen replacement are too conservative.109 Yet 
another group110 amazingly concluded that the clinical 
effectiveness of FFP was not apparent in trauma patients, 
but administration of fibrinogen concentrate generally 
improved outcome. I find the conclusion about FFP unbe-
lievable, but we have an obligation to report the entire 
literature. However, fibrinogen increased fibrin-based clot 
firmness after aortic surgery.111 Furthermore, a dilutional 
coagulopathy from colloid administration was better 
treated with a combination of factor XIII concentrates 
and fibrinogen rather than fibrinogen alone112—not a 
surprising result. Finally, a quote from Weiskopf113 prob-
ably provides the best summary—“clinical trials with 
fibrinogen offer the exciting possibility of testing our 
understanding of static coagulation as it applies to the 
dynamics of surgery.”

Historically, factors V and VIII and not fibrinogen 
have received prime attention.114 These factors gradu-
ally decrease to 15% and 50% of normal, respectively, in 
whole blood after 21 days of storage. PRBCs even have 
fewer coagulation factors. Consequently, administration 
of FFP, which contains all the factors except platelets, has 
been recommended on a therapeutic or a prophylactic 
basis. However, this practice is of questionable benefit 
because only 5% to 20% of factor V and 30% of factor VIII 
are needed for adequate hemostasis during surgery. In 
other words, in spite of a patient receiving massive blood 
transfusion, factors V and VIII rarely decrease below those 
levels required for hemostasis. My colleagues and I exam-
ined this problem by giving 500 to 1000 mL of FFP to 
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TABLE 61-6 LABORATORY FINDINGS IN VARIOUS PLATELET AND COAGULATION DISORDERS  
IN THE INTENSIVE CARE UNIT 

Condition
Prothrombin 
Time

Activated 
Partial 
Thromboplastin

Fibrinogen 
Level

D-Dimer 
Level Bleeding Time

Platelet 
Count

Findings on 
Blood Smear

Vitamin K 
deficiency or 
use or use 
of vitamin K 
antagonist

Prolonged Normal or mildly 
prolonged

Normal Unaffected Unaffected Unaffected

Aspirin or 
thienopyridines

Unaffected Unaffected Unaffected Unaffected Prolonged Unaffected

Liver failure
 Early stage Prolonged Unaffected Unaffected Unaffected Unaffected Unaffected
 End stage Prolonged Prolonged Low Increased Prolonged Decreased
Uremia Unaffected Unaffected Unaffected Unaffected Prolonged Unaffected
DIC Prolonged Prolonged Low Increased Prolonged Decreased Fragmented 

red cells
TTP Unaffected Unaffected Unaffected Unaffected Prolonged Very low Fragmented 

red cells
Hyperfibrinolysis Prolonged Prolonged Low Very high Possibly 

prolonged
Unaffected

From Hunt BJ: Bleeding and coagulopathies in critical care, N Engl J Med 370;847-859, 2014.
DIC, Disseminated intravascular coagulation; TTP, thrombotic thrombocytopenic purpura.
five patients who had received more than 15 units of 
bank blood and who had a clinically significant hemor-
rhagic diathesis. Despite the PTTs (which measure all fac-
tors except VII and XIII) and platelets having returned to 
normal, bleeding persisted in every patient. Only when 
platelets in the form of fresh blood were administered 
did bleeding cease. Although low factors I, V, and VIII are 
likely not the primary cause of bleeding during massive 
blood transfusion, such deficiencies may intensify bleed-
ing from other causes, usually dilutional thrombocytope-
nia in the case of blood transfusion.

In 1985, the NIH conducted a consensus conference 
on this issue.115 The conference concluded that little or 
no scientific evidence exists for the administration of FFP 
as part of the therapy for coagulopathy induced by mul-
tiple blood transfusions. Despite the fact that this confer-
ence and its recommendations are over 25 years old, the 
following criteria are still relevant even though they did 
not have the advantage of ROTEM:

 1.  Generalized bleeding that cannot be controlled with 
surgical sutures or cautery

 2.  PTT time at least 1.5 times normal
 3.  Platelet count greater than 70,000/mm3 (to ensure that 

thrombocytopenia is not the cause of bleeding)

DISSEMINATED INTRAVASCULAR 
COAGULATION–LIKE SYNDROME

The coagulation system consists of clotting and fibri-
nolytic mechanisms. The function of the former is to 
prevent excessive blood loss, and that of the latter is to 
ensure circulation within the vasculature. With this DIC-
like syndrome, the clotting system is deranged and this 
leads to disseminated fibrin deposition, which renders the 
fluid blood unclottable. The deposited fibrin may severely 
alter the microcirculation and lead to ischemic necrosis 
in various organs, particularly the kidney. The unclotta-
ble blood or circulating serum may induce a severe hem-
orrhagic diathesis. Although Table 61-6 centers around 
platelet disorders that have an impact on the coagulation 
system overall, it also displays the interchange between 
various medical conditions and their impact on vari-
ous measures of the coagulation system, which is well 
described in this reference.116

The specific reasons for the development of DIC syn-
drome are usually not apparent. However, hypoxic aci-
dotic tissues with stagnant blood flow probably release 
tissue thromboplastin directly or through liberation of 
some toxin as possibly modulated through the protein 
C pathway.101 The release of tissue plasminogen activa-
tor from damaged tissue may cause fibrinolysis. In sepsis 
and eventual organ failure, the pathogenesis of this DIC 
syndrome is more apparent. The extrinsic route of coag-
ulation is activated by tumor necrosis factor and endo-
toxins. Presumably, tumor necrosis factor induces tissue 
factor expression on the surface of activated monocytes 
and possibly by exposure to subendothelially localized 
tissue factor in blood117 (see Chapter 62 for more details). 
Although the intrinsic system does not induce DIC, it 
may contribute to hypotension. This triggers the coagula-
tion process, resulting in consumption of factors I, II, V, 
and VIII and platelets. Supposedly, thrombi and fibrin are 
deposited in the microcirculation of vital organs, inter-
rupting their blood flow.

In an attempt to counteract the hypercoagulable state, 
the fibrinolytic system is activated to lyse the exces-
sive fibrin almost simultaneously; this is called second-
ary fibrinolysis (see also Chapter 62). DIC should not be 
considered a distinct disease entity but rather a sign of 
another disease. DIC has been associated with almost all 
life-threatening diseases. Any condition in which tissue 
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damage is sufficient to release tissue products or toxins 
into the circulation can be associated with DIC. If enough 
thromboplastin lodges in the circulating blood, the result 
is massive focal necrosis or more generalized activation of 
the coagulation system.

HEMOLYTIC TRANSFUSION REACTION

The appearance of a hemorrhagic diathesis after blood 
transfusion should signal the possibility of a hemolytic 
transfusion. This entity is discussed later in this chapter.

DIAGNOSIS AND TREATMENT OF A 
HEMORRHAGIC DIATHESIS AFTER WHOLE 
BLOOD TRANSFUSIONS

Although treatment is more likely to be successful when 
the cause of the bleeding problem has been identified, 
precise diagnosis is often difficult. In addition to clini-
cal examination of the patient, various coagulation lab-
oratory tests have been used for years. One traditional 
approach has been to obtain a blood specimen on which 
the following tests can be performed: platelet count, PTT, 
and plasma fibrinogen level; observation of a clot for size, 
stability, and lysis; and observation of the plasma for evi-
dence of hemolysis. Provided the PTT is 1.5 times normal 
or more and other tests are normal, the bleeding is proba-
bly a result of very low levels of factors V and VIII. This can 
be treated with FFP, which contains all the coagulation 
factors except platelets, or with cryoprecipitate. Although 
the preceding situation is a nice textbook description, I 
have never observed a clinical situation involving blood 
transfusions in which the PTT was increased without the 
presence of thrombocytopenia.

Point-of-care diagnosis of perioperative clinical coag-
ulopathies is being increasingly facilitated by TEG and 
ROTEM, as reviewed by Srivastava and Kelleher.118 Specif-
ically, point-of-care ROTEM (viscoelastic and rotational) 
is being used to diagnose intraoperative coagulopa-
thies.119-123 All varieties of major surgeries and types of 
patients are being monitored with one of these devices, 
including liver transplantation124 and postpartum hem-
orrhage.102 Data are available within 10 to 20 minutes 
and are increasingly used to guide hemostatic therapy 
in trauma patients and, more recently, in other clinical 
situations. The theoretic advantages are assessment of 
clot formation in the context of whole blood, including 
contributions from platelets and RBCs and analysis of 
multiple stages of the clotting process from fibrin forma-
tion through fibrinolysis‡ (see also Chapter 62 for further 
details).

Dilutional thrombocytopenia in association with DIC, 
and hypoperfusion is the most likely cause of bleeding 
from blood transfusion.114 When the platelet count is 
less than 100,000/mm3, a bleeding problem is likely to 
develop (see Table 61-5); therefore, platelets are ordered. 
The rule of thumb is based on the fact that a bleeding dia-
thesis probably will develop after infusion of 20 units of 

‡ Thank you to Brian M. Gilliss, MD, MS, for his help in facilitating my 
understanding of this process.
stored blood in healthy patients and after lesser amounts 
in debilitated or small patients (Fig. 61-6).

Whether platelets are administered in the form of 
fresh blood, platelet-rich plasma, or platelet concentrates 
depends on intravascular volume replacement require-
ments, personal preference, and availability of laboratory 
personnel. Fresh blood (<6 hours old) supplies the larg-
est number of platelets per donation. More than 80% of 
the platelets can be given by platelet-rich plasma, which 
has half of the volume of a unit of blood. However, 
because most blood banks advocate giving patients only 
components that are necessary, platelet concentrates are 
frequently recommended. The remainder of the unit of 
blood, such as RBCs, plasma, and albumin, can be saved 
for other patients. Platelet concentrates are contained in a 
50-mL unit and provide approximately 70% of the plate-
lets in a unit of blood. In a 70-kg person, approximately 
10 units of platelet concentrates are required to increase 
the platelet count by 100,000/mm3.

Although logistically difficult to obtain, fresh blood 
is extremely effective in treating transfusion-induced 
coagulopathies. My personal and subjective observations 
in Vietnam indicated that fresh blood (i.e., ≤6 hours and 
unrefrigerated blood) had a dramatic effect in patients 
with extensive hemorrhage. Approximately 20 years 
later, Lavee and associates125 found that 1 unit of fresh 
whole blood was as effective as, if not superior to, 8 to 
10 platelet units. In 1996, Erber and colleagues,93 used 
fresh unrefrigerated whole blood in surgical patients with 
ongoing extensive bleeding despite adequate compo-
nent replacement therapy and adequate surgical hemo-
stasis. An accompanying editorial expressed caution and 
described the unfortunate problems with conducting a 
larger trial with fresh blood.126 I think that fresh blood 
also contains unidentified factors that make it far more 
effective than blood components.

Determining the plasma fibrinogen level is useful 
because this coagulation factor does not decrease in 
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bank blood. If the in vivo plasma fibrinogen level is low 
(<150 mg/dL), it is not a result of a dilutional coagulopa-
thy and strongly suggests DIC or a DIC-like syndrome. 
DIC is likely with thrombocytopenia, hypofibrinogen-
emia, and lysis of a clot within 2 hours.114 Unfortunately, 
fibrinogen levels in PRBCs decrease with increasing stor-
age time. As a result, hypofibrinogenemia occurs on a dilu-
tional basis when multiple units of PRBCs are given.127

ε-Aminocaproic acid (EACA) inhibits the formation of 
plasmin and attenuates fibrinolysis. EACA should not be 
used in the treatment of DIC. Blocking the fibrinolytic 
system and having the coagulation system activated have 
resulted in disseminated thrombosis. Because primary 
fibrinolysis is rare other than in prostatectomy and liver 
transplantation128 (see also Chapter 75), EACA should 
probably not be given unless the preceding diagnosis is 
clearly established after expert consultation. Despite the 
previous recommendations, bleeding from a transfusion-
associated coagulopathy occasionally persists. A new 
approach has been described. Administration of recom-
binant activated coagulation factor VII (rfVIIa, Novo 
Nordisk Pharmaceuticals, Plantation, Fla) has produced 
successful treatment of such coagulopathies intraop-
eratively. Most of these patients also had other condi-
tions, such as necrotizing pancreatitis, cirrhosis, or severe 
trauma. This exciting product is extremely expensive and 
should be viewed as a rescue therapy until approval by 
the U.S. Food and Drug Administration (FDA) is more 
broadly based129 (see Chapter 62 for details).

DIAGNOSIS AND TREATMENT OF 
HEMORRHAGIC DIATHESIS AFTER PACKED 
RED BLOOD CELL TRANSFUSIONS

With much less plasma, dilution of certain coagulation 
values may be more profound with the use of PRBCs rather 
than whole blood. Murray and co-workers127 specifically 
examined the question of using PRBCs for major blood 
loss. In general, the direction of coagulation changes was 
similar to that seen with whole blood, with one major 
exception. With use of PRBCs, fibrinogen levels decreased 
significantly in contrast to use of whole blood, in which 
fibrinogen levels remained unchanged unless DIC was 
present (Fig. 61-7). Although all the coagulation factors 
decreased, the decrease was less than expected from dilu-
tion. The researchers thought that factors such as factor 
VIII are probably stored in endothelial cells and released 
from the endothelium during surgical stress. When PRBCs 
are used to replace major blood loss, the clinician may be 
tempted to give FFP prophylactically. However, Murray 
and co-workers127 specifically recommended not follow-
ing the policy; they stated that FFP was needed only when 
prothrombin time (PT) and PTT were at least 1.5 times 
normal and fibrinogen levels were less than 75 mg/dL. 
These recommendations are similar to those stated in the 
section on FFP. Leslie and Toy130 provided more specific 
guidelines when PRBCs are used for massive transfusions. 
They believed that when 12 or more units of PRBCs or 
cell-saver blood had been given, coagulation factors (i.e., 
FFP) were necessary. Patients who received 20 or more 
units often required platelet therapy, a finding identical 
to that of patients given whole blood.
An algorithm for the evaluation and initial therapy of 
a patient with a suspected coagulopathy is given in Figure 
61-8 (see also the section on blood transfusions, pharma-
cology, and hemostasis).

TRANSFUSION RATIOS

The transition from administration of whole blood to 
component therapy in the l970s created new challenges 
in transfusion medicine, especially in patients undergo-
ing trauma or any type of surgery associated with signifi-
cant blood loss. As indicated previously, administration of 
whole blood (1960s to mid-l970s) usually did not require 
FFP. Significant thrombocytopenia usually occurred after 
15 to 20 units of blood.5 The decision to give FFP or plate-
let concentrates was usually based on laboratory results, 
such as a platelet count and a PTT.

With the change from whole blood to PRBCs, the inci-
dence of coagulopathies increased, especially with medical 
units responsible for trauma patients. Rather than basing 
treatment of transfusion or clinically induced coagulopa-
thies on clinical judgment or laboratory tests, the concept 
of developing ratios of FFP and/or platelet concentrates with 
PRBCs evolved. For example, a 1:1:1 ratio would be transfu-
sion of plasma and platelets to RBCs on a one-to-one basis. 
A 1:1 ratio frequently appears in the literature, which could 
be the combination of either FFP or platelets with RBCs.

Can an analysis of the literature specifically identify 
what the ratio should be? The most aggressive recom-
mendation was that both a high-dose FFP (1.5 RBC to 1 
FFP) and platelets (1 platelet to 6 RBCs) decreases mor-
tality.131 Some clinicians give FFP automatically to mas-
sively transfused patients even without a demonstrated 
coagulopathy with improved mortality rates.132 Holcomb 
and associates133 also concluded that increased platelet 
(i.e., instead of FFP) ratios were associated with improved 
survival after massive blood transfusions. However, these 
aggressive uses of FFP, platelets, and other blood prod-
ucts should only be given in response to coagulopathies 
from massive blood transfusions. For example, aggressive 
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Figure 61-7. Decreases in fibrinogen level as blood volume is 
replaced with Adsol-packed red blood cells and crystalloid solutions. 
Each patient is represented by a solid line. (From Murray DJ, Olson J, 
Strauss R, et al: Coagulation changes during packed red cell replacement 
of major blood loss, Anesthesiology 69:839, 1988.)
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Figure 61-8. Algorithm of the evaluation 
and initial therapy of a patient with suspected 
perioperative coagulopathy. The evaluation is 
based on the clinical scenario and is affected 
by the type and location of injury, the 
amount of fluid administered, and the age 
and body temperature of the patient. DDAVP, 
1-Deamino-8-d-arginine vasopressin, a vaso-
pressin analogue also known as desmopres-
sin acetate; PT, prothrombin time; PTT, partial 
thromboplastin time. (Modified from Habibi S, 
Corrsin DB, McDermott JC, et al: Trauma and 
massive hemorrhage. In Muravchick S, Miller 
RD, editors: Atlas of anesthesia: subspecialty 
care, New York, 1998, Churchill Livingstone.)

Workup and Initial Therapy for Coagulopathy

Type of bleeding:
 Diffuse from wound or intravenous sites,
 or both, and from mucous membranes vs
 local petechiae, ecchymoses, or both

Rule out lack of surgical hemostasis

Correct hypothermia

Immediate PT, PTT, fibrinogen, platelet count

Decreased platelets
or suspicion

of thrombocytopathy

Increased PT, PTT
Normal platelet counts
Normal or increased

fibrinogen levels

Increased PT, PTT
Low platelets

Decreased fibrinogen

Transfuse 5-10 units
of platelets,

consider DDAVP

Fresh frozen
plasma

Fibrin split products
+ cryoprecipitate

+ platelets

Workup for disseminated
intravascular coagulopathy

fibrinolysis
plasma administration to nonmassively transfused 
patients was associated with an increased rate of serious 
complications, including acute respiratory distress syn-
drome (ARDS) and organ dysfunction.134

Mortality was less frequent when patients with trau-
matic brain injury were given blood products with a high 
ratio of FFP to PRBCs.135 A retrospective study showed 
that a higher FFP/PRBC ratio was associated with the need 
for advanced interventional procedures in patients with 
postpartum hemorrhage.136 Yet an analysis of 26 studies 
concluded, “Without randomized controlled trials con-
trolling for survivor bias, the current available evidence 
supporting higher plasma-to-erythrocyte resuscitation 
is inconclusive.” Even more recently, the results of the 
Prospective Observational Multicenter Major Trauma 
Transfusion (PROMMTT) study were reported with a 
commentary by Maier.137 The sources of the data were 
10 U.S. level-I trauma centers. The conclusion of the 
study138 was that “higher plasma and platelet ratios early 
in resuscitation were associated with decreased mortality 
in patients who received transfusions of at least 3 units 
of blood products during the first 24 hours after admis-
sion.138 Among survivors at 24 hours, the subsequent risk 
for death by day 30 was not associated with plasma or 
platelet ratios.” Yet a review by a group in the military 
divided their data according to the Injury Severity Score. 
A survival benefit was seen in ratios with high plasma to 
RBC resuscitation. However, no additional benefit of 1:1 
over 1:2 ratios was identified.139

To me, an interesting philosophic problem has evolved. 
Approximately 30 to 40 years ago, whole blood was primar-
ily given. Then in the 1970s, the concept of giving patients 
only the specific blood component they needed was the 
basis for dividing blood into separate components. How-
ever, in the last 10 years, military and trauma units have 
been using a concept they described as “reconstruction of 
deconstructed blood for trauma”—that is, components are 
added to PRBCs to make it more like whole blood, but it is 
called reconstituted whole blood. In summary, we had pri-
marily whole blood 30 to 40 years ago and returned to that 
concept by approximately 2005. This is a rather strange and 
ironic pathway for blood transfusion medicine to follow.

BLOOD TRANSFUSIONS, 
PHARMACOLOGY, AND HEMOSTASIS

An extensive review of pharmacologic therapies in patient 
blood management has been made by Goodnough and 
Shander.33 Iron therapy and erythropoiesis-stimulating 
agents are described earlier in this chapter. Drugs used for 
hemostasis are categorized into three groups: (1) antifibri-
nolytics, (2) serine protease inhibitors, and (3) analogues 
of the antidiuretic hormone.
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The first group, antifibrinolytics, includes EACA and 
tranexamic acid, which are plasminogen inhibitors. Two 
studies found a decreased blood loss from total knee 
arthroplasty. Presumably, release of the pneumatic tour-
niquet releases fibrinolytic material, which is inhibited by 
tranexamic acid.

The second group is the serine protease inhibitors, 
including aprotinin, nafamostat, and ecallantide. Apro-
tinin inhibits fibrinolysis and improves platelet function. 
It has been used to decrease blood loss in multiple surgi-
cal procedures, including cardiopulmonary bypass. How-
ever, its ultimate place in the treatment of coagulopathies 
has not been established.

The third group is synthetic analogues of the antidi-
uretic hormone vasopressin. Three other drugs (i.e., des-
mopressin, recombinant factor VIIa, and prothrombin 
complex concentrates) have been recommended for peri-
operative coagulation problems.140 Two of those drugs 
have received special attention. The first is desmopressin 
(1-deamino-8-d-arginine vasopressin [DDAVP]), a syn-
thetic analogue of the antidiuretic hormone vasopressin 
and a procoagulant drug. It increases the levels of factor 
VIII and von Willebrand factor and is a well-established 
therapy for hemophilia and von Willebrand disease. It 
also reduces blood loss and transfusion requirements in 
patients with normal preoperative coagulation status 
who are undergoing spinal or cardiac surgery. However, 
the ultimate role of desmopressin remains to be deter-
mined.140 It can cause hypotension, hyponatremia, and 
increased platelet adhesion. As indicated before, recombi-
nant factor VIIa and prothrombin complex concentrates 
are also in this category.

Other vehicles for producing hemostasis include fibrin 
sealant, collagen, thrombin, and gelatin sponges. A large 
meta-analysis using perioperative blood transfusion as 
the outcome in cardiac surgery concluded that aprotinin 
and tranexamic acid, but not desmopressin, decreased 
the exposure of patients to allogeneic blood transfusion 
perioperatively.141 The ultimate use of these drugs is 
evolving.

CITRATE INTOXICATION AND 
HYPERKALEMIA

Citrate intoxication is not caused by the citrate ion per se; 
it occurs because citrate binds Ca2+. The signs of citrate 
intoxication are those of hypocalcemia—hypotension, 
narrow pulse pressure, and increased intraventricular end-
diastolic pressure and central venous pressure. However, 
citrate intoxication is very rare. Having hypothermia, 
liver disease, liver transplantation, or hyperventilation 
or being a pediatric patient142 increases the possibility 
of citrate intoxication. The appearance of severe hypo-
calcemia during liver transplantation is well documented 
(see also Chapter 74). The combination of infusion of 
large amounts of citrate (i.e., through blood transfusions) 
and of reduced metabolism from absent or reduced liver 
blood flow (i.e., in the anhepatic phases of liver trans-
plantation) leads to citrate intoxication. As a result, Ca2+ 
infusions are common during liver transplantation. The 
rate of citrate metabolism is decreased by 50% when body 
temperature is decreased from 37° to 31° C. Excluding 
these conditions, infusion of more than 1 unit of blood 
every 10 minutes is necessary for ionized Ca2+ levels to 
begin to decrease. Even at these rates of infusion, ion-
ized Ca2+ levels do not decrease enough to cause bleeding. 
As indicated previously, if a hemorrhagic diathesis starts 
after administration of blood, low Ca2+ levels are not part 
of the differential diagnosis.

As evidenced from the preceding discussion, citrate 
intoxication is rare. As described by Kleinman and associ-
ates,51 serum K+ levels may be as high as 19 to 50 mEq/L 
in blood stored for 21 days. This would be approximately 
90 mEq/L units of PRBCs. However, when the loss of 
K+ via blood loss is compared with administration of 
blood, the net gain of K+ is approximately 10 mEq/L. The 
change in serum K+ is usually minor because excess K+ 
either moves into the cell or is excreted via the urine. 
Although hyperkalemia is occasionally reported,142,143 
large amounts of blood must be given. For significant 
hyperkalemia to occur clinically, bank blood must be 
given at a rate of 120 mL/minute or more. The fact that 
such rapid infusion rates of blood are required for the 
production of hyperkalemia suggests that the K+ ion must 
leave the intravascular spaces by diffusion into extravas-
cular spaces, by reuptake into RBCs, or through the kid-
neys. Although rare, hyperkalemia can occur in patients 
with severe trauma, impaired renal function, or both144 
(also infants and newborns, see also Chapters 94 and 95).

As with citrate intoxication, hyperkalemia is rare and 
this also rules against the routine administration of Ca2+. 
Ca2+ may cause cardiac arrhythmias. Ca2+ administration 
should be based on diagnostic signs of hyperkalemia (i.e., 
peak T wave). Although irritating to veins, 10% calcium 
chloride provides three times more Ca2+ than an equal 
volume of 10% calcium gluconate because chloride has 
a molecular mass of 147 and gluconate has a molecular 
mass of 448. Finally, even though hyperkalemia is rare, it 
still occurs. Recently, Lee and associates145 described nine 
cases of pediatric patients who had cardiac arrest during 
massive blood transfusions. The mean blood K+ level was 
9.2 ± 1.8 mmol/L. Risk factors were several, including the 
administration of older (i.e., longer storage) blood.

TEMPERATURE

Administration of unwarmed blood that has been stored 
at 4° C can decrease the recipient’s temperature. If the 
temperature decreases to less than 30° C, ventricular irri-
tability and even cardiac arrest may occur. This can be 
prevented by warming the blood to body temperature 
before transfusion. More subtle reasons exist for warm-
ing all blood, even in patients receiving only 1 to 2 units 
intraoperatively. Because of the cool temperature of the 
operating room, body temperature often decreases, par-
ticularly in patients undergoing extensive abdominal 
surgery; administration of cold blood further decreases 
temperature. Maintaining a patient’s normal tempera-
ture is considered to be increasingly important (see also 
Chapter 54).

Perhaps the safest and most common method of warm-
ing blood is to pass it through plastic coils or plastic cassettes 
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in a warm water (37° to 38° C) bath or warming plates. 
These heat exchangers should have upper (e.g., 43° C) and 
lower (e.g., 33° C) temperature limits (see also Chapter 54).

ACID-BASE ABNORMALITIES

The pH of most storage media is very acidotic (e.g., 5.5 
for CPD). When this solution is added to a unit of freshly 
drawn blood, the pH of the blood immediately decreases 
from 7.0 to 7.1. As a result of accumulation of lactic and 
pyruvic acids by RBC metabolism and glycolysis, the pH 
of bank blood continues to decrease to approximately 6.9 
after 21 days of storage. A large portion of the acidosis can 
be accounted for by the Pco2 of 150 to 220 mm Hg. The 
Pco2 is high mainly because the plastic container of blood 
does not provide an escape mechanism for carbon dioxide. 
With adequate ventilation in the recipient, the high Pco2 
should be of little consequence. Even when the Pco2 is 
returned to 40 mm Hg, metabolic acidosis is still present 
in blood (see Table 61-2). Still, the empirical administra-
tion of sodium bicarbonate is not indicated, but it actu-
ally may also be unwise without concomitant analysis of 
arterial blood gases and pHs.146 Miller and colleagues147 
found that the metabolic acid-base response to blood 
transfusion was variable (Fig. 61-9). Blood transfusions 
provide a substrate, namely, citrate, in large quantities 
for the endogenous generation of bicarbonate, and this 
accounts for the significant incidence of metabolic alka-
losis after blood transfusions.146 Little logic exists in the 
empirical administration of bicarbonate for prophylactic 
treatment of an unpredictable acid-base abnormality.
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Figure 61-9. Correlation between the amount of blood adminis-
tered (milliliters) and corrected base excess intraoperatively. ACD, Acid 
citrate dextrose. (From Miller RD, Tong MJ, Robbins TO: Effects of mas-
sive transfusion of blood on acid-base balance, JAMA 216:1762, 1971.)
TRANSFUSION REACTIONS

HEMOLYTIC TRANSFUSION REACTION

From 2008 to 2012, transfusion-related acute lung injury 
(TRALI) was the common cause of transfusion-related 
fatalities (Table 61-7).148 First, a hemolytic transfusion 
reaction will be discussed because this is frequently the 
result of the wrong unit of blood being given. A discussion 
of TRALI will follow. Since 1975, the FDA has required that 
all fatal reactions occurring in blood recipients or donors 
be reported within 24 hours by telephone or within 7 days 
in writing by all FDA-registered transfusion services. From 
1976 to 1985, 328 deaths were reported and analyzed.149 
Of these deaths, 159 were acute from hemolytic reactions 
and 23 from delayed reactions. In 2011, the incidence of 
an acute hemolytic transfusion reaction resulting from 
ABO incompatibility was 1:1200 to 1:190,000.150 (Anesthe
siology News151 reported an incidence of 1:606,978). Of the 
159 deaths from acute hemolytic reaction, 137 were caused 
by errors involving ABO incompatibility. More than half 
of these mistakes occurred after the blood had been issued 
by the blood bank and were committed by nurses and 
physicians in the operating room, emergency department, 
or ward. The incidence of hemolytic transfusion reactions 
is sufficient enough that The Joint Commission (for-
merly the Joint Commission on Accreditation of Health-
care Organizations)152 requires peer-review programs to 
reduce transfusion errors and complications. Specifically, 
two patient identifiers are required before a blood prod-
uct can be given (see discussion on compatibility testing). 
New technologies are being used to facilitate a decreased 
incidence of transfusion-related errors. However, when 
delayed hemolytic reactions (discussed later) are included, 
the incidence of ABO-incompatible RBC transfusions is 
more frequent.153 One of the most catastrophic transfu-
sion reactions is that arising from intravascular hemoly-
sis. Intravascular hemolysis occurs when there is a direct 
attack on transfused donor cells by recipient antibody and 
complement. Such a reaction can occur from infusion of 
as little as 10 mL of blood.154 If properly treated, death is 
rare.152 However, prevention of kidney failure and a coag-
ulopathy (DIC) is crucial. Hemolytic transfusion reactions 
involving extravascular RBC destruction are generally less 
serious than those of the intravascular variety. In these 
cases, recipient antibody coats but does not immediately 
hemolyze the transfused RBCs. Destruction occurs primar-
ily in the reticuloendothelial system.

TABLE 61-7 FREQUENCY AND SIGNS AND 
SYMPTOMS OF HEMOLYTIC TRANSFUSION 
REACTIONS IN 40 PATIENTS

Sign or Symptom No. Patients

Fever 19
Fever and chills 16
Chest pain 6
Hypotension 6
Nausea 2
Flushing 2
Dyspnea 2
Hemoglobinuria 1
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Signs and Symptoms
The clinical consequences of incompatible blood transfu-
sions are very serious but quite variable. Factors include 
volume of transfused blood, number of antigenic sites on 
the red cell membrane, and activity of the reticuloendo-
thelial system. The properties of the antibody, including 
concentration and ability to activate complement, are 
also important.

The classic signs and symptoms (see Table 61-7) of a 
hemolytic transfusion reaction—chills, fever, chest and 
flank pain, and nausea—are masked by anesthesia. Under 
general anesthesia, the only signs may be hemoglobin-
uria, bleeding diathesis, or hypotension. The present-
ing sign is usually hemoglobinuria. As little as 50 mL of 
incompatible blood may exceed the binding capacity of 
haptoglobin, which is a protein that can bind approxi-
mately 100 mg of Hb/100 mL of plasma. When Hb not 
exceeding this amount is injected or liberated into the 
bloodstream, the Hb circulates as a complex with hapto-
globin, which is cleared by the reticuloendothelial system 
(Fig. 61-10). A sample of plasma that contains 2 mg/dL of 
Hb is faintly pink or light brown. When the level of Hb 
reaches 100 mg/dL, the plasma is red. When the level of 
plasma Hb reaches 150 mg/dL, hemoglobinuria occurs. 
In general, the quantity of the free Hb in the plasma cor-
relates with the volume of incompatible blood transfused. 
Also, complement activation causes release of various 
substances, including histamines and vasoactive amines. 
The symptoms can be so alarming that cessation of blood 
is indicated, even if Hb is not seen in plasma. Laboratory 
tests that should be performed if hemolytic transfusion 
reaction is suspected include serum haptoglobin, plasma 
and urine Hb, bilirubin, and direct antiglobulin determi-
nations. The direct antiglobulin test can confirm the pres-
ence of hemolytic transfusion reaction because it shows 
that antibody is attached to transfused donor RBCs.

Treatment
If a hemolytic reaction is suspected, blood and urine 
samples should be sent to the laboratory for examina-
tion. The blood bank should check all paperwork to 
ensure that the correct blood component was transfused 
to the patient. Laboratory tests should be performed to 
determine the presence of hemoglobinemia: a direct 

Free hemoglobin

RBC RBC

Hemoglobin-haptoglobin
complex (100 mg/dL)

Reticuloendothelial system Kidney

Figure 61-10. Schematic representation of what happens to hemo-
lyzed erythrocytes (RBC) as a result of the administration of incompat-
ible blood.
antiglobulin test, repeat compatibility testing, repeat 
other serologic tests (i.e., ABO and Rh), and analysis of 
urine for hemoglobinuria.

Although several consequences of intravascular hemo-
lysis are possible, mainly the renal and coagulation sys-
tems are affected. The cause of acute renal failure from 
intravascular hemolysis is likely that Hb in the form of 
acid hematin precipitates in the distal tubule and causes 
mechanical tubular blockage. The magnitude of the pre-
cipitation probably is inversely related to the volume of 
urine flow and its pH. The primary emphasis of therapy 
should be directed toward maintaining urinary output in 
excess of 75 mL/hr by generous administration of intra-
venous fluids and diuretics. One approach is summarized 
in Box 61-1 and includes the administration of crystal-
loids to maintain the central venous pressure between 10 
and 15 cm H2O while initially administering 12.5 to 50 g 
of mannitol. If this is ineffective, the dose of mannitol 
may be increased or the use of more potent diuretics, such 
as furosemide, which increases blood flow to the renal 
cortex, may be required to maintain adequate urinary 
output. Alkalinization of the urine to prevent precipita-
tion of acid hematin in the distal tubules is of question-
able value but is easy and therefore recommended. DIC 
commonly occurs with hemolytic transfusion reactions, 
probably because RBC stroma is severed, releasing eryth-
rocytin, which activates the intrinsic system of coagula-
tion. This activated coagulation leads to fibrin formation. 
Subsequently, platelets and factors I, II, V, and VII are 
consumed. As soon as a hemolytic transfusion reaction is 
recognized, platelet count, PT, and PTT should be deter-
mined to provide baseline values with which subsequent 
laboratory values can be compared. Hypotension during 
a hemolytic transfusion reaction may result from activa-
tion of the kallikrein system.155 After a series of reactions, 
plasma kininogen is converted to bradykinin, a potent 
vasodilator that can cause hypotension.

Another approach to treatment of a severe hemolytic 
transfusion reaction has been proposed by Seager and 
co-workers,156 who postulated that the kidneys might be 
spared from exposure to massive amounts of hemolyzed 
red cells by removing all blood from a patient and replac-
ing it with compatible blood. This was accomplished in 
a patient who had received 3000 mL of incompatible 
blood by hemodilution by use of an extracorporeal cir-
cuit. Because the patient had rapid recovery of urinary 
function, this method shows much promise.

In summary, hemoglobinuria or hemolysis should 
be assumed to be a hemolytic transfusion reaction until 
proved otherwise. The steps outlined in Box 61-1 should 
be taken when the diagnosis is suspected or confirmed.

TRANSFUSION-RELATED ACUTE  
LUNG INJURY

From 2008 to 2012, TRALI was the common cause of 
transfusion-related fatalities (Table 61-8). ARDS and 
acute lung injury (ALI) refer to life-threatening respira-
tory failure from several causes (see also Chapter 101).157 
Sepsis, pneumonia, and blood transfusions are among the 
most common causes. TRALI is now the leading cause of 
transfusion-related mortality (see Table 61-7), although it 
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probably is underdiagnosed and underreported.158-160 This 
injury manifests as noncardiogenic pulmonary edema. 
Specifically, TRALI occurs in the absence of excessive 
intravascular volume and cardiac failure.161 Clinically, 
symptoms and signs appear 1 to 2 hours after transfu-
sion and are in force within 6 hours. Fever, dyspnea, fluid 
in the endotracheal tube, and severe hypoxia are typical. 
During anesthesia, a persistent decrease in blood O2 satu-
ration can be the manifesting sign. Although the chest 
radiograph is characteristic of pulmonary edema, exces-
sive circulatory volume (i.e., left atrial hypertension) is 
not present. All blood components, especially FFP, are 
implicated as caustic factors. The only specific therapy 
is stopping the transfusion and instituting critical care 
supportive measures. However, the transfusion should 
be immediately stopped and the blood bank notified for 
a different donor and quarantining all units from that 
donor. All records should be reexamined, and the results 
of the patient’s human leukocyte antigen (HLA) testing 
should be evaluated if possible. Most patients recover 

 1.  STOP THE TRANSFUSION.
 2.  Maintain the urine output at a minimum of 75 to 100 mL/hr 

by the following methods:
 a.  Generously administer fluids intravenously and possibly 

mannitol 12.5 to 50 g, given over 5 to 15 minutes.
 b.  If intravenously administered fluids and mannitol are 

ineffective, administer furosemide (20 to 40 mg) 
intravenously.

 3.  Alkalinize the urine; because bicarbonate is preferentially 
excreted in the urine, only 40 to 70 mEq of sodium bicarbon-
ate per 70 kg of body weight is usually required to raise the 
urine pH to 8, whereupon repeat urine pH determinations 
indicate the need for additional bicarbonate.

 4.  Assay urine and plasma hemoglobin concentrations.
 5.  Determine platelet count, partial thromboplastin time, and 

serum fibrinogen level.
 6.  Return unused blood to blood bank for repeat crossmatch.
 7.  Send patient’s blood and urine sample to blood bank for 

examination.
 8.  Prevent hypotension to ensure adequate renal blood flow.

BOX 61-1 Steps in the Treatment of a 
Hemolytic Transfusion Reaction

TABLE 61-8 TRANSFUSION-RELATED FATALITIES 
IN THE UNITED STATES, 2008 THROUGH 2012 

Cause of Fatality 2008 to 2012 2012

TRALI 74 17
Other reactions (non-

ABO hemolytic therapy, 
anaphylaxis)

53 8

Bacterial contamination 21 3
ABO hemolytic transfusion 

therapy
22 3

Transfusion not ruled out 99 27

From Fatalities Reported to FDA following blood collection and transfu-
sion: annual summary for fiscal year 2012. These reports are available 
online. at http://www.fda.gov/BiologicsBloodVaccines/SafetyAvailabil-
ity/ReportaProblem/TransfusionDonationFatalities/ucm346639.htm

TRALI, Transfusion-related acute lung injury.
within 96 hours, although TRALI remains the leading 
cause of transfusion-related death.

Recently, an intense analysis of the risk factors associ-
ated with TRALI have been reported.162 Risk factors include 
higher interleukin-8 (IL-8) levels, liver surgery, chronic 
alcohol abuse, shock, higher peak airway pressures while 
being mechanically ventilated, smoking, and positive 
fluid-balance. As far as transfusions are concerned, receipt 
of plasma or whole blood from female donors was identi-
fied and subsequently markedly reduced. The decreased 
use of plasma from female donors reduced the incidence 
of TRALI. A related finding is that transfusion of PRBCs in 
the ICU to patients who already have ALI was not associ-
ated with 90-day mortality.18

DELAYED HEMOLYTIC TRANSFUSION 
REACTION (IMMUNE EXTRAVASCULAR 
REACTION)

An immediate hemolytic transfusion reaction often is a 
dramatic event because the concentration of the antibody 
is high enough to cause immediate and appreciable RBC 
destruction. In many cases of hemolytic transfusion reac-
tion, the transfused donor cells may survive well initially, 
but after a variable delay (2 to 21 days) they are hemo-
lyzed.163 This type of reaction occurs mainly in recipients 
sensitized to RBC antigens by previous blood transfusions 
or pregnancy. As a result, this type of delayed reaction is 
more common in females who have a known disposition of 
alloimmunization. These reactions are delayed hemolytic 
transfusion reactions and are those in which the level of 
antibody at the time of transfusion is too low to be detected 
or cause RBC destruction. RBC destruction occurs only when 
the level of antibody is increased after a secondary stimu-
lus (i.e., anamnestic response). These delayed reactions are 
often manifested only by a decrease in the posttransfusion 
Hct value. However, jaundice and hemoglobinuria can 
occur in these patients and can cause some impairment in 
renal function, but only rarely do they lead to death. Unlike 
immediate reactions, antibodies most commonly involved 
in delayed hemolytic reactions are those in the Rh and Kidd 
systems rather than the ABO system. Although improved 
blood-banking procedures have decreased the incidence 
of immediate hemolytic transfusion reactions, the delayed 
hemolytic reaction may not be preventable, because pre-
transfusion testing is unable to detect very low levels of 
antibody present in potential blood recipients.

Although impairment of renal function is uncom-
mon, the surgical team should include in their differen-
tial diagnosis a delayed hemolytic transfusion reaction in 
any patient who has an unexplained decrease in Hct 2 to 
21 days after a transfusion, even without obvious mani-
festation of hemolysis. This is especially important in a 
postoperative patient when the decrease in Hct value is 
thought to be from blood loss and may be an important 
criterion as to whether additional surgery is necessary.

NONHEMOLYTIC TRANSFUSION 
REACTIONS

Nonhemolytic reactions to blood transfusions usually are 
not serious and are febrile or allergic. Specific infectious 

http://www.fda.gov/BiologicsBloodVaccines/SafetyAvailability/ReportaProblem/TransfusionDonationFatalities/ucm346639.htm
http://www.fda.gov/BiologicsBloodVaccines/SafetyAvailability/ReportaProblem/TransfusionDonationFatalities/ucm346639.htm


PART IV: Anesthesia Management1854
causes of febrile reactions are discussed in the section on 
other options to reduce infectivity. Occasionally, fever 
may be the first sign of a hemolytic reaction or of bacte-
rial contamination.

The most common adverse reactions to blood transfu-
sions are the less serious febrile reactions. The symptoms 
consist of chills, fever, headache, myalgia, nausea, and 
nonproductive cough occurring shortly after blood trans-
fusion, caused by pyrogenic cytokines and intracellular 
contents released by donor leukocytes. Use of leukoreduced 
blood lowered the incidence of febrile reactions.164 Less 
frequently, the patient may have hypotension, chest pain, 
vomiting, and dyspnea. Even pulmonary infiltrations with 
radiographic evidence of prehilar nodule formation and 
lower lung infiltrates along with overt pulmonary edema 
have been reported.164 Because febrile reactions obviously 
involve fever, they can be easily confused with a hemo-
lytic transfusion reaction. A direct antiglobulin test readily 
differentiates a hemolytic reaction from a febrile reaction 
because this test rules out the attachment of an RBC anti-
body to transfused donor RBCs. More serious complica-
tions need to be ruled out (hemolytic and septic reactions), 
which may also be associated with fever and chills. No 
clear consensus exists on whether the transfusion should 
be terminated when a febrile reaction occurs.165,166

Allergic reactions can be minor, anaphylactoid, or ana-
phylactic. An anaphylactoid reaction is clinically similar 
to anaphylaxis, but it is not mediated by IgE. Most aller-
gic transfusion reactions are minor and caused by the 
presence of foreign protein in the transfused blood. The 
most common symptom is urticaria associated with itch-
ing. Occasionally, the patient has facial swelling. When 
these reactions are clearly not a serious hemolytic reac-
tion, the transfusion does not need to be discontinued. 
Antihistamines are used to relieve the symptoms of the 
allergic reaction. Infrequently, a more severe form of 
allergic reaction involving anaphylaxis occurs in which 
the patient has dyspnea, hypotension, laryngeal edema, 
chest pain, and shock. These are anaphylactic reactions 
caused by the transfusion of IgA to patients who are IgA 
deficient and have formed anti-IgA. This type of reaction 
does not involve red cell destruction and occurs very rap-
idly, usually after the transfusion of only a few millili-
ters of blood or plasma. Patients who experience these 
anaphylactic reactions can be given transfusions with 
washed RBCs from which all traces of donor IgA have 
been removed or with blood lacking the IgA protein. Sev-
eral investigators have reviewed many other rare transfu-
sion reactions.149,154,167,168

OTHER NONINFECTIOUS RISKS  
OF BLOOD TRANSFUSIONS

Although hemolytic transfusion reactions and TRALI have 
received an appropriate amount of prime attention in this 
chapter, the noninfectious risks of blood transfusions are 
also problematic and of significant concern (Table 61-9). 
Some of these risks were discussed previously, includ-
ing febrile, allergic, and anaphylactoid reactions. In fact, 
the noninfectious hazards or risks have gained atten-
tion partly because of the decrease in risk for infectious 
complications such as hepatitis and human immunodefi-
ciency virus (HIV) infection. In fact, The United Kingdom 
has a system-wide reporting scheme (SHOT) that requires 
reporting of transfusion-related adverse outcomes. In the 
past few years, several review articles have appeared in 
the literature.169,170 Their labels were slightly different in 
that Hendrickson and Hillyer added the word serious to 
their title (i.e., “Noninfectious Serious Hazards of Trans-
fusion”). Nevertheless, they are generally discussing the 
same risks.

Table 61-9 lists most of the hazards associated with non-
infectious risk issues. TRALI and hemolytic transfusion 
reactions are discussed separately in other sections of this 
chapter. The term NISHOT includes all noninfectious com-
plications. The following are some of the less common risks.

 1.  Transfusion-associated circulatory overload (TACO): 
Unlike TRALI, TACO simply refers to an excessive 
administration of blood. Patients with cardiopulmo-
nary disease, renal failure, and extremes of age (i.e., 
especially infants; see also Chapter 93) are especially 
vulnerable. Other than decreasing the rate of infu-
sion, administration of diuretics may be helpful.

 2.  Transfusion-related immunomodulation (TRIM): 
Blood transfusions can suppress the immune system 
because of circulating lymphocytes. The effects of 
blood transfusion transplant outcomes are consistent 
with this hypothesis, which confirms the concept of 
TRIM; the effects on malignancy and infection are 
not clear (see also the section on transfusion-related 
immunomodulation).

 3.  Microchimerism: Chimerism refers to more than one 
cell line in an individual organism. Specifically, donor 
lymphocytes may persist in a patient. It is associated 
with pregnancy, transplant, and trauma. The out-
come of patients with microchimerism is not known.

 4.  Posttransfusion purpura: This refers to recipient allo-
antibodies attacking donor platelet antigens and is 
treated with intravenous immunoglobulin.

 5.  Hypotensive transfusion reactions: Activation of the 
coagulation pathway activates production of bradyki-
nin and allergic reactions.

 6.  Transfusion-associated graft-versus-host disease 
(GVHD): Superficially, this refers to transfusion into 
an immunocompromised host. This is an extremely 
serious and often fatal problem (see Reference 22 for 
more details; see section on transfusion-associated 
GVHD).

 7.  Transfusion-related AKI.
 8.  Alloimmunization: Only 2% to 8% of recipients who 

are chronically transfused develop RBC alloantibod-
ies (see Hendrickson and Hillyer, reference 22, for 
more details).

 9.  HLA alloimmunization and human platelet antigen 
(HPA) alloimmunization: HLA alloimmunization 
refers to patients whose platelets become refractory 
because of antibodies directed against HLA class I 
antibodies. HPA alloimmunization is platelet refrac-
toriness from antibodies against platelet antigens 
(HPA antibodies).

 10.  Undertransfusion and overtransfusion: This com-
plication is listed only for the sake of completeness, 
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TABLE 61-9 NONINFECTIOUS HAZARDS OF TRANSFUSION 

Transfusion Reaction
Incidence (per 105 
Transfusions) Etiology Therapy Prevention

Febrile All components: 70-6800 Storage-generated 
proinflammatory 
cytokines

Patient antileukocyte 
antibodies bind to 
donor leukocytes

Stop transfusing
Give antipyretics
Supportive care

Prestorage 
leukoreduction

TACO All components:  
16.8-8000

Practice-dependent

Circulatory overload
Patients with cardiac or 

renal disease, infants, 
and the critically ill are 
at increased risk

Stop transfusing
Give diuretics
Oxygen

Identify patients at high 
risk

Transfuse slowly

TRALI Erythrocytes: 10-20
Platelets/plasma: 50-100

Passive transfusion of 
donor antibodies

Storage-generated toxic 
lipids

Supportive care Remove high-risk 
donors from the 
donor pool

Allergic All components: 3000 
mild, 2 anaphylactic

Mild reactions: 
Transfusion of soluble 
antigens in donor 
plasma

Anaphylaxis: IgA
deficiency or other
recipient protein 

deficiency

Stop transfusing
ASA monitors
Large-bore IV
access
Epinephrine
Antihistamines
Supportive care

Pretransfusion 
antihistamine use 
remains common 
practice despite 
limited evidence

Hemolytic Erythrocytes: 1.1-9.0 Donor antibodies bind to 
patient erythrocytes

Patient antibodies bind to 
donor erythrocytes

Stop transfusing
Repeat matching
Supportive care
Treat DIC

Standard operating 
procedures

TRIM Unknown The mechanism is 
unknown but may 
depend on the 
presence of donor 
leukocytes

Treat complications (e.g., 
infection, malignancy)

Prestorage leukocyte 
reduction may 
be beneficial, but 
this approach is 
controversial

Microchimerism All components: 5000-
10,000

massive transfusion

Permanent residence of 
donor cells in recipient

Unknown Unknown

Posttransfusion purpura All components: 2 Recipient alloantibodies 
attack donor platelet 
antigens

IVIG Avoid units positive 
for implicated HPA 
antigens in patients 
with a history of PTP

Hypotensive Unknown Production of kinins by 
the activation of the 
contact system

Patients on ACE inhibitors 
are at increased risk

Stop transfusing
ASA monitors
Large-bore IV  

access
Supportive care

Avoid the use of 
negatively charged 
leukocyte reduction 
filters

Graft-versus-host Varies by patient 
population

Transfusion into 
immunocompromised 
host

Transfusion of donor cells 
closely matching HLA 
type

No consensus exists
Consider bone marrow 

transplant

Gamma irradiation of 
cellular products

Reprinted from Hillyer CD, Silberstein LE, Ness PM, et al: Blood banking and transfusion medicine: basic principles and practice, ed 2, Philadelphia, 2007, 
Elsevier, pp 678-679.

ACE, Angiotensin converting enzyme; ASA, American Society of Anesthesiologists; DIC, disseminated intravascular coagulation; HLA, human leukocyte 
antigen; HPA, human platelet alloantigen; IgA, immunoglobulin A; IV, intravenous; IVIG, intravenous immunoglobulin; PTP, posttransfusion purpura; 
TACO, transfusion associated circulatory overload; TRALI, transfusion-related acute lung injury; TRIM, transfusion-related immunomodulation.
because this topic is adequately reviewed in several 
previous sections of this chapter.

 11.  Iron overload: This complication usually does not 
involve anesthesia because it is the result of chronic 
transfusion therapy. Iron then begins to deposit into 
vital organs. In the absence of adequate chelation 
of iron, fatal liver or heart dysfunction, or both, 
can occur.

  

Hendrickson and Hillyer170 correctly indicated that the 
list is lengthy. Their recommendations were general and 
not surprising and included the liberal versus restrictive 
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indications for blood transfusion as well as the possible 
length of storage issue, both of which are extensively 
covered in this chapter. Gilliss and colleagues169 stated 
that evidence-based transfusion should be followed. They 
also stated that the FDA has provided guidelines rather 
than mandates; their concern was that a diversity of 
transfusion medicine would evolve. They conclude that 
“avoidance of unnecessary transfusions will be the most 
effective way to reduce complications of blood transfu-
sions.” Although their recommendation is inherently 
obvious, the challenge is defining the word necessary or 
unnecessary. No clinician would knowingly administer an 
unnecessary transfusion. What is the difference between 
necessary and unnecessary? Accordingly, this chapter (see 
the section on indications for transfusion) has devoted 
an entire section to discussion of all of the variables that 
need to be considered when making a decision to give a 
unit of blood.

The use of more sensitive screening tests and changes 
in transfusion medicine practices has made these infec-
tious risks quite rare. Historically, the FDA has pub-
lished a table on the risks for infectivity, as displayed 
in Table 61-10 for the year 2011. Because the rates of 
infectivity are so infrequent, the FDA may not publish 
such tables in the future. Finally, rarely, anaphylaxis 
can occur.

Non–donor-transmitted issues have become dominant 
concerns (see the section on transfusion reactions; see 
Table 61-7). The summary of Fiebig and Busch171 provides 
definitive information on this topic.

TABLE 61-10 PERCENTAGE RISK OF 
TRANSFUSION-TRANSMITTED INFECTION WITH 
A UNIT OF SCREENED BLOOD IN THE UNITED 
STATES*

Infection Risk
Window 
Period (Days)

Human 
immunodeficiency 
virus-1 and -2

1:1,476,000 5-6

Human T-lymphotropic 
virus (HTLV-II)

1:2,993,000 51

Cytomegalovirus (CMV) Infrequent with 
leukocyte-reduced 
components

Hepatitis C virus (HCV) 1:1,149,000 3-4
Hepatitis B virus (HBV) 1: 280,000 24
Hepatitis A virus (HAV00) 1:1,000,000
Bacteria red blood cells 1:1,000 with septic 

reaction in 
1:500,000

Pheresis platelets (with 
early aerobic culture)

Parasites: Babesia and 
malaria

<1:4,000,000 7-14

West Nile virus (WNV) 1/1,100,000 ?
Acute hemolytic 

transfusion reactions
1:38,000-1:70,000

*Data from AABB: AABB technical manual, ed 17, 2011, AABB; and Fiebig 
ER, Busch MP: Infectious risks of transfusions. In Spiess BD, Spence RK, 
Shander A, editors: Perioperative transfusion medicine, Philadelphia, 
2006, Lippincott Williams & Wilkins.
Several blood-safety changes made from 1982 to 2008 
have made the risk for disease transmission by allogenic 
blood so small that even the demand for autologous 
blood has decreased because of the safety of allogeneic 
blood. Perhaps the West Nile virus story illustrates how 
rapidly our blood banks can respond. In 2002, West Nile 
virus caused the largest outbreak of arboviral encepha-
litis ever recorded in the United States (i.e., ∼4200 
patients). Twenty-three cases of transfusion-transmitted 
infections resulted in seven deaths. In 2003, testing was 
available that now makes that infection very rare (see 
Table 61-10).

Yet many questions arise—for example, regarding vari-
ant Creutzfeldt-Jakob disease. Three probable transfusion-
transmitted cases occurred in Great Britain. How strict 
should testing be? As described recently,172 “the sheer 
number of potential pathogens that have threatened 
the blood supply173,174 since 1995 renders it impractical 
to keep adding expensive safety measures” for each new 
agent. Surveillance needs to be added to all these tests as 
a safety measure.

The changes in blood transfusion testing can be appre-
ciated when comparing tests used in 1998 (Box 61-2) with 
those used in 2008 (Table 61-11). The use of nucleic acid 
technology has decreased the window of infectivity (i.e., 
time from being infected to a positive test result), which 
is a major reason for the decrease in infectivity with hepa-
titis, HIV, and West Nile virus.

HEPATITIS B

When blood transfusions became a reality in the 1940s, 
viral hepatitis was recognized as a major complication. 
The concern is mainly with hepatitis B, C, and, rarely, D, 
which are parenterally transmitted viruses. Before 1985, 
the overall incidence of posttransfusion hepatitis ranged 
from a low of 3% to a high of 19%, depending on the 
institution and the location (e.g., donors from large cities 
have a more frequent incidence of the hepatitis virus). 
In most areas, the incidence of hepatitis has ranged from 
3% to 10%. Ninety percent of posttransfusion hepatitis is 
caused by the hepatitis C virus. Fewer than a third of these 
patients develop jaundice.175 To determine their ultimate 
fate, Tong and colleagues175 monitored 131 patients with 
chronic posttransfusion hepatitis C for several years and 

 1.  Discontinue serum alanine aminotransferase testing
 2.  Hepatitis C antibody testing
 3.  Antibody to hepatitis B core antigen
 4.  Human immunodeficiency virus (HIV) type 1
 5.  HIV-2
 6.  HIV Ag (p24 antigen)
 7.  Human T-cell lymphotropic virus (HTLV) types 1 and 2
 8.  Serologic test for syphilis

BOX 61-2 Infectious Disease Testing for Blood 
Transfusions: 1998

Modified from National Institutes of Health, Consensus Development Panel on 
Infectious Disease Testing for Blood Transfusions: Infectious disease testing 
for blood transfusions, JAMA 274:1374-1379, 1995.
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found the following incidence of signs, symptoms, and 
conditions:

 •  Fatigue (67%)
 •  Hepatomegaly (67%)
 •  Chronic hepatitis (23%)
 •  Chronic active hepatitis (51%)
 •  Hepatocellular carcinoma (11%)
  

It was found that 20 patients had died of the following:

 •  Complications of cirrhosis (8 patients)
 •  Hepatocellular carcinoma (11 patients)
 •  Chronic active hepatitis-pneumonia (1 patient)
  

Even in 2013, patients are having ramifications from 
hepatitis C, from which they apparently recovered in the 
late 1960s and early 1970s. Several decades later, they can 
get carcinoma of the liver. Although I do not know the 
incidence, I have had three close friends who have had 
this outcome. The Centers for Disease Control and Preven-
tion (CDC) reports that of every 100 people infected with 
the hepatitis C virus, about 75 to 85 will develop chronic 
hepatitis C virus infection; of those, 60 to 70 will go on to 
develop chronic liver disease, 5 to 20 will develop cirrhosis 
over a period of 20 to 30 years, and 1 to 5 people will die 
from cirrhosis or liver cancer. (Centers for Disease Control,  
Hepatitis C FAQs for the Public. Available at http://www.
cdc.gov/hepatitis/c/cfaq.htm. Accessed July 8, 2014.)

CYTOMEGALOVIRUS

Asymptomatic chronic infection with cytomegalovirus 
(CMV) is so common in healthy adults that this agent can 
almost be viewed as normal flora. CMV survives best within 
cells and is thought to exist in latent form in the monocytes 
of many people with antibodies indicative of earlier infec-
tion. Fortunately, the primary concern is recipients who 
are at risk because of pregnancy (multiple), immaturity, or 
immunosuppression. CMV seroconversion usually occurs 
in subsets of patients receiving multiple transfusions. CMV 
causes a heterophil antibody-negative response that closely 
resembles infectious mononucleosis in many respects. An 
infectious mononucleosis–like syndrome that can occur 1 
to 2 months after open-heart surgery is known as the post-
perfusion syndrome or posttransfusion mononucleosis.176 

TABLE 61-11 TESTS USED FOR DETECTING 
INFECTIOUS AGENTS IN ALL UNITS OF BLOOD: 
2008

Virus RNA Minipool Antibody To

Human 
immunodeficiency 
virus (HIV)

Nucleic acid technology HIV-1, HIV-2

Hepatitis C virus 
(HCV)

Nucleic acid technology HCV

Hepatitis B virus 
(HBV)

HCV

Human T-cell 
lymphotropic, 
virus (HTLV)

HTLV-1, 
HTLV-2

West Nile virus Nucleic acid technology
The evidence for transmission of CMV is most convincing 
when the recipient changes from a seronegative state before 
transfusion to a seropositive state accompanied by the 
mononucleosis-like illness several weeks after transfusion.

Transfusion-transmitted CMV can cause significant 
clinical problems in certain patient populations, such as 
premature neonates, allograft recipients, and patients who 
have had their spleen removed.177 To prevent infection in 
high-risk populations, use of leukocyte-depleted blood, use 
of frozen deglycerolized RBCs, and screening of donors for 
the absence of antibody to CMV have been sometimes rec-
ommended (see the section on leukoreduction and irradia-
tion of blood transfusions). The risk for seroconversion is 
approximately 0.14% overall, or 0.38% per unit of seroposi-
tive donor blood. Wilhelm and associates178 concluded that 
it is not necessary to provide blood products from CMV-
seronegative donors for most patients who receive blood 
transfusions. They continue to use CMV-seronegative blood 
to prevent CMV infection in preterm and newborn infants.

Plasma components, such as FFP and cryoprecipitate, 
components from seronegative donors, and leukoreduced 
components are considered to be CMV safe.

OTHER TRANSFUSION-ASSOCIATED 
INFECTIOUS DISEASES

Although many other infectious diseases can theoretically 
be transmitted by blood transfusion, only a few are of real 
concern. They include Yersinia enterocolitica infection, 
syphilis, malaria, Chagas disease, variant Creutzfeldt-
Jakob disease, parvovirus B19, and severe acute respira-
tory syndrome (SARS) (Table 61-12).

During the late 1980s, Tripple and colleagues179 described 
seven cases of fatal transfusion-associated Y. enterocolitica 
sepsis. These investigators also reviewed the literature and 
found 26 cases of gram-negative bacterial sepsis with whole 
blood or PRBCs. Y. enterocolitica is a bacterium that can cause 
mostly mild gastrointestinal problems. However, in severe 
cases, sepsis and death can occur. Unfortunately, storage of 
blood at 4° C in phosphate buffer enhances its growth.

Posttransfusion syphilis is unlikely because the infec-
tive agent cannot survive during storage at 1° to 6° C. The 
only blood products that have the potential to transmit 
syphilis are those stored at room temperature. Platelet 
concentrates are the blood component most likely to be 
implicated because they commonly are stored at room 
temperature.

TABLE 61-12 INFECTIOUS DISEASES 
THEORETICALLY TRANSMISSIBLE BY BLOOD 
TRANSFUSION FOR WHICH NO TEST IS 
AVAILABLE: 2004

Disease Risk

Malaria <1 million in the United 
States

Chagas disease <1 million
Severe acute respiratory syndrome 

(SARS)
?

Variant Creutzfeldt-Jakob disease Three cases (?) in the 
United Kingdom

http://www.cdc.gov/hepatitis/c/cfaq.htm
http://www.cdc.gov/hepatitis/c/cfaq.htm
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Posttransfusion malaria has never been a significant 
cause of blood recipient morbidity. Nevertheless, malaria 
can occur, especially if blood donors at risk for harboring 
parasites are not excluded. Consequently, blood banks 
thoroughly question donors for history of travel or migra-
tion from areas where malaria is endemic.

Several other diseases have been reported to be transmit-
ted by blood transfusion, including herpesvirus infections, 
infectious mononucleosis (i.e., Epstein-Barr virus), toxoplas-
mosis, trypanosomiasis, leishmaniasis, brucellosis, typhus, 
filariasis, measles, salmonellosis, and Colorado tick fever.

Like malaria, several infectious agents are feared as 
possibly transmitting disease to patients through blood 
transfusions for which there are no blood testing meth-
ods (Table 61-13). Without a specific test, donor screening 
with increasingly restrictive criteria are used. For exam-
ple, in 2003 in the United States, donors with suspected 
SARS or who traveled to certain countries in Southeast 
Asia would not be accepted. Even though there are no 
cases of variant Creutzfeldt-Jakob disease from blood 
transfusions, the virus can be transmitted by blood in ani-
mal models and stringent donor policies based on travel 
and residence in England or other countries in Europe are 
in place. Do these increasingly restrictive donor policies 
increase the risk for an inadequate blood supply180 (see 
the section on synthetic O2-carrying substances).

OTHER ADVERSE EFFECTS OF BLOOD 
TRANSFUSION

TRANSFUSION-ASSOCIATED GRAFT-
VERSUS-HOST DISEASE

Transfusion-associated GVHD is caused by engraftment of 
donor lymphocytes from transfused blood products, initi-
ating an immune reaction against recipient tissues. Severely 
immunocompromised patients are at risk. Also, directed 
donations from first- or second-degree relatives are at risk 
because transfused lymphocytes with shared HLA haplo-
types cannot be recognized and eliminated.181 A general-
ized rash, leukopenia, and thrombocytopenia occur. Sepsis 
and death usually result. Irradiation of blood can prevent 

TABLE 61-13 COMPARISON OF WHOLE BLOOD 
AND PACKED RED BLOOD CELLS 

Value Whole Blood
Packed Red 
Blood Cells

Volume (mL) 517 300
Erythrocyte mass (mL) 200 200
Hematocrit (%) 40 70
Albumin (g) 12.5 4
Globulin (g) 6.25 2
Total protein (g) 48.8 36
Plasma sodium (mEq) 45 15
Plasma potassium (mEq) 15 4
Plasma acid (citric-lactic) 80 25 (mEq)
Donor-to-recipient ratio 1 unit per patient 1 unit per 4-6 

patients

From Landers DF, Hill GE, Wong KC, et al: Blood transfusion-induced immuno-
modulation. Anesth Analg 82:187, 1996.
transfusion-associated GVHD from occurring, although 
one case reported it occurring despite leukocyte filtering.182

ADVERSE OCULAR REACTION

In 1997, 112 cases of bilateral conjunctival erythema 
occurred within 24 hours of transfusion. The Centers for 
Disease Control and Prevention studied 49 other cases in 
1997 and 1998 and concluded that they were toxic reac-
tions to a chemical or material used in the blood collec-
tion filtration system, most likely a leukocyte-reducing 
filter system.183

TRANSFUSION-RELATED 
IMMUNOMODULATION

Homologous (allogeneic) blood transfusion exerts a non-
specific immunosuppressive action on the recipient. 
More than 150 clinical studies have tried to relate alloge-
neic blood transfusions to recurrence of resected cancers, 
postoperative infections, and virus activation, with the 
conclusion that adverse effects may be caused by TRIM. 
Although the conclusions of these studies are contradic-
tory and inconclusive, universal leukocyte reduction of 
RBCs is moving forward (see the following section).184

LEUKOREDUCTION AND IRRADIATION  
OF BLOOD TRANSFUSIONS

GENERAL CONSIDERATIONS

Several complications of PRBCs are likely due to leuko-
cytes. These include HLA alloimmunization against class 
I antigens, febrile reactions, and transfusion-transmit-
ted CMV infections. The universal use of leukoreduced 
PRBCs internationally includes Western Europe, the 
United Kingdom, and Canada. Most of the PRBCs given 
in the United States are leukoreduced. What is the logic 
on which the use of leukoreduced blood is based?

Clear indications exist for leukoreduced blood. The 
chances of a febrile reaction can be reduced, especially in 
patients who are already alloimmunized from pregnancy. 
The risk for HLA alloimmunization from blood transfusions 
can be reduced, which would be especially helpful in mini-
mizing refractoriness to platelet transfusions, and the risk 
for CMV can be reduced by using leukoreduced blood. More 
specifically, these include chronically transfused patients, 
potential transplant recipients, patients with transplants, 
patients with previous febrile nonhemolytic transfusion 
reactions, and CMV-seronegative at-risk patients for whom 
seronegative components are not available. Identification 
of these specific patients groups is from Kleinman.51

Universal leukoreduction has been seriously con-
sidered or implemented because of some anticipated 
benefits, including decreased transmission of variant 
Creutzfeldt-Jakob disease, leukocyte-induced immuno-
modulation, and even decreased postoperative mortality. 
In 2001, the case for and against universal leukoreduc-
tion was debated.185,186 As of 2004, these anticipated 
benefits were not confirmed, despite numerous studies 
attempting to do so.187 As nicely summarized by Corwin 
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Figure 61-11. Scheme for separation of whole blood for component therapy.
and AuBuchon,185 a “may help, won’t hurt” approach 
has been used to justify universal leukoreduction. Yet 
bacterial contamination of platelets, TRALI, and acute 
hemolytic reactions cause more morbidity and mortality 
that would not be significantly helped by leukoreduc-
tion (see Table 61-7). Nevertheless, universal leukore-
duction is the direction in which transfusion medicine 
has gone.

IRRADIATED BLOOD PRODUCTS

Irradiated blood components include only cellular 
products (RBCs, platelets, and granulocytes), but not 
noncellular products (thawed frozen plasma and cryopre-
cipitate). Indications for irradiation include intrauterine 
transfusions, neonates younger than 4 months of age, 
neonates, and pediatric patients undergoing transfu-
sions (for ICU protocols only) (see also Chapters 93 to 
95), infants younger than 1 year of age undergoing extra-
corporeal membrane oxygenation/extracorporeal cardiac 
life support, adult hematology or oncology patients, and 
those with immunodeficiency syndrome–directed dona-
tions from relatives before release from the blood bank. 
Irradiation will not be done for patients undergoing rou-
tine nonmyeloablative chemotherapy for solid tumors 
and solid organ transplant patients receiving routine 
postttransplant immunosuppressive therapy.

BLOOD COMPONENT THERAPY

A major advance in the field of blood banking has been 
the development of blood component therapy. It is 
beyond the scope of this chapter to describe the various 
separation steps in detail, but a superficial outline of the 
scheme by which various blood components are derived 
is shown in Figure 61-11. The basic philosophy is based 
on the concept that patients are best treated by admin-
istration of the specific fraction of blood that they lack. 
This concept has presented problems to the surgical team, 
who often desire whole blood.
PACKED RED BLOOD CELLS

PRBCs contain the same amount of Hb as whole blood, 
but much of the plasma has been removed. The Hct value 
is 40% in whole blood and 70% in packed erythrocytes 
(see Table 61-13). Philosophically, whole blood provides 
O2-carrying capacity and intravascular blood volume 
expansion. Other than severe hemorrhage, most indi-
cations for RBCs can be effectively treated with PRBCs, 
retaining the plasma and the components thereof for 
other patients (see Fig. 61-11). Many blood banks have 
conscientiously followed this principle, and whole blood 
cannot be obtained in the operating rooms except by spe-
cial request. In essence, blood bank practice is that except 
for a rare situation (e.g., hypovolemic shock), whole 
blood is not necessary.

The administration of PRBCs is facilitated by recon-
stituting them with a crystalloid or colloid; however, 
not all crystalloids are suitable. If the solution contains 
Ca2+, clotting occurs. Lactated Ringer solution is not rec-
ommended for use as a diluent for PRBCs (Table 61-14). 
Conversely, using flow rates and clot formation, Cull and 
colleagues188 found lactated Ringer solution and normal 
saline to be equally acceptable. A more important factor 

TABLE 61-14 COMPATIBILITY OF BLOOD WITH 
INTRAVENOUS SOLUTIONS

Hemolysis at 30 Minutes

Blood to Intravenous 
Solution (1:1 Ratio)

Room 
Temperature 37° C

5% Dextrose in water 1+ 4+
Plasmanate* 1+ 3+
5% Dextrose in 0.2% saline 0 3+
5% Dextrose in 0.4% saline 0 0
5% Dextrose in 0.9% saline 0 0
0.9% Saline 0 0
Normosol-R, pH 7.4† 0 0
Lactated Ringer solution 0 (clotted) 0 (clotted)

*Cutter Laboratories, Berkeley, Calif.
†Abbott Laboratories, Chicago, Ill.
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may be whether the diluent is hypotonic with respect to 
plasma. If so, the RBCs will swell and eventually lyse. Solu-
tions that cause hemolysis are listed in Table 61-14. Cli-
nicians who fear that the crystalloid-reconstituted RBCs 
may cause low serum concentrations may be tempted to 
use a plasma derivative, such as Plasmanate. However, 
these solutions also can cause hemolysis. The osmolal-
ity of Plasmanate is only 180 mOsm/kg. Solutions rec-
ommended for reconstituted packed erythrocytes are 5% 
dextrose in 0.4% saline, 5% dextrose in 0.9% saline, 0.9% 
saline, and Normosol-R with a pH of 7.4.

PLATELET CONCENTRATES

Platelet concentrates are obtained either as pooled con-
centrates from 4 to 6 whole-blood donations or as apher-
esis concentrates obtained from one donor189 Platelet 
concentrates are prepared by differential centrifugation 
from freshly drawn units of blood or from donors who 
specifically donate large amounts of platelets by platelet-
pheresis techniques. If platelets are stored at room tem-
perature, they are satisfactory to use 7 days after collection 
with constant and gentle agitation. Platelet concentrates 
present unique conflicts in medicine. First, bacterial con-
tamination, mainly from platelet concentrates, is the 
third leading cause of transfusion-related deaths (see 
Table 61-7). They are primarily effective at room tempera-
ture, which enhances bacterial growth. Furthermore, this 
has been a problem for more than 20 years. In the report 
of 10 septic platelet transfusions between 1982 and 1985, 
half were platelets stored for 5 days or more. A prospec-
tive analysis from 1987 to 1990 resulted in seven cases 
of sepsis in patients receiving platelets for thrombocyto-
penia secondary to bone marrow failure.190 Because use 
of multidonor platelet products stored for 5 days results 
in an incidence of sepsis five times higher than use of 
those stored for 4 days, shorter storage times are being 
emphasized. The incidence of platelet-related sepsis was 
approximately 1 case in 12,000 people.191 The estimated 
incidence of bacterial contamination of platelets was 
approximately 1 case in 2000.192

The increased risk for bacterial overgrowth is related to 
the storage temperature of 20° to 24° C. For any patient 
who develops a fever within 6 hours after receiving 
platelets, sepsis from platelets should be considered. The 
evaluation of storing platelets for increased efficacy, but 
yet needing additional testing, actually makes the plate-
lets available to the clinician for only approximately 3 
days (Table 61-15). More recently, allowing platelets to 
be stored for 7 days minus 2 days for testing makes them 
available for 5 days, which enhances overall use of a 
valuable product and improves platelet inventory man-
agement. At present, platelet concentrates are routinely 
tested for bacteria and are the only blood product stored 
at room temperature.193 The rate of bacteria in platelets 
was 1/5000 before and 1/50,000 after routine bacteria cul-
turing.193 Data in 2007 indicated 186 positive cultures in 
1,004,206 units, of which 20 were septic reactions. Thir-
teen of these occurred 5 days after collection and resulted 
in three fatalities.194

Indications for the use of platelets are somewhat dif-
ficult to define. In the July 1989 FDA Drug Bulletin it was 
stated that platelets should not be given to patients with 
immune thrombocytopenic purpura (unless there is life-
threatening bleeding), prophylactically with massive 
blood transfusion, or prophylactically after cardiopul-
monary bypass. ASA Task Force67 provided the following 
recommendations:

 1.  Prophylactic platelet transfusion is ineffective and 
rarely indicated when thrombocytopenia is due to 
increased platelet destruction (e.g., idiopathic throm-
bocytic purpura).

 2.  Prophylactic platelet transfusion is rarely indicated in 
surgical patients with thrombocytopenia because of 
decreased platelet production when the platelet count 
is greater than 100 × 109/L and is usually indicated 
when the platelet count is less than 50 × 109/L. The 
determination of whether patients with intermedi-
ate platelet counts (50 to 100 × 109/L) require therapy 
should be based on the patient’s risk for bleeding.

 3.  Surgical and obstetric patients with microvascular 
bleeding usually require platelet transfusion if the 
platelet count is less than 50 × 109/L and rarely require 
therapy if it is greater than 100 × 109/L. With interme-
diate platelet counts (50 to 100 × 109/L), the determi-
nation should be based on the patient’s risk for more 
significant bleeding.

 4.  Vaginal deliveries or operative procedures ordinarily 
associated with insignificant blood loss may be under-
taken in patients with platelet counts less than 50 × 
109/L.

 5.  Platelet transfusion may be indicated despite an appar-
ently adequate platelet count if there is known platelet 
dysfunction and microvascular bleeding.

  

The ASA will be publishing new guidelines in 2015.
Some institutions (e.g., UCSF) have charts that outline 

the minimum platelet count needed for the categories of 
(1) prophylaxis, (2) periprocedure, and (3) active bleed-
ing. In the first category, a required platelet count may 
be 20,000/μL in patients receiving chemotherapy. In the 
second category, bone marrow biopsy or lumbar punc-
ture should be 20,000 and 30,000/μL. For neurosurgery a 
platelet count of 100,000/μL may be needed. In the third 
category, platelet counts as listed before may be at least 
100,000/μL. It is likely that all major medical center blood 
banks have a chart, as superficially described here. A cli-
nician’s local blood bank will likely have precise platelet 
recommendations for most procedures, which should be 
followed.

TABLE 61-15 HISTORY OF PLATELET 
CONCENTRATES SHELF LIFE IN RELATIONSHIP  
TO KEY EVENTS

Year Shelf Life Practical Shelf Life*

1984-1986 7 days 6-7 days†

1986-1999 5 days 3 days‡

1999-2004 5 days 3 days§

2004-present 5 days 2.5 to 3 days

*Days that platelet concentrates are actually available to clinicians.
†Reports of bacterial contamination.
‡Nucleic acid technology testing, centralized blood donor testing.
§Bacterial detection implemented.
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Patients with severe thrombocytopenia (<20,000 
cells/mm3) and clinical signs of bleeding usually require 
platelet transfusion. However, patients may have very 
low platelet counts (much less than 20,000 cells/mm3) 
and not have clinical bleeding. Patients such as these 
probably do not need platelet transfusions. Individuals 
who have undergone trauma or require surgery need 
higher platelet counts, probably 100,000 cells/mm3, to 
maintain adequate hemostasis (see Table 61-5). Labora-
tory determinations and clinical evaluations must be 
taken into account before a decision to transfuse plate-
lets is made.

When possible, ABO-compatible platelets should be 
used. The need to use them, however, is not well docu-
mented. Specific testing is difficult. Aggregation, the end 
point of RBC crossmatch, cannot be used because plate-
lets cause clumping. The platelet membrane has immuno-
globulins. Any additional deposit of recipient antibodies 
is difficult to detect. Despite the fact that platelets can 
be destroyed by antibodies directed against class I HLA 
proteins on their membranes and, to a lesser extent, by 
antibodies against ABO, platelets chosen for transfusion 
probably will continue to be chosen without regard to 
antigen systems.134 ABO-incompatible platelets produce 
very adequate hemostasis.

The effectiveness of platelet transfusions is difficult to 
monitor (see also Chapters 62 and 81). Under ideal cir-
cumstances, one platelet concentrate usually produces an 
increase of approximately 7000 to 10,000 platelets/mm3 
at 1 hour after transfusion to the 70-kg adult. Ten units 
of platelet concentrates are required to increase the plate-
let count by 100,000 cells/mm3. However, many factors, 
including splenomegaly, previous sensitization, fever, 
sepsis, and active bleeding, may lead to decreased surviv-
als and decreased recovery of transfused platelets.

Various different types of platelet concentrates have 
been proposed, including apheresis (i.e., collecting more 
platelets from one donor to avoid pooling of platelets 
from multiple donors), leukocyte-depleted platelets, and 
ultraviolet B–irradiated platelets. The use of these prod-
ucts is reviewed by Kruskall.192

FRESH FROZEN PLASMA

FFP is the most frequently used plasma product and is pre-
pared at the time blood is obtained from a donor. It con-
tains all the plasma proteins, particularly factors V and 
VIII, which gradually decline during the storage of blood. 
The use of FFP carries with it certain inherent risks that 
are observed with the use of essentially any blood prod-
uct, such as sensitization to foreign proteins. To increase 
overall usage of blood products, many variations on the 
production of FFP exist. For example, variation is seen in 
how long FFP is viable after thawing from 24 hours to 
5 days. Also, plasma frozen 24 hours after phlebotomy 
(FP24) is comparable to FFP except for an approximately 
25% decrease in factor VIII.195 Of course, plasma is a vital 
part of the transfusion ratios concept.

The 2006 ASA Task Force concluded that little sci-
entific evidence supports increasing the use of FFP in 
clinical medicine. A more recent ASA Task Force will 
publish their summary about FFP and other blood 
products in 2015. Although FFP is a reliable solution 
for intravascular volume replacement in cases of acute 
blood loss, alternative therapies are equally satisfac-
tory and considerably safer. No documentation exists 
that FFP has a beneficial effect when used as part of 
transfusion management of patients with massive hem-
orrhage. Not surprisingly, the risks of FFP administra-
tion include TRALI, transfusion-associated circulatory 
overload, and allergic or anaphylactic reactions. Other 
uncommon risks exist as well.196

In 2012, guidelines for plasma administration were 
published in an ASA publication.197 Comparison of the 
2006 and 2012 guidelines reflect the changes in thinking 
of the ASA, as follows:

 1.  Replacement of inherited single coagulation factor 
deficiencies for which no virus-safe products exists

 2.  Replacement of multiple coagulation factor deficien-
cies with associated bleeding, DIC, or both

 3.  As a component of plasma exchange in patients with 
thrombotic thrombocytopenic purpura

 4.  Reversal of warfarin anticoagulation when severe 
bleeding is present and prothrombin complex concen-
trations are not available

 5.  Prevention of dilutional coagulopathy in patients with 
major trauma and/or massive hemorrhage

  

FFP or plasma is often given to critical care patients 
before insertion of an intravascular catheter. Hall and 
associates198 studied 1923 patients admitted to 29 ICUs 
in the United Kingdom who underwent intravascular 
catheterization. They compared patients who did and did 
not receive FFP. Chronic liver disease and more abnor-
mal coagulation tests increased the frequency of patients 
receiving FFP. Yet the severity of PT alone was not a fac-
tor. Whether prophylactic FFP should be given in this 
situation is not well defined.

In an effort to “expedite” the availability of plasma 
for patients who require massive transfusions, some 
trauma centers keep thawed plasma readily available. In 
one study, patients with severe trauma who had already 
received 1 unit of RBCs and plasma were then divided 
into two groups, one of which immediately received 4 
units of thawed plasma. The patients who received the 
plasma had a reduction in overall blood product use and 
30-day mortality.199 To me, the improvement in outcome 
was impressive. It makes one wonder if any other reasons 
accounted for improvement in care independent of blood 
administration.

OTHER PLASMA PRODUCTS

Several plasma products should be briefly described. This 
topic was well reviewed by Tanaka and Kor197 in a pub-
lication from the ASA. Plasma frozen within 24 hours 
of collection is labeled PF24. Other products are labeled 
prothrombin complex concentrates. In Europe, pro-
thrombin complex concentrates are available that are 
sterile lyophilized concentrates of vitamin K–dependent 
factors. Other preparations are available. In the United 
States, three-factor prothrombin complex concentrate 
products are available. Indications approved by the FDA 
are very restrictive.
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CRYOPRECIPITATE

Cryoprecipitate is prepared in such a way that it con-
tains significant levels of factor VIII and fibrinogen. It 
also contains von Willebrand factor and fibronectin. All 
other plasma proteins are present in only trace amounts 
in cryoprecipitate. The use of cryoprecipitate in the treat-
ment of factor VIII deficiency or hemophilia A has been 
outlined by Brown and co-workers.200 Cryoprecipitate 
contains factor VIII:C (i.e., procoagulant activity), factor 
VIII:vWF (i.e., von Willebrand factor), fibrinogen, factor 
XIII, and fibronectin, which is a glycoprotein that may 
play a role in reticuloendothelial clearance of foreign par-
ticles and bacteria from the blood.

Cryoprecipitate is frequently administered as ABO 
compatible; however, this probably is not very important 
because the concentration of antibodies in cryoprecipi-
tate is extremely low. Cryoprecipitate may contain RBC 
fragments, and cryoprecipitate prepared from Rh-positive 
individuals can possibly sensitize Rh-negative individuals 
to the Rh O antigen.

Cryoprecipitate should be administered through a 
filter and as rapidly as possible. The rate of administra-
tion should be at least 200 mL/hr and infusion should be 
completed within 6 hours of thawing.

Commercial concentrates of factor VIII have been the 
standard therapy for hemophilia. Although heat inactiva-
tion of factor VIII concentrate reduces infectivity, such a 
risk is still present. Recombinant DNA techniques have 
been used to develop factor VIII, which is free of disease 
transmission.201 Mild cases of hemophilia may be treated 
without blood products by administration of desmo-
pressin. Appropriate therapy is difficult to ascertain for 
patients who have inhibitors (i.e., alloantibodies) to fac-
tor VIII.

Fibrin glue is used occasionally by surgeons to create 
local hemostasis. It is prepared in a manner similar to that 
of cryoprecipitate. When FFP is thawed, the precipitate 
contains large amounts of fibrinogen. When centrifuged, 
approximately 4 mL of concentrated precipitate results. 
With added thrombin, it is applied locally, the efficacy of 
which is difficult to determine.

PROTHROMBIN COMPLEX

Factor IX can be recovered from plasma or plasma frac-
tions by absorption with ion exchanges or inorganic 
chemicals. These products are all complexes of factors II, 
VII, IX, and X. Two commercial preparations are Konyne 
(Cutter Laboratories, Berkeley, Calif) and Proplex (Hyland 
Division of Travenol Laboratories, Costa Mesa, Calif). 
Other products include AlphaNine SD (BDI Pharma, 
Columbia, SC), BeneFix (Wyeth Pharmaceuticals, New 
York), Mononine (CSL Behring, King of Prussia, Pa), and 
Profilnine SD (Grifols, Los Angeles, Calif). Bebulin VH 
(Baxter, Deerfield, Ill) is a vapor-heated concentrate of 
vitamin K–dependent factors in a much smaller volume 
than is achievable with FFP.

The main indication for these products is treatment 
of factor IX deficiency, or hemophilia B (i.e., Christmas 
disease). This hemorrhagic disorder is distinguishable 
from hemophilia A only by laboratory tests. Factor IX or 
prothrombin complex also has been used for the treat-
ment of acquired hypoprothrombinemic bleeding disor-
ders, principally sodium warfarin overdose; however, its 
use is limited because of the risk for hepatitis.

FIBRINOGEN CONCENTRATES

Fibrinogen concentrate is derived from human plasma 
and does not contain relevant levels of other coagula-
tion factors. It also does not have the complications 
associated with blood transfusions. Accordingly, admin-
istration of fibrinogen can reduce the required need for 
allogeneic blood components. Quite often, the efficacy 
of fibrinogen administration has been clinically docu-
mented by fibrin-based ROTEM briefly described in this 
chapter and Chapter 62.202 This randomized controlled 
trial strongly suggested that fibrinogen concentrate could 
be a first-line therapy to reduce transfusion requirements. 
In an accompanying editorial, Faraday203 stated that “The 
administration of fibrinogen concentrates demonstrates 
clear potential to improve hemostasis more rapidly and 
at lower risk for immunologic reactions, infection, and 
(intravascular) volume overload than conventional allo-
geneic blood products.” Also, Tanaka and colleagues204 
concluded that a single dose of 4 g of fibrinogen would 
achieve a blood level approximately 200 mg/dL and 
reduce the incidence of platelet administration and num-
ber of donor exposures. Yet a systematic review of five 
randomized trials and 15 nonrandomized studies con-
cluded that that prothrombin complex and fibrinogen 
concentrations were not superior to conventional blood 
components for the treatment of perioperative coagulop-
athy in bleeding patients.205

SINGLE-DONOR PLASMA

Single-donor plasma is plasma that has been removed 
from stored blood without any effort being made to pre-
serve coagulation factors. Single-donor plasma is very 
effective as a volume expander. All the precautions out-
lined for the administration of FFP should be followed 
when single-donor plasma is administered. It obviously 
cannot be used to correct deficiencies in coagulation 
factors.

ALBUMIN AND PLASMA PROTEIN 
PREPARATIONS

Several commercial products containing albumin are 
available for use to increase intravascular volume. Albu-
min is available as a 5% or a 25% solution in isotonic 
saline. Plasma protein fractions containing albumin and 
α and β globulins are available. These solutions are pre-
pared commercially from albumin fractions from large 
pools of plasma reconstituted in isotonic electrolyte solu-
tions. Such solutions can be given without regard to ABO 
blood type and without crossmatch and should be used 
primarily as volume expanders. They are very expensive 
and in short supply. Bacterial sepsis has been associated 
with albumin administration.206 For much of 1997, there 
was a shortage of 5% albumin because of the concern 
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about contamination with variant Creutzfeldt-Jakob dis-
ease. If available, albumin should be administered within 
4 hours of initiation of the infusion because of the poten-
tial for contamination after opening the bottle. In 2003, 
Vincent and associates207 analyzed all adverse reports 
on the 10 major suppliers of human albumin world-
wide from 1998 to 2000. Although cases were possibly 
underreported, the investigators concluded that adverse 
events were rare with human albumin administration. It 
appears to be quite safe, but the indications for its use are 
controversial.

Administration of the plasma protein fraction of 5% 
serum albumin solutions should be restricted for the 
treatment of documented hypoproteinemia or conditions 
such as burns and peritonitis, in which hypoproteinemia 
is likely. These solutions expand the vascular space for 
a longer period than do balanced electrolyte solutions. 
However, albumin’s osmotic ability draws fluid into the 
vascular space from other extracellular fluid compart-
ments. In most states of hypovolemia and dehydration, 
the entire extracellular fluid space is already depleted. 
Fluids such as 0.9% saline or lactated Ringer solution, 
which expand the entire extracellular fluid space, should 
be given.

SYNTHETIC COLLOID SOLUTION THERAPY

The crystalloid-versus-colloid conflict has been debated 
for many years. The University Hospital Consortium 
developed guidelines for the use of albumin, nonpro-
tein colloid, and colloid solutions.208 Unfortunately, no 
anesthesiologists were represented in the consensus exer-
cise. No doubt exists that colloids expand intravascular 
volume more than crystalloids (i.e., a smaller amount 
of colloid is required for adequate intravascular resusci-
tation).209 However, outcomes (e.g., mortality) do not 
provide convincing evidence that one fluid replacement 
strategy is better than others.

SYNTHETIC HYDROXYETHYL STARCH

Various starch preparations have been used to enlarge 
intravascular volume for many years. An excellent review 
by Van Der Linden and colleagues210 stated that the 
understanding “the pharmacokinetics and pharmacody-
namics of the hydroxyethyl starches has evolved so that 
we now appreciate that both properties vary depending 
on the starch source and on their chemical composition: 
degree of substitution, molecular location of the substitu-
tion, average molecular weight and molecular weight dis-
tribution.” The most commonly used preparation was 6% 
hydroxyethyl starch (HES, Hespan). Although an effec-
tive intravascular expander, it has not gained widespread 
popularity, probably because of its effects on coagulation, 
particularly with regard to increased bleeding and plate-
let function. The molecular mass plays some role in the 
adverse coagulation effects (i.e., smaller molecular mass 
has less effect on coagulation). Two other HES prepa-
rations have been developed to decrease coagulation 
effects. Hextend has been studied extensively. It is 6% 
HES but also contains a physiologically balanced medium 
of electrolytes, glucose, and lactate. It has a pharmacoki-
netic and pharmacodynamic profile similar to those of 
other starch preparations with fewer effects on coagula-
tion.211 Gelatin also has been used, but it has not been as 
widely studied as HES.212

Van Der Linden and associates211 could not find evi-
dence that tetrastarches signaled any adverse safety issues. 
However, Zarychanski and co-workers213 concluded that 
these starches should not be used because of serious safety 
concerns, especially increased risk for mortality and AKI. 
They also took into account research misconduct by one 
investigator who had published many articles regarding 
the clinical use of HES-like compounds. In an accompa-
nying editorial,214 the conclusions with HES-like com-
pounds were outlined, including the extensive unethical 
research that has been described as data fabrication and 
scientific misconduct. Accordingly, Antonelli and San-
droni214 concluded that HES most likely should not be 
used for acute intravascular volume resuscitation of criti-
cally ill patients. It remains to be seen whether more clin-
ical research will be conducted.

In 2013, the FDA Safety Information and Adverse 
Event Reporting Program published via their MedWatch 
program a “Boxed Warning on Increased Mortality and 
Severe Renal Injury and Risk of Bleeding.” Specifically, 
they recommended that HES solutions not be adminis-
tered to patients with sepsis who are in the ICU, those 
with preexisting renal function issues, and those under-
going cardiopulmonary bypass. Also if HES is being given, 
it should be stopped at the first sign of a coagulopathy 
and/or renal dysfunction.

Since 2012, various forms of caution regarding the use 
of HES have been steadily appearing, which puts the future 
of colloids for clinical care in question. Yet in late 2013, 
an editorial by Seymour and Angus215 states that whether 
patients with hypovolemic shock should be resuscitated 
with colloids or crystalloids (i.e., normal saline or lactated 
Ringer solution) is one of the oldest debates in medicine. 
Their editorial was in response to another study216 regard-
ing colloids versus crystalloids in patients with hypovole-
mic shock. Although there was a slightly better outcome 
with colloids regarding 90-day mortality, the overall con-
clusion leaned toward no difference between the use of 
colloids versus crystalloids (the Colloids versus Crystal-
loids for the Resuscitation of the Critically Ill [CRISTAL] 
trial). They point out that numerous clinical trials have 
been conducted, including Saline versus Albumin Fluid 
Evaluation (SAFE), Efficacy of Volume Substitution and 
Insulin Therapy in Severe Sepsis (VISEP), Scandinavian 
Starch for Severe Sepsis/Septic Shock (6S), Crystalloid 
versus Hydroxyethyl Starch Trial (CHEST), and the afore-
mentioned CRISTAL trials. The conclusion is that there 
may be no definitive answer to the question of whether 
patients with hypovolemic shock should preferentially 
receive colloids or crystalloids.

The preceding paragraph indicates that the colloid 
versus crystalloids topic has been extensively studied, 
with no definitive answer. Nearly all of these groups 
have conducted their studies in acutely ill patients, fre-
quently located in ICUs, except for one report. HES may 
be more effective for treating anaphylaxis associated with 
anesthesia.217 Yet although many of the conclusions can 
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apply to intraoperative care, none of the studies were 
conducted during surgery and anesthesia. In summary, 
the justification and benefit for the use of colloids (which 
are expensive) (i.e., instead of crystalloids) are often not 
clear. Although many studies have been conducted, they 
frequently conclude that further study is required. My 
opinion is different. If the use of colloids is similar to that 
of crystalloids, perhaps the correct answer is that little or 
no difference exists, not that more studies are needed. If 
colloids (especially HES) are used, the anesthesia provider 
should be able to justify this decision based on the most 
recent available clinical evidence. Moral and associates218 
ask the question as to whether tetrastarch solutions are 
definitely dead? The editorial by Nolan and colleagues219 
goes further to say, “hydroxyethyl starch: here today, 
gone tomorrow.”

DEXTRANS

Dextran 70 (Macrodex), with a molecular mass of approx-
imately 70,000 Daltons, is an effective volume expander. 
However, after infusion of more than 20 mL/kg in 24 
hours, dextran 70 may interfere with normal blood clot-
ting, causing a deficiency with crossmatching procedures 
and possibly a bleeding diathesis. These clotting defects 
reflect reduced platelet adhesiveness resulting from an 
antithrombin effect. The incidence of severe anaphylac-
toid or anaphylactic reactions is a concern. These reac-
tions are mediated by dextran-reactive antibodies that 
are IgG immunoglobulins. Dextran-reactive antibodies 
are formed in response to dextran polysaccharides. This 
process can be prevented if the potentially reactive sites 
on the dextran-reactive antibody are blocked before the 
antibody is given. By prior administration of a hapten, a 
substance capable of combining with immunoglobulins 
but not producing a reaction, the reactive sites are occu-
pied and unable to react to the antigen. Prior adminis-
tration of dextran I (Promit, molecular mass of 1000 D) 
proved effective as a hapten and decreases, but does not 
eliminate, the incidence of severe reactions.220 Dextran 
70 exerts a higher colloid osmotic pressure than blood. 
Dextran 70 and albumin may deplete the extracellular 
fluid space of water, as does albumin.

Dextran 40 (Rheomacrodex), with a molecular mass 
of 40,000 Daltons, has been used primarily to reduce 
blood viscosity and cellular aggregation and improve 
microcirculation during low-flow states. It is often given 
prophylactically to decrease the incidence of postopera-
tive thromboembolism. Blood viscosity may be increased 
by trauma, blood loss, burns, and endotoxin shock. 
Although viscosity can be decreased by dextran 40, the 
presumed improvement in flow through the microcircu-
lation has not been well documented.

HYPERTONIC SALINE, POSSIBLY  
WITH DEXTRAN

The Na concentration of hypertonic saline solutions is 
250 to 1200 mEq/L. The theoretical advantage is that 
the greater the Na concentration, the less total volume 
is required for adequate resuscitation. The lower infu-
sion volume probably reflects the osmotically related 
movement of intracellular water into the extracellular 
space. Other mechanisms include a direct inotropic effect 
on the myocardium and a direct peripheral vasodilator 
effect. The main problem is severe hypernatremia, which 
can cause brain dehydration and can be fatal.

Various hyperosmotic-hyperoncotic solutions have 
been used for resuscitation of hypovolemic patients. The 
most common combination is hypertonic saline and 
6% dextran 70. In animals, these fluids restore gut and 
kidney microcirculation more effectively than normal 
saline.221,222 The addition of dextran increases the intra-
vascular volume effect of hypertonic saline but does not 
extend the duration of effect in a clinically significant 
manner.221 Clinical practice will be required to ascertain 
the ultimate role, if any, of these fluids.

SYNTHETIC OXYGEN-CARRYING 
SUBSTANCES

OTHER THAN HUMAN RED BLOOD  
CELLS (BLOOD)
Various other substances that carry or facilitate the trans-
port of O2 have been made. Two attempts have been made 
using the concept of synthetic blood. The first approach 
uses linear binding kinetics, unlike the nonlinear binding 
of Hb. The most notable is the perfluorochemical emul-
sion called Fluosol-DA. However, it had little use because 
it carries O2 (i.e., a small amount) only when the Pao2 is 
more than 300 mm Hg.222 A newer perfluoro compound, 
perfluorooctyl bromide, carries three to four times more 
O2 and has a longer half-life and presumably fewer prob-
lems than are associated with Fluosol-DA. Other related 
products are Oxygent (Alliance), Oxycyte (synthetic 
blood), and several other perfluorocarbon emulsions.

The remaining synthetic blood (a term this author uses 
but not one officially accepted by industry and the FDA) 
or O2 therapeutics are labeled as Hb-based O2 carriers 
(HBOCs). These products modify the Hb molecule from 
humans, animals, or recombinant technology. Original 
efforts required Hb to be stroma free to prevent neph-
rotoxicity. The stroma-free Hb needed to be modified to 
have a favorable O2 affinity and to extend its relatively 
short intravascular half-life. Only three products have 
been undergoing clinical trials. Two products are from 
outdated human RBCs and the third from bovine RBCs. 
However, these solutions are not without complications. 
The most serious are kidney toxicity, an increase in affin-
ity for O2 (i.e., left shift in the O2 dissociation curve), and 
arteriolar vasoconstriction from nitric oxide scavenged 
by the infused Hb. As described at the end of this sec-
tion, this vasoconstriction may prove to be their ultimate 
downfall. A variety of approaches are being used, includ-
ing crosslinking, pyridoxylation and polymerization, and 
conjugation and encapsulation, to decrease O2 affinity, 
to increase deposition in the reticuloendothelial system, 
and to increase half-life.

Genetic engineering has provided hope for blood prod-
ucts. Initially, recombinant erythropoietin was developed 
for treatment of anemias and facilitation of autologous 
blood donation (see also Chapter 63). In 1992, a human 
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recombinant Hb (rHb 1.1) was designed as a blood substi-
tute.223 With the use of genetic engineering techniques, it 
was made from Escherichia coli. It functions as normal Hb 
in terms of O2-carrying capacity, but it does not require 
crossmatching, transmit disease, or become rapidly out-
dated. How much recombinant material can be tolerated 
by humans remains to be determined. Unfortunately, 
this caused arteriolar vasoconstriction from NO scaveng-
ing. Although arterial blood pressure was sustained, it was 
at the expense of severe vasoconstriction of microvascu-
lar structures, which is not beneficial for organ perfusion. 
Recently, rHbg 2.0, which minimizes NO scavenging, 
caused little arteriolar vasoconstriction when compared 
with rHbg 1.1 and diaspirin crosslinked Hb.224,225 It is 
hoped that studies of these newer Hb solutions will lead 
to new synthetic blood products in humans.

An example of a product that appears to be the ini-
tial one possibly approved for routine clinical practice is 
Hemopure.226 It is from ultrapurified bovine RBCs that 
have been glutaraldehyde polymerized. It has a higher 
P50 (i.e., 43 instead of 26 mm Hg), which means that it 
should deliver O2 to the tissues at least as well, if not bet-
ter, than human RBCs.226 It has the added advantage of 
not requiring type and crossmatch and not transmitting 
infectious agents such as HIV and hepatitis virus.225,226 
These, of course, are typical characteristics of most syn-
thetic blood products (Table 61-16). Many clinical trials 
have been safely conducted with a few possibly minor 
complications, the significance of which are not clear. 
Complications include a slight increase in mean arterial 
blood pressure and a decrease in cardiac index, which pre-
sumably may be from NO. Most of the clinical trials have 
shown a decreased use of allogeneic blood transfusions.227

However, the most recent information regarding 
HBOCs is not encouraging. Natanson and colleagues228 
performed a cumulative meta-analysis on 16 trials involv-
ing five different products and 3711 patients. They con-
cluded that there was a significant increased risk for 
myocardial infarction and death when HBOCs were 
given. An accompanying editorial concluded that a 30% 
increased risk for death and a three-fold increase in the 
risk for myocardial infarction should preclude any addi-
tional studies.229 Furthermore, a consistency of harm 
was found among all the technologies (e.g., cross-linked, 
polymerized, or conjugated). In essence, investigators 

TABLE 61-16 COMPARISON OF SYNTHETIC 
BLOOD IN GENERAL WITH ALLOGENEIC BLOOD

Parameter Synthetic Allogeneic

Oxygen delivery Rapid and consistent Dependent on 
2,3-DPG

Risk for disease 
transmission

None See Table 61-11

Storage Room temperature Refrigeration
Stable efficacy Loss of efficacy

Shelf life 1-3 yr 42 days
Preparation Ready to use Crossmatch
Compatibility Universal Type specific
Duration of action 1-3 days 60-90 days

2,3-DPG, 2,3-Diphosphoglycerate.
must demonstrate that HBOCs are at least as effective in 
reducing mortality or serious morbidity as the current 
standards of care. I have reluctantly concluded that use 
of synthetic blood (HBOCs) is not likely with the current 
technologic approaches.

Despite the negative conclusion regarding the future 
of HBOCs, attempts to find useful roles for them occa-
sionally occur.

For example, organ function and systemic oxygen-
ation could be sustained in rats by using perfluorocar-
bon emulsion (an HBOC) during extreme anemia.230 
The proposal is that perhaps HBOC could be used until 
blood transfusions were available. Accordingly, a human 
polymerized hemoglobin, PolyHeme, can provide “life-
sustaining” capability in the presence of hemorrhage 
in trauma patients while waiting for blood products.231 
Olofsson and colleagues232 used an oxygenated polyeth-
ylene glycol–modified Hb to decrease the hypotensive 
episodes during total hip arthroplasty. Although this was 
successful, a higher risk for adverse effects was found. 
These results led Levy36 to conclude that “it is unlikely 
that we will have a NO-scavenging agent to treat hypo-
tension or shock until the molecule is sufficiently safe for 
any benefits provided.” Although this possibility seems 
unlikely, other possible uses of HBOC solutions will likely 
be proposed.

INFORMED CONSENT

Before any transfusion is given, informed consent should 
be obtained from the patient or guardian (see also Chap-
ter 11). What constitutes consent varies across the United 
States and is still changing. If a patient is damaged by a 
transfusion administered without a valid consent, dam-
ages may be recovered even though the defendant did 
everything properly.228 Many years ago, the Paul Gann 
Blood Safety Act was passed in California. This law man-
dates that patients be informed of the risks of blood 
transfusions and of any alternatives. The changes in 
transfusion medicine probably dictate an intense, ongo-
ing educational process for clinicians who administer 
blood products to ensure they are compliant with current 
laws and regulations. Local hospital transfusion medi-
cine committees can likely provide clinicians with such 
information.

Complete references available online at expertconsult.com.
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Patient Blood Management: 
Coagulation
THOMAS F. SLAUGHTER

K e y  P o i n t s

 •  Under normal physiologic conditions, clot formation requires participation of 
vascular endothelium, platelets, and plasma-mediated hemostasis.

 •  Tissue factor (extrinsic pathway) initiates plasma-mediated hemostasis, whereas 
factor XI (intrinsic pathway) amplifies the response.

 •  Thrombin generation proves the key regulatory enzymatic step in hemostasis.
 •  Platelets participate in clot formation as (1) anchoring sites for coagulation factor 

activation complexes, (2) delivery “vehicles” releasing hemostatically active 
proteins, and (3) major structural components of the clot.

 •  A carefully obtained history of bleeding remains the most effective means for 
identifying bleeding and thrombotic tendencies.

 •  Thrombosis is potentiated by stasis, vascular endothelial injury, and underlying 
hypercoagulable conditions.

 •  Heparin-induced thrombocytopenia comprises a heparin-mediated autoimmune 
response potentiating platelet activation and venous and arterial thromboses.
NORMAL HEMOSTASIS

Hemostasis comprises cellular and biochemical processes 
that limit blood loss resulting from injury, maintain 
intravascular blood fluidity, and promote revasculariza-
tion of thrombosed vessels after injury. Normal physi-
ologic hemostasis necessitates a delicate balance between 
procoagulant pathways responsible for generation of a 
stable localized hemostatic “plug” and counterregulatory 
mechanisms inhibiting thrombus formation beyond the 
injury site. Vascular endothelium, platelets, and plasma 
coagulation proteins play equally important roles in this 
process. Failure to maintain balance commonly leads to 
excessive bleeding or pathologic thrombus formation.

Vascular endothelial injury—mechanical or biochem-
ical—leads to platelet deposition at the injury site, a pro-
cess often referred to as primary hemostasis. Although 
primary hemostasis may prove adequate for a minor 
injury, control of more significant bleeding necessitates 
stable clot formation incorporating crosslinked fibrin—
a process mediated by activation of plasma clotting 
factors and often referred to as secondary hemostasis. 
Although the terms primary and secondary hemostasis 
remain relevant for descriptive and diagnostic purposes, 
advances in understanding cellular and molecular pro-
cesses underlying hemostasis suggest a far more complex 
interplay between vascular endothelium, platelets, and 
plasma-mediated hemostasis than is reflected in this 
model.

VASCULAR ENDOTHELIAL ROLE IN 
HEMOSTASIS

Under normal conditions, vascular endothelium provides 
a nonthrombogenic surface to promote blood fluidity. 
Healthy endothelial cells possess antiplatelet, anticoagu-
lant, and profibrinolytic effects to inhibit clot formation.1 
Negatively charged vascular endothelium repels platelets 
and produces prostacyclin and nitric oxide (NO), which 
are potent platelet inhibitors.2 Adenosine diphospha-
tase synthesized by vascular endothelial cells degrades 
adenosine diphosphate (ADP), another potent platelet 
activator. Given these endogenous antiplatelet effects, 
nonactivated platelets do not adhere to healthy vascular 
endothelial cells. Vascular endothelium further expresses 
several inhibitors of plasma-mediated hemostasis, includ-
ing thrombomodulin (an indirect thrombin inhibi-
tor), heparin-like glycosaminoglycans, and tissue factor 
pathway inhibitor (TFPI).3 Finally, vascular endothelium 
synthesizes tissue plasminogen activator (t-PA), which is 
responsible for activating fibrinolysis—a primary coun-
terregulatory mechanism limiting clot propagation.
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Despite these natural defense mechanisms to inhibit 
hrombus generation, a variety of mechanical and chemi-
al stimuli may shift the balance such that the endo-
helium promotes clot formation. Damage to vascular 
ndothelial cells exposes the underlying extracellular 
atrix (ECM), including collagen, von Willebrand factor 

vWF), and other platelet-adhesive glycoproteins.4,5 Plate-
ets bind to and are activated by exposure to ECM compo-
ents. Exposure of tissue factor, constitutively expressed 
y fibroblasts in the ECM, activates plasma-mediated coag-
lation pathways to generate thrombin and, ultimately, 
brin clot. Certain cytokines (i.e., interleukin-1, tumor 
ecrosis factor, and γ-interferon) and hormones (i.e., des-
opressin acetate or endotoxin) induce prothrombotic 

hanges in vascular endothelial cells, including synthe-
is and expression of vWF, tissue factor, plasminogen 
ctivator inhibitor–1 (PAI-1, an inhibitor of fibrinolysis), 
nd down-regulate normal antithrombotic cellular and 
iochemical pathways.6,7 Thrombin, hypoxia, and high 
uid shear stress induce prothrombotic vascular endothe-

ial changes. Increased vascular endothelial synthesis of 
AI-1 and associated inhibition of fibrinolysis have been 
mplicated in the prothrombotic state and high incidence 
f venous thrombosis after surgery.8,9

LATELETS AND HEMOSTASIS

latelets contribute a critical role in hemostasis. Derived 
rom bone marrow megakaryocytes, nonactivated plate-
ets circulate as discoid anuclear cells.10 The platelet 

embrane is characterized by numerous receptors and 
 surface-connected open canalicular system serving to 
ncrease platelet membrane surface area and provide rapid 
ommunication between the platelet interior and exter-
al environment.11 Under normal circumstances, plate-

ets do not bind vascular endothelium; however, when 
njury exposes ECM, platelets undergo a series of bio-
hemical and physical alterations characterized by three 
ajor phases: adhesion, activation, and aggregation.
Exposure of subendothelial matrix proteins (i.e., col-

agen, vWF, fibronectin) allows for platelet adhesion to 
he vascular wall. vWF proves particularly important as 
 bridging molecule between ECM and platelet glycopro-
ein Ib/factor IX/factor V receptor complexes.12 Absence 
f either vWF (von Willebrand disease) or glycoprotein Ib/
actor IX/factor V receptors (Bernard-Soulier syndrome) 
esults in a clinically significant bleeding disorder.

As platelets adhere along the ECM, a series of physi-
al and biochemical changes occur termed platelet acti-
ation. Platelets contain two specific types of storage 
ranules: α granules and dense bodies.11 Alpha granules 
ontain numerous proteins essential to hemostasis and 
ound repair, including fibrinogen, coagulation factors 
 and VIII, vWF, platelet-derived growth factor, and oth-
rs. Dense bodies contain the adenine nucleotides ADP 
nd adenosine triphosphate, as well as calcium, sero-
onin, histamine, and epinephrine. During the activa-
ion phase, platelets release granular contents, resulting 
n recruitment and activation of additional platelets and 
ropagation of plasma-mediated coagulation.13 Dur-

ng activation, platelets undergo structural changes to 
evelop pseudopod-like membrane extensions and to 
release physiologically active microparticles, with both 
mechanisms serving to increase dramatically platelet 
membrane surface area. Redistribution of platelet mem-
brane phospholipids during activation exposes newly 
activated glycoprotein platelet surface receptors and 
phospholipid binding sites for calcium and coagulation 
factor activation complexes, which is critical to propaga-
tion of plasma-mediated hemostasis.14

During the final phase of platelet aggregation, activa-
tors released during the activation phase serve to recruit 
additional platelets to the site of injury. Newly active 
glycoprotein IIb/IIIa receptors on the platelet surface 
bind fibrinogen to provide for cross-linking with adja-
cent platelets (platelet aggregation).15 The importance 
of these receptors is reflected by the bleeding disorder 
associated with their hereditary deficiency, Glanzmann 
thrombasthenia.

PLASMA-MEDIATED HEMOSTASIS

Plasma-mediated hemostasis, the coagulation cascade, 
might best be summarized as an amplification system to 
accelerate thrombin generation from an inactive precur-
sor (i.e., prothrombin). Trace plasma proteins, activated 
by exposure to tissue factor or foreign surfaces, initiate a 
cascading series of reactions culminating in conversion 
of soluble fibrinogen to insoluble fibrin clot.16 Thrombin 
generation, the “thrombin burst,” represents the key regu-
latory step in this hemostatic process. Thrombin not only 
generates fibrin but also activates platelets and mediates 
a host of additional processes affecting inflammation, 
mitogenesis, and even down-regulation of hemostasis.17

Traditionally, the coagulation cascade describing 
plasma-mediated hemostasis has been depicted as intrin-
sic and extrinsic pathways, both of which culminate in 
a common pathway in which fibrin generation occurs.18 
Although this cascade model has proved an oversimplifi-
cation, it remains a useful descriptive tool for organizing 
discussions of plasma-mediated hemostasis (Fig. 62-1). 
Coagulation factors are, for the most part, synthesized 
hepatically and circulate as inactive proteins termed 
zymogens. The somewhat confusing nomenclature of 
the classic coagulation cascade derives from the fact that 
inactive zymogens were identified using Roman numerals 
assigned in order of discovery. As the zymogen is converted 
to an active enzyme, a lower-case letter “a” is added to 
the Roman numeral identifier. For example, inactive pro-
thrombin is referred to as factor II and active thrombin is 
identified as factor IIa. Some numerals were subsequently 
withdrawn or renamed as our understanding of the bio-
chemistry underlying hemostasis evolved.The coagula-
tion cascade characterizes a series of enzymatic reactions 
in which inactive precursors—zymogens—undergo acti-
vation to amplify the overall reaction. Each stage of the 
cascade requires assembly of membrane-bound activa-
tion complexes, each composed of an enzyme (activated 
coagulation factor), substrate (inactive precursor zymo-
gen), cofactor (accelerator or catalyst), and calcium.19 
Assembly of these activation complexes occurs on phos-
pholipid membranes (most often platelet or microparticle 
membranes) that localize and concentrate reactants. In 
the absence of phospholipid membrane anchoring sites, 
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Figure 62-1. Depiction of the clas-
sic coagulation cascade incorporat-
ing extrinsic and intrinsic pathways of 
coagulation. (From Slaughter TF: The 
coagulation system and cardiac surgery. 
In Estafanous FG, Barasch PG, Reves JG, 
editors: Cardiac anesthesia: principles 
and clinical practice, ed 2, Philadel-
phia, Lippincott Williams & Wilkins, 
2001, p. 320, with permission.) Cross-linked fibrin
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Figure 62-2. Clot formation at 
vascular injury site. Vascular injury 
exposes subendothelial tissue fac-
tor (TF) initiating plasma-mediated 
hemostasis via the extrinsic path-
way. The intrinsic pathway further 
amplifies thrombin and fibrin gen-
eration. Platelets adhere to exposed 
collagen to undergo activation, 
resulting in recruitment and aggre-
gation of additional platelets. (From 
Mackman N, Tilley RE, Key NS: Role 
of extrinsic pathway of blood coagu-
lation in hemostasis and thrombosis, 
Arterioscleros Thromb Vasc Biol 
27:1688, 2007, with permission.)
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activation of coagulation factors slows dramatically, fur-
ther localizing clot generation to injury sites.

EXTRINSIC PATHWAY OF COAGULATION

The extrinsic pathway of coagulation, widely recognized 
as the initiating step in plasma-mediated hemostasis, 
begins with exposure of blood plasma to tissue factor.20 
Tissue factor is prevalent in subendothelial tissues sur-
rounding vasculature; however, under normal conditions 
the vascular endothelium minimizes contact between tis-
sue factor and plasma coagulation factors. After vascular 
injury, small concentrations of factor VIIa circulating in 
plasma form phospholipid-bound activation complexes 
with tissue factor, factor X, and calcium to promote con-
version of factor X to Xa.21 Recently, the tissue factor/
factor VIIa complex has been demonstrated to activate 
factor IX of the intrinsic pathway, further demonstrating 
the key role of tissue factor in initiating hemostasis.22

INTRINSIC PATHWAY OF COAGULATION

Classically, the intrinsic or contact activation system was 
described as a parallel pathway for thrombin generation 
by way of factor XII. However, the rarity of bleeding disor-
ders resulting from contact activation factor deficiencies 
led to our current understanding of the intrinsic pathway 
as an amplification system to propagate thrombin gen-
eration initiated by the extrinsic pathway.22 Recent cell-
based models of coagulation suggest that thrombin 
generation by way of the extrinsic pathway is limited by 
a natural inhibitor, TFPI.23 However, small quantities of 
thrombin generated before neutralization of the extrinsic 
pathway activate factor XI and the intrinsic pathway. The 
intrinsic pathway subsequently amplifies and propagates 
the hemostatic response to maximize thrombin genera-
tion (Fig. 62-2). Although factor XII may be activated by 
foreign surfaces (i.e., cardiopulmonary bypass circuits or 
glass vials), the intrinsic pathway appears to play a minor 
role in initiation of hemostasis. Proteins of the intrinsic 
pathway may, however, contribute to inflammatory pro-
cesses, complement activation, fibrinolysis, kinin genera-
tion, and angiogenesis.22,24

Common Pathway of Coagulation
The final pathway, common to both extrinsic and intrin-
sic coagulation cascades, depicts thrombin generation 
and subsequent fibrin formation. Signal amplification 
through both extrinsic and intrinsic pathways culminates 
in formation of prothrombinase complexes (phospholipid 
membrane–bound activation complexes) comprising fac-
tor Xa, factor II (prothrombin), factor Va (cofactor), and 
calcium ions.25 Prothrombinase complexes mediate the 
thrombin burst—a surge in thrombin generation from the 
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inactive precursor prothrombin. Thrombin proteolytically 
cleaves fibrinopeptides A and B from fibrinogen molecules 
to generate fibrin monomers, which polymerize into fibrin 
strands (i.e., fibrin clot).25 Finally, factor XIIIa, a transgluta-
minase activated by thrombin, covalently crosslinks fibrin 
strands to produce an insoluble fibrin clot resistant to fibri-
nolytic degradation. Both fibrinogen and factor XIII have 
been implicated in acquired bleeding disorders. Reduced 
concentrations of either protein may promote excess 
postoperative hemorrhage and transfusion requirements. 
Recent availability of plasma concentrates for both fibrino-
gen and factor XIII suggest potential for randomized con-
trolled trials to determine efficacy of these biologics in 
treatment of acquired coagulopathies.26 Regardless, throm-
bin generation remains the key enzymatic step regulating 
hemostasis.27 Not only does thrombin activity mediate 
conversion of fibrinogen to fibrin, it also activates platelets 
and factor XIII, converts inactive cofactors V and VIII to 
active conformations, activates factor XI and the intrinsic 
pathway of coagulation, up-regulates cellular expression of 
tissue factor, and stimulates vascular endothelial expres-
sion of PAI-1 to down-regulate fibrinolytic activity.17,27

Intrinsic Anticoagulant Mechanisms
Once activated, regulation of hemostasis proves essential to 
limit clot propagation beyond the injury site. One simple, 
yet important, anticoagulant mechanism derives from flow-
ing blood and hemodilution. The early platelet and fibrin 
clot proves highly susceptible to disruption by shear forces 
within flowing blood. Blood flow further limits localization 
and concentration of both platelets and coagulation factors 
such that a critical mass of hemostatic components may fail 
to coalesce.25,28 However, later in the clotting process more 
robust counterregulatory mechanisms are necessary to limit 
clot propagation. Four major counterregulatory pathways 
have been identified that appear particularly crucial for 
down-regulating hemostasis: fibrinolysis, TFPI, the protein 
C system, and serine protease inhibitors.

The fibrinolytic system comprises a cascade of ampli-
fying reactions culminating in plasmin generation and 
proteolytic degradation of fibrin and fibrinogen. As with 
the plasma-mediated coagulation cascade, inactive precur-
sor proteins are converted to active enzymes, necessitat-
ing a balanced system of regulatory controls to prevent 
excessive bleeding or thrombosis (Fig. 62-3). The principal 
enzymatic mediator of fibrinolysis, plasmin, is generated 
from an inactive precursor, plasminogen.29 In vivo, plas-
min generation most often is initiated by release of t-PA 
or urokinase from vascular endothelium. Thrombin pro-
vides a potent stimulus for t-PA synthesis.27 Factor XIIa 
and kallikrein of the intrinsic pathway activate fibrinolysis 
after exposure to foreign surfaces. The presence of fibrin 
accelerates plasmin generation.30 Rapid inhibition of free 
plasmin also limits spread of fibrinolytic activity. In addi-
tion to enzymatic degradation of fibrin and fibrinogen, 
plasmin inhibits hemostasis by degrading essential cofac-
tors V and VIII and reducing platelet glycoprotein surface 
receptors essential to adhesion and aggregation.31 Fibrin 
degradation products also possess mild anticoagulant 
properties.TFPI inhibits the tissue factor/factor VIIa com-
plex and thereby the extrinsic coagulation pathway, which 
is responsible for initiation of hemostasis. TFPI and factor 
Xa form phospholipid membrane–bound complexes that 
incorporate and inhibit tissue factor/factor VIIa com-
plexes.3 Most TFPI is bound to vascular endothelium but 
may be released into circulation by heparin administra-
tion. Heparin further catalyzes TFPI inhibitory activity.32 
As TFPI rapidly extinguishes tissue factor/VIIa activity, the 
critical role of the intrinsic pathway to continued throm-
bin and fibrin generation becomes apparent.22

The protein C system proves particularly impor-
tant in down-regulating hemostasis because it inhib-
its thrombin and the essential cofactors Va and VIIIa. 
Thrombin initiates this inhibitory pathway by binding a 
membrane-associated protein, thrombomodulin, to acti-
vate protein C.33 Protein C, complexed with the cofac-
tor protein S degrades both cofactors Va and VIIIa. Loss 
of these critical cofactors limits formation of tenase and 
prothrombinase activation complexes essential to for-
mation of factor X and thrombin, respectively. Throm-
bin, once bound to thrombomodulin, is inactivated and 
removed from circulation, providing another mecha-
nism by which protein C down-regulates hemostasis.33

The most significant serine protease inhibitors regulat-
ing hemostasis include antithrombin and heparin cofac-
tor II. Antithrombin binds to and inhibits thrombin and 
factors IXa, Xa, XIa, and XIIa. Heparin cofactor II inhibits 
thrombin alone. Although the precise physiologic role for 
heparin cofactor II remains unclear, antithrombin plays 
a major role in down-regulating hemostasis.34 Heparin, 
a catalyst accelerator, binds antithrombin to promote 
inhibition of targeted enzymes.35 Heparin-like glycosami-
noglycans, located on vascular endothelial cells, provide 
inhibitory sites for thrombin and factor Xa in vivo.

DISORDERS OF HEMOSTASIS

EVALUATION OF BLEEDING DISORDERS

Few would argue the importance of assessing bleeding 
risk preoperatively; however, appropriate methods for 
ascertaining this risk remain subject to debate. Although 
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Figure 62-3. Principal mediators of fibrinolysis. Dashed lines depict 
sites of action for promoters and inhibitors of fibrinolysis. PAI, Plas-
minogen activator inhibitor; tPA, tissue plasminogen activator. (From 
Slaughter TF: The coagulation system and cardiac surgery. In: Estafanous 
FG, Barasch PG, Reves JG, editors: Cardiac anesthesia: principles and  
clinical practice, ed 2, Philadelphia, Lippincott Williams & Wilkins, 2001, 
p. 320, with permission.)
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routine coagulation testing of all surgical patients pre-
operatively intuitively may be appealing, this approach 
lacks predictive value for bleeding disorders and certainly 
lacks cost effectiveness.36 A carefully performed history of 
bleeding remains the single most effective predictor for 
perioperative bleeding.

A thorough history should focus on prior bleeding epi-
sodes.37 Does the patient have a history of excessive bleed-
ing in association with trauma or prior surgery? Were 
blood transfusions or reoperation required to control 
the bleeding? A history suggestive of a bleeding disorder 
might include frequent epistaxis of a severity necessitat-
ing packing the nasal passage or surgical intervention. 
Oral surgery and dental extractions prove a particularly 
good test of hemostasis because of high concentrations 
of fibrinolytic activity in the oral cavity. Von Willebrand 
disease not infrequently manifests as menorrhagia, and 
postpartum hemorrhage commonly occurs in women 
with underlying disorders of hemostasis.38 A history of 
spontaneous hemorrhage (nontraumatic) proves par-
ticularly concerning when associated with joints (hem-
arthroses) or deep muscles. Identification of a bleeding 
disorder at an early age or in family members suggests 
an inherited, as opposed to acquired, condition.39 A care-
ful medication history including direct questions relating 
to consumption of aspirin-containing nonprescription 
drugs, herbs, and fish oil may prove noteworthy. Finally, 
inquiries regarding coexisting diseases should be included 
(i.e., renal, hepatic, thyroid, and bone marrow disorders 
and malignancy).

For most patients, a thoughtfully conducted bleeding 
history will eliminate need for preoperative laboratory-
based coagulation testing. Regardless, several valid rea-
sons remain for preoperative coagulation testing. Should 
the preoperative history or physical examination reveal 
signs or symptoms suggestive of a bleeding disorder, fur-
ther laboratory-based assessment of coagulation would 
be indicated. Preoperative screening tests of coagulation 
may be indicated, despite a negative history, in cases in 
which major surgery commonly associated with signifi-
cant bleeding is planned (i.e., cardiopulmonary bypass). 
Finally, preoperative testing may prove justified in set-
tings in which the patient is unable to provide a bleeding 
history preoperatively. Should evidence of a bleeding dis-
order be detected preoperatively, underlying mechanisms 
must be ascertained if possible before proceeding with 
surgery.

INHERITED BLEEDING DISORDERS

Although inherited disorders of hemostasis may involve 
platelet function, plasma-mediated hemostasis, or fibri-
nolytic pathways, von Willebrand disease characterized 
by quantitative or qualitative deficiencies of vWF proves 
the most common of inherited bleeding disorders.38 Vari-
ants include types I and III with varying quantitative 
vWF deficiencies and type II comprising a collection of 
qualitative defects affecting vWF function. Under normal 
conditions, vWF plays a critical role in platelet adhesion 
to ECM. vWF further acts as a carrier molecule prevent-
ing proteolytic degradation of factor VIII in free plasma.40 
Classically, patients with von Willebrand disease describe 
a history of easy bruising, recurrent epistaxis, and menor-
rhagia, all characteristic of defects in primary (i.e., platelet 
mediated) hemostasis. In more severe cases (i.e., type III 
vWD), concomitant reductions in factor VIII may lead to 
serious spontaneous hemorrhage, including hemarthro-
ses, which is common in hemophilia. Laboratory testing 
often demonstrates mild-to-moderate prolongation of the 
activated partial thromboplastin time (aPTT), prolonged 
bleeding time, decreased immunoreactive vWF concen-
trations, and reduced platelet aggregation in response 
to ristocetin.38,41 Increasingly, the PFA-100 and similar 
ex-vivo platelet function tests have replaced bleeding 
times in assessing for vWD.42 Measurable reductions in 
factor VIII activity may occur in severe cases. Mild cases 
of vWD often respond to desmopressin acetate (DDAVP); 
however, given a significant bleeding history, specific 
replacement of vWF and factor VIII with select factor VIII 
concentrates (i.e., Humate-P (CSL Behring, King of Prus-
sia, Pa.) may be indicated.43,44

Although relatively uncommon, the hemophilias merit 
consideration given their diverse clinical presentation. 
Hemophilia A, characterized by variable degrees of factor 
VIII deficiency, is an X-linked inherited bleeding disorder 
most frequently presenting in childhood as spontane-
ous hemorrhage involving joints, deep muscles, or both. 
Hemophilia A occurs with an incidence of 1:5000 males; 
however, nearly one third of cases represent new muta-
tions with no family history.45 In mild cases, patients 
with hemophilia may not be identified until later in life, 
often after unexplained bleeding with surgery or trauma. 
Classically, laboratory testing in patients with hemophilia 
reveals prolongation of the aPTT, whereas the prothrom-
bin time (PT) and bleeding time remain within normal 
limits. Specific measurement of factor VIII:C is required to 
confirm the diagnosis and to clarify the severity of factor 
VIII deficiency. Mild cases of hemophilia A may be treated 
with desmopressin; however, in most cases, perioperative 
management of these patients necessitates consultation 
with a hematologist and administration of recombinant 
or purified factor VIII concentrates.43,46 An increasingly 
common complication of hemophilia, particularly in the 
case of hemophilia A, has been development of alloanti-
bodies directed against the factor VIII protein. In cases of 
high-titer antibodies, administration of factor VIII con-
centrates may fail to control bleeding. Several approaches 
have reduced bleeding in these patients, including substi-
tution of porcine factor VIII, administration of activated 
or nonactivated prothrombin complex concentrates, 
or treatment with recombinant factor VIIa (NovoS-
even, Novo Nordisk Inc., Bagsvaerd, Denmark) (see also  
Chapter 63).44,47 Also inherited as an X-linked disorder, 
hemophilia B (i.e., Christmas disease) occurs in approx-
imately 1:40,000 and necessitates blood component 
replacement with factor IX concentrates.

ACQUIRED BLEEDING DISORDERS

A detailed account of acquired hemostatic disorders is 
beyond the scope of this discussion; however, given that 
a limited number of drugs and coexisting medical condi-
tions account for the majority of acquired bleeding dis-
orders, these conditions merit consideration. Heparin, 
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warfarin, and fibrinolytic drugs historically accounted for 
most serious drug-induced bleeding complications (Table 
62-1).48,49 More recently, antiplatelet drug therapy fur-
ther has complicated perioperative management (Table 
62-2).49-52 Unfractionated heparin comprises a hetero-
geneous mixture of membrane-associated glycosamino-
glycans derived from either bovine or porcine mucosal 
tissues. Specificity and potency of unfractionated hepa-
rin varies by molecular weight, which ranges between 
5000 and 30,000 daltons.35 Heparin derives its antico-
agulant effect by interacting with plasma antithrombin, 
which in turn inhibits serine proteases participating in 
plasma-mediated hemostasis.34 The half-life of heparin is 
1 to 2 hours and varies directly with total dose. Heparin 
is cleared from the circulation both renally and hepati-
cally. Most often, heparin’s anticoagulant effect is moni-
tored using the aPTT with a target prolongation of 1.5 to 
2 times control, commonly used for treatment of venous 
thrombosis.53 At heparin concentrations exceeding 
measurement limits of the aPTT, such as during cardio-
pulmonary bypass or interventional cardiovascular pro-
cedures, the activated clotting time (ACT) provides an 
alternative, albeit less sensitive, measure of heparin anti-
coagulation.54 Heparin’s anticoagulant effect is rapidly 
reversible by protamine administration.55

More recently, low-molecular-weight heparins (LMWHs) 
have gained favor as a result of reduced dosing frequency 
and the lack of need for monitoring. Owing to shorter  
saccharide chain lengths, LMWHs exhibit reduced inhibi-
tory activity toward thrombin while retaining factor Xa 
inhibitory activity.56 Theoretically, LMWHs may be associ-
ated with reduced bleeding tendencies. Regardless, LMWHs 
have a more predictable pharmacokinetic response, fewer 
effects on platelet function, and a reduced risk for hepa-
rin-induced thrombocytopenia (HIT). Although monitor-
ing of LMWHs is not performed routinely, the PT and 
aPTT most often are unaffected, necessitating measure-
ment of anti–factor Xa activity. Furthermore, should rapid  
TABLE 62-1 ANTICOAGULANT AGENTS 

Drug Site of Action Route Plasma Half-life Excretion Antidote
Stop Before 
Procedure

Prolongation 
of PT/aPTT

Unfractionated 
heparin

IIa/Xa IV/subcutaneous 1.5 hr Hepatic Protamine 6 hr No/Yes

LMWH Xa Subcutaneous 4.5 hr Renal Protamine 
(partial 
reversal)

12-24 hr No/No

Streptokinase Plg IV 23 min Hepatic Antifibrinolytics 3 hr Yes/Yes
t-PA Plg IV <5 min Hepatic Antifibrinolytics 1 hr Yes/Yes
Coumarin Vitamin 

K–dependent 
factors

Oral 2-4 days Hepatic Vitamin K
rfVIIa
PCCs
Plasma

2-4 days Yes/No

Fondaparinux Xa SC 14-17 hr Renal None 3 days* No/No
Bivalirudin IIa IV 25 min Hepatic None 3 hr Yes/Yes
Argatroban IIa IV 45 min Hepatic None 4-6 hr †Yes/Yes
Lepirudin/ 

Desirudin
IIa IV 1.5 hr Renal PMMA, dialysis 8-10 hr* †Yes/Yes

Rivaroxaban Xa Oral 9-13 hr Renal None 24-48 hr* Yes/Yes
Apixaban Xa Oral 9-14 hr Hepatic None 26-30+ hr* Yes/Yes
Dabigatran IIa Oral 14-17 hr Renal None ±5* days Yes/Yes

Data from Roberts HR, Monroe DM, Escobar MA: Current concepts of hemostasis: implications for therapy, Anesthesiology 100:722-730, 2004, with permission.
HIT, Heparin-induced thrombocytopenia; IIa, thrombin; IV, intravenous; LMWH, low-molecular-weight heparin; PCCs, prothrombin complex concentrates; 

Plg, plasminogen; PMMA, polymethyl methylacrylate; rFVlla, recombinant factor VIIa; t-PA, tissue plasminogen activator.
*Limited data regarding safe interval (assumes prophylactic dosage regimen).
†Argatroban and hirudins may increase the prothrombin time by several seconds.

TABLE 62-2 ANTIPLATELET AGENTS 

Drug Site of Action Route Plasma Half-life Metabolism Antidote
Stop Before 
Procedure

Prolongation of 
PT/aPTT

Aspirin COX 1-2 Oral 20 min Hepatic None 7 days No/No
Dipyridamole Adenosine Oral 40 min Hepatic None 24 hr No/No
Clopidogrel ADP Oral 7 hr Hepatic None 7 days No/No
Prasugrel ADP Oral 7 hr Serum/hepatic None 7-10 days No/No
Ticlopidine ADP Oral 4 days Hepatic None 12-14 days No/No
Abciximab GPIIb-IIIa IV 30 min Renal None 48-72 hr No/No
Eptifibatide GPIIb-IIIa IV 2.5 hr Renal None 24 hr No/No
Tirofiban GPIIb-IIIa IV 2 hr Renal Hemodialysis 24 hr No/No

Data from Roberts HR, Monroe DM, Escobar MA: Current concepts of hemostasis: implications for therapy, Anesthesiology 100:722-730, 2004, with permission.
ADP, Adenosine diphosphate; COX, cyclooxygenase diphosphate; IV, intravenous; GP, glycoprotein.
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reversal of LMWH prove necessary, protamine is only par-
tially effective.57

Oral anticoagulant therapy in the form of coumarin 
derivatives, interferes with hepatic synthesis of vitamin 
K–dependent coagulation factors—factors II, VII, IX, X, 
protein C, and protein S.58 Specifically, coumarin inhib-
its carboxylation of glutamic acid residues essential for 
anchoring coagulation factor activation complexes to 
phospholipid membranes. Coumarin therapy is moni-
tored using the international normalized ratio (INR) sys-
tem derived from the PT. Generally, an INR of 2 to 3 is 
considered reflective of adequate anticoagulation.53 In 
most cases, excessive coumarin anticoagulation is man-
aged by withholding drug administration. However, given 
a half-life of 2 to 4 days, more rapid reversal in periop-
erative settings may be needed. Vitamin K administered 
orally or parentally in doses of 1 to 2 mg reverses coumarin 
anticoagulation.58 More rapid reversal may be achieved 
by administration of plasma or prothrombin complex 
concentrates.59 Recombinant factor VIIa also has proved 
effective at reversing coumarin-associated bleeding.

Despite relatively short half-lives and increasing fibrin 
specificity, fibrinolytic drug administration continues to 
be associated with significant bleeding potential. Bleed-
ing after fibrinolytic drugs proves multifactorial resulting 
from proteolytic degradation of fibrin and fibrinogen, 
proteolysis of cofactors V and VIII, and digestion of plate-
let glycoprotein surface receptors.29 In addition, both 
fibrin and fibrinogen degradation fragments impair plate-
let function and inhibit assembly of fibrin monomers 
into strands. Once the fibrinolytic agent is cleared from 
plasma, antifibrinolytic drugs prove of limited benefit. 
Therapy must rely on selective repletion of platelet and 
plasma protein constituents. In many cases, cryoprecipi-
tate or fibrinogen concentrate will be administered to 
replace fibrinogen and platelet infusions will be needed to 
compensate for qualitative platelet dysfunction. Plasma 
infusions may be required to replete plasma coagulation 
factors, particularly cofactors V and VIII.

Liver Disease
Hemostatic defects associated with hepatic failure prove 
complex and multifactorial. Severe liver disease impairs 
synthesis of coagulation factors, impedes clearance of 
activated clotting and fibrinolytic proteins, and produces 
quantitative and qualitative platelet dysfunction. Labo-
ratory findings commonly associated with liver disease 
include a prolonged PT, possible prolongation of the 
aPTT, and thrombocytopenia.60 Prolongation of bleeding 
time reflects qualitative defects in platelet adhesion and 
aggregation. Treatment of bleeding in the setting of liver 
disease most often is based on laboratory abnormalities. 
Plasma and platelets frequently are administered for acute 
bleeding. Low fibrinogen concentrations may necessitate 
administration of cryoprecipitate or fibrinogen concen-
trate. In addition, low-grade fibrinolysis may benefit from 
antifibrinolytic drug administration in select settings.

Renal Disease
Platelet dysfunction commonly occurs in association with 
chronic renal failure, as reflected by a prolonged bleeding 
time and propensity for bleeding associated with surgery 
or trauma. Underlying mechanisms appear multifacto-
rial and may include accumulation of guanidinosuccinic 
acid and NO in uremic plasma.61 In addition, red blood 
cell (RBC) concentration has been speculated to play a 
role as correction of anemia results in shortened bleeding 
times, presumably related to the role of RBCs in causing 
platelet margination along the vessel wall under laminar 
flow conditions.28 Both dialysis and correction of anemia 
have been reported to shorten bleeding times in patients 
with chronic renal failure. Traditionally, cryoprecipitate 
administration occurs in this setting; however, desmo-
pressin 0.3 μg/kg and conjugated estrogens similarly may 
shorten bleeding times.43 Risks associated with these 
therapies, and the predictive value of bleeding time for 
subsequent hemorrhage, remain unclear.

Disseminated Intravascular Coagulation
Disseminated intravascular coagulation (DIC) comprises 
a pathophysiologic hemostatic response to tissue fac-
tor/factor VIIa complex exposure and activation of the 
extrinsic pathway of coagulation. Numerous underlying 
disorders may precipitate DIC, including trauma, amni-
otic fluid embolus, malignancy, sepsis, or incompatible 
blood transfusions.62 Most often, DIC presents clinically 
as a diffuse bleeding disorder associated with consump-
tion of coagulation factors and platelets during wide-
spread microvascular thrombotic activity. Underlying 
fibrinolysis, providing a counterregulatory mechanism 
to maintain vascular integrity, proves common as well. 
Laboratory findings typical of DIC include reductions in 
platelet count; prolongation of the PT, aPTT, and throm-
bin time (TT); and elevated concentrations of soluble 
fibrin and fibrin(ogen) degradation products. Chronic 
DIC states have been identified with relatively normal 
screening tests of coagulation accompanied by elevated 
concentrations of soluble fibrin and fibrin(ogen) degrada-
tion products.63 Management of DIC requires alleviating 
the underlying condition precipitating hemostatic activa-
tion. Otherwise, treatment includes selective blood com-
ponent transfusions to replete coagulation factors and 
platelets consumed in the process. Antifibrinolytic ther-
apy generally is contraindicated in DIC owing to poten-
tial for catastrophic thrombotic complications.

PROTHROMBOTIC STATES

Thrombophilia, a propensity for thrombotic events, most 
often manifests clinically in the form of venous throm-
bosis (frequently deep venous thrombosis of the lower 
extremity).64 As with bleeding disorders, thrombophilia 
may result from inherited or acquired conditions (Box 
62-1). In the majority of cases, a precipitating event 
may be identified.65 For example, thrombotic complica-
tions often occur after surgery, during pregnancy, and 
in association with obesity or underlying malignancy.66 
Random screening of asymptomatic patients for throm-
botic risk has not proved cost effective or clinically effi-
cacious.67,68 As with bleeding disorders, a careful history 
focusing on prior thrombotic events, family history of 
thrombosis, and concurrent drug therapy offers greater 
predictive value than random screening.
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Common Inherited Thrombotic Disorders
Although understanding of thrombotic disorders from a 
biochemical and molecular level remains limited at pres-
ent, careful testing may identify an underlying heritable 
thrombotic predisposition in as many as 50% of patients 
with venous thromboembolism.69 Relatively common 
inherited conditions underlying prothrombotic ten-
dencies include single point mutations in genes for fac-
tor V (factor V Leiden) or prothrombin (prothrombin 
G20210A). In the case of the factor V Leiden mutation, 
the essential cofactor Va acquires resistance to degrada-
tion by protein C.70 This simple alteration in balance 
between hemostasis and the protein C counterregula-
tory system induces a prothrombotic tendency present 
in approximately 5% of the population. In the case of 
the prothrombin gene mutation, increased prothrombin 
concentrations in plasma again generate a hypercoagu-
lable state. Less common inherited forms of thrombo-
philia include deficiencies of antithrombin, protein C, 
and protein S.34 Inherited forms of thrombophilia are 
characterized by highly variable penetrance affected by 
blood type, sex, and other confounding variables. In the 
absence of coexisting precipitating conditions, absolute 
thrombotic risk secondary to a heritable thrombophilia 
proves limited.71 In the presence of a family history or 
test abnormality suggesting thrombophilia with no his-
tory of thrombosis, risks associated with long-term pre-
ventive anticoagulation may outweigh potential benefits. 
After a thrombotic complication, however, these patients 
most often are managed with life-long anticoagulation.

COMMON ACQUIRED THROMBOTIC 
DISORDERS

Antiphospholipid Syndrome
Antiphospholipid syndrome describes an acquired auto-
immune disorder characterized by venous or arterial 
thromboses, or both, and recurrent pregnancy loss. This 
syndrome may occur secondarily to autoimmune disor-
ders such as systemic lupus erythematosus or rheumatoid 
arthritis, or it may occur in isolation. Characteristically, 

HigH Risk

Heparin-induced thrombocytopenia
Antithrombin deficiency
Protein C deficiency
Protein S deficiency
Antiphospholipid antibody syndrome

ModeRate Risk

Factor V Leiden genetic polymorphism
Prothrombin G20210A genetic polymorphism
Hyperhomocysteinemia
Dysfibrinogenemia
Postoperative prothrombotic state
Malignancy
Immobilization  

BOX 62-1 Hypercoagulable States and Risk 
for Perioperative Thrombosis
antiphospholipid syndrome results in mild prolongation 
of the aPTT and positive testing for lupus anticoagulant 
or anticardiolipin antibodies.72 Despite the prolonged 
aPTT, antiphospholipid syndrome poses no increased 
bleeding risk but rather increases the potential for throm-
bosis. Antibodies associated with antiphospholipid syn-
drome interfere with phospholipids common to many 
laboratory-based tests of coagulation. Isolated prolonga-
tion of an aPTT in a preoperative patient merits consid-
eration of the diagnosis of antiphospholipid syndrome. 
Patients with this syndrome who have experienced a 
thrombotic complication are at increased risk for recur-
rent thrombosis and most often are managed by life-long 
anticoagulation.73

Heparin-Induced Thrombocytopenia
Heparin-induced thrombocytopenia describes an auto-
immune-mediated drug reaction occurring in as many 
as 5% of patients receiving heparin therapy. As opposed 
to other drug-induced thrombocytopenias, HIT results in 
platelet activation and potential for venous and arterial 
thromboses.74,75 Evidence suggests that HIT is mediated 
by immune complexes (composed of immunoglobulin G 
[IgG] antibody, platelet factor 4 [PF4], and heparin) that 
bind platelet Fcγ receptors to activate platelets. Anti-PF4/
heparin antibodies may “activate” vascular endothelium, 
monocytes, and macrophages by up-regulating tissue fac-
tor expression (Fig. 62-4). Patients developing HIT dur-
ing heparin therapy experience substantially increased 
risk for thrombosis (odds ratio 20:40, absolute risk 30% 
to 75%).74,75

In most cases, HIT manifests clinically as thrombocy-
topenia occurring 5 to 14 days after initiating heparin 
therapy. However, with prior heparin exposure, thrombo-
cytopenia or thrombosis may occur within 1 day. In some 
reported cases, thrombosis occurred simultaneously with 
thrombocytopenia, providing no warning. Although HIT 
remains a clinical diagnosis, laboratory testing provides 
confirmatory evidence. Both functional (i.e., serotonin 
platelet release assays or heparin-induced platelet aggre-
gation) and quantitative (i.e., solid-phase enzyme-linked 
immunosorbent assays [ELISA]) tests for PF4/heparin 
immune complexes prove beneficial.75 Recent evidence 
suggests that PF4/heparin antibodies alone, in the absence 
of thrombocytopenia or thrombosis, may predict adverse 
outcomes.76,77

A diagnosis of HIT should be entertained for any patient 
experiencing thrombosis or thrombocytopenia (absolute 
or relative [≥50% reduction in platelet count]) during or 
after heparin administration. In cases in which HIT is 
suspected, heparin must be discontinued immediately 
(i.e., including unfractionated heparin, heparin-bonded 
catheters, heparin flushes, LMWH). Alternative nonhepa-
rin anticoagulation must be administered concurrently. 
In most cases, a direct thrombin inhibitor (i.e., bivaliru-
din, lepirudin, argatroban) is substituted for heparin until 
adequate prolongation of the INR can be achieved with 
warfarin.78,79 Typically, PF4/heparin immune complexes 
clear from the circulation within 3 months. If possible, 
patients experiencing HIT should avoid future expo-
sure to unfractionated heparin; however, several reports 
describe subsequent limited perioperative reexposure to 
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Figure 62-4. Mechanisms under-
lying thrombosis in heparin-
induced thrombocytopenia (HIT). 
Immune complexes composed of 
heparin, platelet factor 4 (PF4), and 
antibodies bind to platelet surface 
Fcγ receptors to activate platelets. 
PF4/heparin immune complexes 
further activate vascular endo-
thelium, monocytes, and macro-
phages to increase tissue factor 
expression. IgG, Immunoglobulin 
G. (From Slaughter TF, Greenberg 
CS: Heparin-associated thrombo-
cytopenia and thrombosis: Implica-
tions for perioperative management, 
Anesthesiology 87:669, 1997, with 
permission.)
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unfractionated heparin after laboratory testing to ensure 
absence of PF4/heparin immune complexes.

MONITORING COAGULATION

Traditionally, perioperative coagulation monitoring has 
focused on (1) preoperative testing to identify patients 
at increased risk for perioperative bleeding and (2) intra-
operative monitoring of heparin therapy during cardiac 
and vascular surgery. As discussed previously, routine 
preoperative coagulation testing lacks either predictive 
value or cost efficacy.80 However, in patients with a his-
tory suggestive of a bleeding disorder or whose surgery 
may be associated with a high incidence of bleeding or 
coagulopathy, baseline preoperative coagulation testing 
may be advisable.

Given the widely acknowledged pharmacokinetic and 
pharmacodynamic response to heparin, monitoring anti-
coagulation during cardiac and vascular surgery remains 
necessary. Patient-specific factors affecting response to 
heparin include age, weight, intravascular volume, and 
plasma and membrane concentrations of antithrombin, 
heparin cofactor II, PF4, and other heparin-binding pro-
teins. Therefore, patients experience widely divergent 
anticoagulant responses to identical weight-based doses 
of heparin. Regardless, monitoring of heparin anticoagu-
lation must be performed if only to prevent the rare, but 
potentially lethal, complication resulting from inadver-
tent failure to administer heparin before cardiopulmo-
nary bypass or vascular surgery.

The ideal test of perioperative coagulation would 
prove simple to perform, accurate, reproducible, diag-
nostically specific, and cost effective. No current coag-
ulation monitor meets these expectations; however, 
integrating results from multiple forms of monitoring 
may provide valuable diagnostic insight into periopera-
tive coagulopathies.
COMMON LABORATORY-BASED MEASURES 
OF COAGULATION

Activated Partial Thromboplastin Time
The aPTT assesses integrity of the intrinsic and common 
pathways of plasma-mediated hemostasis. It measures 
the time required in seconds for clot formation to occur 
after mixing a sample of patient plasma with phospho-
lipid, calcium, and an activator of the intrinsic path-
way of coagulation (i.e., celite, kaolin, silica, or ellagic 
acid). In most cases, coagulation factor deficiencies are 
detectable at factor concentrations below 30% to 40% 
of normal; however, aPTT reagents vary in sensitivity to 
factor concentrations, necessitating institutional specific 
determination of “normal” ranges.81 Prolongation of the 
aPTT is evaluated further with mixing studies to deter-
mine whether delayed clot formation is attributable to a 
coagulation factor deficiency or an inhibitor (i.e., hepa-
rin, antiphospholipid antibody, fibrin split products). 
The mixing study is performed by mixing the patient’s 
plasma sample with “normal” donor plasma. In the case 
of a coagulation factor deficiency, time to clot formation 
will correct and sequential assays for specific coagula-
tion factor concentrations allow for identification of the 
deficiency. A common means of confirming heparin pro-
longation of the aPTT is to perform a thrombin clotting 
time (TCT) test. In this test, the patient’s citrate-contain-
ing plasma sample is mixed with thrombin and time to 
clot formation is measured in seconds.39 The most com-
mon mechanism underlying prolongation of the TCT is 
presence of heparin or a direct thrombin inhibitor anti-
coagulant; however, dysfibrinogenemia or fibrin(ogen) 
degradation products also may impair clot formation in 
this setting.

Prothrombin Time
The PT assesses integrity of the extrinsic and common 
pathways of plasma-mediated hemostasis. It measures 
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time required in seconds for clot formation to occur after 
mixing a sample of patient plasma with tissue factor 
(thromboplastin) and calcium. As with the aPTT, throm-
boplastin test reagents vary in sensitivity, limiting the 
ability to compare results between laboratories. Given 
the importance of monitoring PT results for patients on 
long-term warfarin therapy, the INR was introduced as a 
means of normalizing PT results among different labo-
ratories.81 Thromboplastin reagents are tested against 
an international recombinant standard and assigned an 
international sensitivity index (ISI) based on results. The 
INR subsequently is calculated as INR = (patient PT/stan-
dard PT)ISI, in which the standard PT represents the geo-
metric mean of multiple normal samples from the testing 
laboratory. Institution of the INR substantially reduced 
interlaboratory variations in the PT. As with the aPTT, 
prolongation of the PT is assessed further with mixing 
studies.

Platelet Count and Bleeding Time
The platelet count remains a standard component in 
screening for coagulation abnormalities. Automated 
platelet counts are performed in bulk using either optical-
based or impedance-based measurements. Recommenda-
tions regarding optimal platelet counts prove somewhat 
arbitrary; however, platelet counts exceeding 100,000/μL 
commonly are associated with normal hemostasis. 
Abnormally low platelet counts merit further assessment, 
including a visual platelet count using a blood smear. 
Sample hemodilution and platelet clumping are com-
mon causes for false low platelet counts. Ethylenediami-
netetraacetic acid (EDTA)-induced platelet clumping, a 
common artifact underlying thrombocytopenia, may be 
identified by manually counting platelets or by substitut-
ing a citrate anticoagulant (as opposed to EDTA).

With growth in point-of-care platelet function moni-
tors the bleeding time has declined in popularity; how-
ever, under controlled conditions the bleeding time 
may provide useful information regarding primary 
hemostasis. Employing a commercial template cutting 
device and a sphygmomanometer adjusted to 40 mm Hg 
venous pressure, bleeding times of 2 to 10 minutes on 
the anterior forearm are considered normal. Limitations 
of the bleeding time include poor reproducibility, time 
needed to perform the test, and potential for scarring. 
Furthermore, the bleeding time is affected by numerous 
confounding variables, including skin temperature, skin 
thickness, age, ethnicity, anatomic test location, and a 
host of other factors.82 In general, the bleeding time has 
not proved predictive of bleeding and for that reason its 
use as a preoperative screening test to assess bleeding risk 
is not recommended.

COMMON POINT-OF-CARE MEASURES  
OF COAGULATION

Although laboratory-based measures of coagulation 
remain the mainstay of preoperative coagulation testing, 
increasing availability of sensitive and specific point-of-
care coagulation monitoring may soon offer opportunities 
to direct blood component and hemostatic drug therapy 
more specifically without delays inherent to standard 
laboratory testing. Commercially available point-of-care 
monitors applicable in the perioperative setting may be 
considered in four broad categories: (1) functional mea-
sures of coagulation or assays that measure the intrinsic 
ability of blood to generate clot, (2) heparin concentra-
tion monitors, (3) viscoelastic measures of coagulation, 
and (4) platelet function monitors.

Functional Measures of Coagulation
The ACT, described by Hattersley in 1966 as a variation of 
the Lee-White whole blood clotting time, employs a con-
tact activation initiator, typically celite (diatomaceous 
earth) or kaolin, to accelerate clot formation and reduce 
time for assay completion. Kaolin is recommended for use 
in patients receiving the antifibrinolytic drug aprotinin 
because celite ACTs in this setting are subject to artifactual 
prolongation.83 Failure to appreciate this drug-mediated 
effect may result in inadequate heparin administration if 
using celite ACT measurements with aprotinin. Whether 
high plasma concentrations of aprotinin affect the kaolin 
ACT remains unclear.

Current commercial ACT monitors automate clot 
detection. One of the more widely available ACT mon-
itors uses a glass test tube containing a small magnet 
(Hemochron Response Whole Blood Coagulation Sys-
tem, ITC, Edison, NJ). After adding sample blood, the 
tube is placed into the analyzer and the tube is rotated 
slowly at 37° C, allowing the magnet to maintain contact 
with a proximity detection switch. As fibrin clot forms, 
the magnet becomes entrapped and dislodged from the 
detection switch, thereby triggering an alarm to sig-
nal completion of the ACT. Another ACT device uses a 
“plumb bob” flag assembly that is raised and released 
repeatedly to settle in the sample vial containing blood 
and contact activator (Hepcon HMS Plus, Medtronic, 
Minneapolis, Minn.). With clot formation, the descent 
rate of the flag through the blood sample slows, trig-
gers an optical detector, and sets off an alarm to signal 
completion of the ACT.

The ACT in normal individuals is 107 ± 13 seconds 
(mean ± SD). However, the time at which a patient’s base-
line ACT is measured influences the result.83 After surgi-
cal incision, baseline ACT may decrease. Because the ACT 
measures clot formation by way of intrinsic and common 
pathways, heparin and other anticoagulants prolong 
time to clot formation. The ACT proves somewhat resis-
tant to platelet dysfunction and thrombocytopenia.

ACT testing remains a popular perioperative coagula-
tion monitor because of its simplicity, low cost, and lin-
ear operating response at high heparin concentrations. 
Limitations of ACT monitoring include lack of sensitiv-
ity at low heparin concentrations and poor reproduc-
ibility.83 ACT testing performed with and without added 
heparinase improves sensitivity for detecting low heparin 
concentrations. Further limitations of the ACT include 
artifactual prolongation of results with hemodilution or 
hypothermia and the fact that ACT values beyond 600 
seconds exceed the linear response range for the assay. 
Duplicate measurements improve results; however, newer 
electrochemically based ACT analyzers (i-STAT, Abbott, 
Princeton, NJ) improve reproducibility such that single 
ACT determinations may prove adequate.
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The high-dose thrombin time (HiTT) (ITC) provides 
an alternative functional measure of heparin anticoagu-
lation. Primarily employed in cardiac surgical settings, 
the HiTT assay contains high thrombin concentrations 
to cleave fibrinogen directly and generate fibrin clot.84 
Given excess thrombin concentrations, clot formation 
occurs independently of plasma coagulation factors 
other than fibrinogen. As a result, HiTT is prolonged by 
heparin (or other thrombin inhibitors), extreme degrees 
of hypofibrinogenemia or dysfibrinogenemia, and high 
concentrations of fibrin split products (as occur with fibri-
nolysis). During most surgical procedures requiring hepa-
rin administration, HiTT prolongation will correlate with 
heparin anticoagulant effect.

Heparin Concentration Measurement
Protamine titration remains the most popular point-of-
care method for determining heparin concentration in 
perioperative settings. Protamine, a strongly basic poly-
cationic protein, directly inhibits heparin in a stoichio-
metric manner. In other words, 1 mg of protamine will 
inhibit 1 mg (∼100 units) of heparin, thereby forming the 
basis for protamine titration as a measure of heparin con-
centration. As increasing concentrations of protamine 
are added to a sample of heparin-containing blood, time 
to clot formation decreases until the point at which the 
protamine concentration exceeds heparin concentration 
to delay clot formation. If a series of blood samples with 
incremental doses of protamine are analyzed, the sample 
in which the protamine and heparin concentrations are 
most closely matched will clot first. In this manner, prot-
amine titration methodology allows for heparin concen-
tration estimation. Assuming that the heparin-protamine 
titration curve for an individual patient remains constant 
throughout the operative period, protamine titration 
methods may estimate heparin doses required to achieve 
a desired plasma heparin concentration or the protamine 
dose needed to reverse a given heparin concentration 
in blood.54 Current point-of-care heparin concentration 
monitoring employs automated measurement techniques 
(Hepcon HMS Plus, Medtronic). Advantages of heparin 
concentration measurement include sensitivity for low 
heparin concentrations as well as relative insensitivity 
to hemodilution and hypothermia. In addition, heparin 
concentration measures are unaffected by aprotinin.

A major limitation of heparin concentration monitor-
ing is failure to assess directly for an anticoagulant effect. 
To use an extreme example, consider a patient with a 
homozygous deficiency of antithrombin; in this setting, 
heparin concentration determination alone would fail 
to identify the lack of anticoagulant effect after heparin 
administration.

Viscoelastic Measures of Coagulation
Initially developed in the 1940s, viscoelastic measures of 
coagulation have undergone a resurgence in popularity. 
The unique aspect of viscoelastic monitors lies in their 
ability to measure in whole blood the entire spectrum of 
clot formation from early fibrin strand generation through 
clot retraction and eventual fibrinolysis. The early throm-
boelastograph (TEG) developed by Hartert in 1948 has 
evolved into two independent viscoelastic monitors: the 
modern TEG, or TEG 5000 Thromboelastograph Hemosta-
sis Analyzer System (Haemoscope, Braintree, Mass.) and 
rotational thromboelastometry (ROTEM) (TEM Systems, 
Durham, NC). In the case of the thromboelastograph 
(TEG 5000), a small (0.35-mL) sample of whole blood is 
placed into a disposable cuvette within the instrument. 
The cuvette is maintained at a temperature of 37° C and 
continuously rotates around an axis of approximately  
5 degrees. A sensor “piston” attached by a torsion wire to 
an electronic recorder is lowered into the blood within 
the cuvette. Addition of an activator, most often kaolin or 
celite, initiates clot formation. As the fibrin-platelet plug 
evolves, the piston becomes enmeshed within the clot, 
transferring rotation of the cuvette to the piston, torsion 
wire, and electronic recorder.85

Although variables derived from the TEG tracing do 
not coincide directly with laboratory-based tests of coag-
ulation, the TEG depicts characteristic abnormalities 
in clot formation and fibrinolysis. Various parameters 
describing clot formation and lysis are identified and 
measured by the TEG. For example, the R value (reaction 
time) measures time to initial clot formation (normal, 7.5 
to 15 minutes). Comparable to the whole blood clotting 
time, addition of a contact activator (i.e., celite or kaolin) 
to the sample cuvette reduces time to results. The R value 
may be prolonged by a deficiency of one or more plasma 
coagulation factors or inhibitors such as heparin. Maxi-
mum amplitude (MA) provides a measure of clot strength 
and may be decreased by either qualitative or quantita-
tive platelet dysfunction or decreased fibrinogen concen-
tration. Normal MA is 50 to 60 mm. The α angle and K 
(BiKoatugulierung or coagulation) values measure rate 
of clot formation and may be prolonged by any variable 
slowing clot generation such as a plasma coagulation fac-
tor deficiency or heparin anticoagulation. Modification 
of clotting activators may be incorporated to assess plate-
let or fibrin contributions to clot strength.86 In a some-
what analogous manner, ROTEM measures viscoelastic 
changes in a sample of whole blood subjected to activa-
tion of coagulation. Specific activators differ from that 
of the TEG 5000 with resulting quantitative measures 
termed (1) coagulation time (CT; seconds), (2) α angle 
(clot formation time; seconds), (3) maximal clot firmness 
(MCF; millimeter), and (4) lysis time (LT; second).

The Sonoclot Analyzer (Sienco, Arvada, Colo.) pro-
vides an alternative viscoelastic measure of coagulation. 
In contrast to thromboelastography and ROTEM, the 
Sonoclot Analyzer immerses a rapidly vibrating probe 
into a 0.4-mL sample of blood. As clot formation pro-
ceeds, impedance to probe movement through the blood 
increases to generate an electrical signal and characteris-
tic clot signature. The analyzer signature may be used to 
derive the ACT and to provide information regarding clot 
strength and presence of fibrinolysis.

Viscoelastic monitors generate characteristic diagrams 
by translating mechanical resistance to sensor move-
ment within a sample of whole blood to an electronic 
waveform subject to quantitative analysis. One of the 
more common applications for viscoelastic monitoring 
has been real-time detection of excess fibrinolysis during 
liver transplantation or cardiac surgery. Evidence sug-
gests that viscoelastic monitoring may prove beneficial in 
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differentiating surgically related bleeding from that due to 
a coagulopathy. When used as one component of a diag-
nostic algorithm, both thromboelastography and ROTEM 
have been demonstrated to reduce blood administration. 
More widespread application of viscoelastic monitoring 
has been hindered by lack of specificity associated with 
abnormal findings and qualitative assay interpretation.86 
Digital automation of these instruments has simplified 
interpretation and improved reproducibility.

PLATELET FUNCTION MONITORS

Assessment of platelet function has proved challenging for 
several reasons. Historically, tests of platelet function have 
proved costly, time consuming, and technically demand-
ing. Platelet dysfunction may occur as a result of diverse 
inherited or acquired disorders affecting surface receptors 
involved in adhesion or aggregation, storage granules, 
internal activation pathways, phospholipid membranes, 
or other mechanisms.51 Lack of standardized quality con-
trols necessitates use of local donor blood to establish nor-
mal control ranges. Furthermore, even established tests 
such as platelet aggregation lack performance standardiza-
tion, resulting in widely varying results across laboratories. 
Complicating assessment further is the fact that platelets 
are highly susceptible to activation or desensitization dur-
ing sample collection, transport, storage, and processing.

Although viscoelastic measures of coagulation (i.e., 
TEG 5000 or ROTEM) may detect platelet dysfunction, 
sensitivity and specificity prove limited. Incorporation 
of a platelet mapping assay into thromboelastography 
provides a method for viscoelastic measurement of drug-
induced platelet inhibition with reasonable correlation 
to optical aggregometry.85 The standard laboratory-based 
method for identifying qualitative platelet dysfunction 
remains optical aggregometry performed using specific 
platelet agonists and samples of platelet-rich plasma. 
Flow cytometry employing fluorescent-labeled antibod-
ies provides another sensitive method for quantitating 
platelet activation, responsiveness, and surface recep-
tor availability.87 Despite representing standards of care, 
these measures remain technically challenging, costly, 
and time-consuming laboratory-based assays.

Fortunately, an increasing array of platelet function 
assays specifically designed as point-of-care instruments 
are available.88,89 As a measure of primary hemostasis, the 
PFA-100 (Platelet Function Analyzer, Siemens, Tarrytown, 
NY) increasingly has replaced the bleeding time in assess-
ment of primary hemostasis. Unique among both labora-
tory-based and point-of-care platelet function monitors, 
the PFA-100 incorporates high-shear conditions to simu-
late small vessel injury in the presence of either ADP or 
epinephrine, both potent platelet activators.90 Time to 
clot–mediated aperture occlusion is reported as closure 
time. The PFA-100 has proved effective in detecting von 
Willebrand disease and aspirin-mediated platelet dysfunc-
tion. This instrument, as a component of a standardized 
screening protocol, reduces time to identify and classify 
platelet dysfunction. Limitations of the PFA-100 include 
interference by thrombocytopenia and hemodilution.

The HemoSTATUS (Medtronic) platelet function test 
exploits the ability of platelet activating factor (PAF) to 
accelerate clot formation of the kaolin-activated ACT. 
HemoSTATUS testing is performed on the Medtronic 
HMS Plus coagulation analyzer employing a six-channel 
kaolin ACT cartridge preloaded with serially increas-
ing concentrations of PAF. A clot ratio is determined 
for each individual patient assay based on the ratio of 
the PAF-accelerated ACT to the standard ACT. An indi-
vidual patient’s clot ratio is compared with a maximal 
clot ratio derived from normal volunteers to provide a 
relative measure of platelet function. In the presence of 
platelet dysfunction, higher concentrations of PAF are 
required to achieve a comparable PAF-activated ACT. In 
cardiac surgery, investigators demonstrated a relationship 
between platelet dysfunction and postoperative bleed-
ing.83 Furthermore, the maximal clot ratio as determined 
by HemoSTATUS improved after desmopressin or platelet 
administration. Other investigators, however, failed to 
identify a relationship between platelet dysfunction as 
measured by HemoSTATUS and postoperative bleeding.

The VerifyNow System (formerly known as the Ultegra 
Rapid Platelet Function Analyzer, Accumetrics, San Diego, 
Calif.) is an automated turbidimetric whole blood platelet 
function assay that assesses ability of activated platelets to 
bind fibrinogen-coated polystyrene beads. On addition of 
the whole blood test sample, thrombin receptor activat-
ing peptide directly activates platelets within the sample 
to stimulate glycoprotein IIb/IIIa platelet surface recep-
tor expression. As activated platelets bind and aggregate 
fibrinogen-coated beads, light transmission through the 
sample increases to generate a signal. Although the Veri-
fyNow System is simple to operate and provides a rapid 
bedside measure of platelet function, a baseline reference 
measurement is suggested for each patient to calculate 
the extent of subsequent changes in platelet function.88 
Potential applications for this methodology in the peri-
operative setting remain unclear.

Plateletworks (Helena Laboratories, Beaumont, Tex.) 
employs a hemocytometer to perform automated platelet 
counts on whole blood samples collected in the presence 
and absence of platelet-stimulating agonists such as col-
lagen or ADP. The difference in platelet counts before and 
after agonist addition provides a direct measure of platelet 
aggregation (i.e., platelet responsiveness) and is reported 
as “% aggregation.” Preliminary investigations demon-
strated reasonable correlations between platelet counts 
attained with the Plateletworks monitor and laboratory-
based instruments.88 In addition, the Plateletworks assay 
proved effective in identifying platelet dysfunction in the 
setting of glycoprotein IIb/IIIa antagonists and appeared 
to correlate relatively well with laboratory-based mea-
sures of platelet aggregation.

Employing a sample of whole blood, the Hemostasis 
Analysis System (Hemodyne, Bethesda, Md.) measures 
platelet contractile force, the force produced by platelets 
during clot retraction, and clot elastic modulus, a mea-
sure of clot rigidity. In preliminary investigations, plate-
let contractile force was reduced after cardiopulmonary 
bypass and modestly correlated with perioperative blood 
loss.

Advances in our understanding of hemostasis 
and thrombosis at the molecular level have contrib-
uted directly to recent biotechnologic innovations in 
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point-of-care testing. Further advances in point-of-care 
coagulation monitoring offer the opportunity for cli-
nicians to make informed decisions about transfusion 
therapy and hemostatic drug administration to mini-
mize perioperative bleeding. In considering any point-
of-care coagulation testing, it must be recognized that 
results will not necessarily mirror those reported from 
laboratory-based testing. Reagent sensitivities vary across 
manufacturers and even one lot of reagent to another. In 
addition, point-of-care testing typically relies on whole 
blood samples for testing as opposed to laboratory-based 
testing using plasma or processed platelets. A final consid-
eration for which point-of-care platelet function testing 
provides a particularly relevant example is that monitors 
from different manufacturers measure differing aspects of 
platelet-mediated or plasma-mediated hemostasis. In the 
case of platelet function monitors, a dozen instruments 
purport to measure platelet function. However, using dif-
ferent instruments results may vary from “severe” plate-
let dysfunction to “no platelet dysfunction” in a single 
sample of blood. Before adopting any point-of-care moni-
toring, an understanding of the quality assurance require-
ments, test methodology, and concomitant strengths and 
weaknesses will prove essential to inform patient care.
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Patient Blood Management: Autologous 
Blood Procurement, Recombinant Factor 
VIIa Therapy, and Blood Utilization
LAWRENCE T. GOODNOUGH • TERRI G. MONK

K e y  P o i n t s

 •  The two primary reasons for employing autologous transfusion are avoidance of 
complications associated with allogeneic transfusion and conservation of blood 
resources.

 •  The three types of autologous blood transfusion are preoperative autologous 
donation (PAD), acute normovolemic hemodilution (ANH), and intraoperative and 
postoperative blood recovery (salvage).

 •  PAD became accepted as a standard practice in certain elective surgical settings 
such as total joint replacement surgery, so that by 1992 more than 6% of the 
blood transfused in the United States was autologous. Subsequently, substantial 
improvements in blood safety were accompanied by a decline in PAD as well as an 
interest in ANH as an alternative, lower-cost strategy. The criteria for autologous 
donors are different from those for allogeneic donors. Transfusion service policies, 
implemented under the auspices of hospital transfusion committees, differ regarding 
collection and use of autologous blood with positive viral markers. It is common 
practice to exclude autologous blood reactive for hepatitis B surface antigen and 
hepatitis C and human immunodeficiency viruses because of patients’ safety 
concerns related to wrong blood unit transfused to wrong patient (mistransfusion). 
Contraindications to autologous blood donation include evidence of infection and risk 
of bacteremia, scheduled surgery for correction of aortic stenosis, and unstable angina.

 •  The costs associated with PAD are higher than those associated with the collection 
of allogeneic blood.

 •  ANH is the removal of whole blood from a patient while restoring the circulating blood 
volume with an acellular fluid shortly before an anticipated significant surgical blood 
loss. The chief benefit of ANH is the reduction of red blood cell losses when whole 
blood is shed perioperatively at the lower hematocrit levels associated with ANH.

 •  The term intraoperative blood collection or recovery describes the technique of 
collecting and reinfusing blood lost by a patient during surgery. The oxygen 
transport properties of recovered red blood cells are equivalent to those of stored 
allogeneic red blood cells. The survival of recovered blood cells appears to be at 
least comparable to that of transfused allogeneic red blood cells.

 •  Postoperative blood collection denotes the recovery of blood from surgical drains 
followed by reinfusion, with or without processing. Postoperative autologous 
blood salvage and reinfusion are practiced widely but not uniformly.

 •  Recombinant factor VIIa (rfVIIa) has been approved for treatment of bleeding in 
patients with hemophilia and inhibitors to factors VIII or IX. Pharmacologic doses of 
rfVIIa enhance the thrombin generation on activated platelets and therefore may also 
be of benefit in providing hemostasis in other situations such as those characterized by 
consumptive coagulopathies or platelet conditions with impaired thrombin generation.

 •  Level I evidence and guidelines support restrictive transfusion practices. However, 
no one hemoglobin level should be used as a transfusion trigger, and transfusion 
decisions should be made for individual patients (see also Chapter 61).

 •  Bloodless medicine and surgery use a multidisciplinary team approach that 
incorporates anemia management, controlled hemostasis, autologous blood 
procurement, and pharmacologic alternatives to blood transfusion.



PART IV: Anesthesia Management1882

Blood management has been defined as “the appropriate 
use of blood and blood components, with a goal of 
minimizing their use.”1 This goal has been motivated 
historically by (1) known blood risks, (2) unknown blood 
risks, (3) preservation of the national blood inventory, 
and (4) constraints from escalating costs. Known risks of 
blood include transmissible infectious disease, transfusion 
reactions, and potential effects of immunomodulation 
(e.g., postoperative infection or tumor progression). 
Unknown risks include emerging pathogens transmissible 
by blood (e.g., new variant Creutzfeldt-Jakob disease and 
West Nile virus).2,3 Several studies have linked allogeneic 
blood transfusions with unfavorable outcomes, including 
increased risk of mortality and various morbidities.4 
Blood management has been 1 of the 10 key advances in 
transfusion medicine since the 1960s.5

Patient blood management encompasses an 
evidence-based medical and surgical approach that 
is multidisciplinary (transfusion medicine specialists, 
surgeons, anesthesiologists, and critical care specialists) 
and multiprofessional (physicians, nurses, pump 
technologists, and pharmacists).6 Preventive strategies are 
emphasized: to identify, evaluate, and manage anemia7-9 
(e.g., pharmacologic therapy10 and reduced iatrogenic 
blood losses from diagnostic testing)11; to optimize 
hemostasis (e.g., pharmacologic therapy12 and point-of-
care testing13); and to establish decision thresholds (e.g., 
guidelines) for the appropriate administration of blood 
therapy.14,15

In the United States, The Joint Commission developed 
patient blood management performance measures and 
submitted these to the National Quality Forum for 
endorsement. The National Quality Forum did not 
endorse these submitted performance measures because 
of a lack of data on the outcomes proposed; as a result, 
these measures currently do not carry consequences if not 
met. Because these performance measures were process 
based rather than outcomes based, data on proposed 
outcomes are difficult to retrieve. The Joint Commission 
has placed these performance measures in their Topic 
Library, where they are to be used as additional patient 
safety activities and/or quality improvement projects 
by provider institutions as accreditation goals.15 
The principles of these performance indicators are 
summarized in Box 63-1.

AUTOLOGOUS BLOOD PROCUREMENT

The three types of autologous blood transfusion 
are preoperative autologous donation (PAD), acute 
normovolemic hemodilution (ANH), and intraoperative 
and postoperative blood recovery (blood salvage). 
The advantages, disadvantages, applications, and 
complications vary with the techniques used.

The two primary reasons for employing autologous 
transfusion are avoidance of complications associated with 
allogeneic transfusion and conservation of the national 
blood inventory. Patients with rare blood phenotypes 
or alloantibodies can also benefit from autologous 
transfusion because compatible allogeneic blood may 
not always be available.16 Potential complications of 
allogeneic transfusion that can be eliminated or minimized 
when autologous blood is administered include acute 
and delayed hemolytic reactions, alloimmunization, 
allergic and febrile reactions, and transfusion-transmitted 
infectious diseases. Intraoperative blood recovery may 
be the only option for providing a sufficient volume of 
compatible blood when severe, rapid blood loss occurs. 
ANH provides the only practical source of fresh whole 
blood.

The role of autologous blood procurement in surgery 
is evolving, based on improved blood safety, increased 
blood costs, and emerging pharmacologic alternatives 
to blood transfusion.17-19 PAD became accepted as a 
standard practice in certain elective surgical settings 
such as total joint replacement surgery; by 1992 more 
than 6% of the blood transfused in the United States was 
autologous.20 Subsequently, substantial improvements in 
blood safety were accompanied by a decline in PAD, as 
well as an interest in ANH as an alternative strategy.21 
Nevertheless, public perception of blood safety and the 
reluctance to accept allogeneic blood transfusion in the 
elective transfusion setting,22 along with possible future 
blood inventory shortages and the potential for new, 
emerging blood pathogens, continue to give autologous 
blood procurement strategies an important role in the 
surgical arena.

PREOPERATIVE BLOOD DONATION

Patient Selection
The criteria for autologous donors are not as stringent 
as are those for allogeneic donors. The AABB (formerly, 

TJC Performance  
Measures Principles

 1.  Preoperative  
Anemia Screening

 2.  Preoperative Blood 
Type and Antibody 
Screen (Blood Com-
patibility Testing)

 3.  Transfusion Consent
 4.  Blood Administration
 5.  RBC Transfusion 

Indication
 6.  Plasma Transfusion 

Indication
 7.  Platelet Transfusion 

Indication

 A.  Formulate a plan of proactive 
management for avoiding and 
controlling blood loss tailored 
to the clinical management of 
individual patients, including 
anticipated procedures.  

 B.  Employ a multidisciplinary treat-
ment approach to blood man-
agement using a combination of 
interventions (e.g., pharmacologic, 
therapy, point-of-care testing).

 C.  Promptly investigate and treat 
anemia.

 D.  Exercising clinical judgment, be 
prepared to modify routine prac-
tices (e.g., transfusion triggers) 
when appropriate.

 E.  Restrict blood drawing for 
 unnecessary laboratory tests.

 F.  Decrease or avoid the periopera-
tive use of anticoagulants and 
antiplatelet agents.

BOX 63-1 Patient Blood Management

RBC, Red blood cell; TJC, The Joint Commission.
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the American Association of Blood Banks) standards for 
blood banks and transfusion services require that the 
donor patient’s hemoglobin be no less than 11 g/dL or the 
hematocrit be no less than 33% before each donation.23 
No age or weight limits exist, and patients may donate 
10.5 mL/kg, in addition to testing samples. Donations 
may be scheduled more than once a week, but the last 
donation should occur no less than 72 hours before 
surgery, to allow time for restoration of intravascular 
volume and for transport and testing of the donated 
blood.

Transfusion service policies, implemented under 
the auspices of hospital transfusion committees, differ 
regarding collection and use of autologous blood with 
positive viral markers. Some hospitals exclude use of 
autologous blood reactive for hepatitis B surface antigen, 
hepatitis C virus, or human immunodeficiency virus 
(HIV) because of concerns for patients’ safety related 
to a wrong blood unit transfused to the wrong patient 
(mistransfusion). Other hospitals accept and transfuse 
autologous blood with any positive viral markers because 
denying patients infected with HIV the opportunity to 
receive their own blood may have implications related to 
the Americans with Disabilities Act.24

Candidates for preoperative blood collection are 
patients scheduled for elective surgical procedures in 
which blood transfusion is likely. The most common 
surgical procedures for which autologous blood is 
predonated are total joint replacements.25 For procedures 
that are unlikely to require transfusion (i.e., a maximal 
surgical blood ordering schedule [MSBOS] suggests that 
crossmatched blood should not be ordered),26 the use 
of preoperative blood collection is not recommended. 
Autologous blood should not be collected for procedures 
that seldom (<10% of cases) require transfusion, such as 
cholecystectomy, herniorrhaphy, vaginal hysterectomy, 
and uncomplicated obstetric delivery.27

In special circumstances, preoperative autologous 
blood collection can be performed for patients who 
would not ordinarily be considered for autologous 
donation. Availability of medical support is important 
in assessing a patient’s suitability. With appropriate 
volume modification, parental cooperation, and attention 
to preparation and reassurance, pediatric patients can 
participate in preoperative blood collection programs.28 
Patients with significant cardiac disease are considered 
poor risks for autologous blood donation. Despite reports 
of safety in small numbers of such patients who underwent 
autologous blood donation,29 the risks associated with 
autologous blood donation30 in these patients are greater 
than current estimated risks of allogeneic transfusion.2,3 
Box 63-2 summarizes the medical contraindications to a 
patient’s participation in an autologous blood donation 
program.31 The collection of autologous blood from women 
during routine pregnancy is unwarranted,32 because blood 
is so seldom needed. PAD can be considered for women 
with alloantibodies to multiple or high-incidence antigens 
or with placenta previa or other conditions placing them 
at high risk for antepartum or intrapartum hemorrhage.27 
AABB standards no longer permit allogeneic transfusion of 
unused autologous units (“crossover”) because autologous 
donors are not, in the strictest sense, volunteer donors.23
Attempts to stratify patients into groups at high and 
low risk for needing transfusion based on the baseline 
level of hemoglobin and on the type of procedure 
show some promise. In a Canadian study using a point 
score system, 80% of patients undergoing orthopedic 
procedures were identified to be at low risk (<10%) for 
transfusion, and therefore autologous blood procurement 
for these patients would not be recommended.33 
However, one problem with algorithms that consider 
the estimated blood loss and preoperative hematocrit 
is that blood losses are difficult to measure34 or predict 
because specific surgical procedures performed even by 
the same surgeon can be accompanied by a wide range 
of blood loss. Although autologous blood donation 
programs are popular with patients, the costs associated 
with autologous blood collection are higher than are 
those associated with allogeneic blood. The reduced risk 
of allogeneic blood transfusions has made PAD poorly 
cost effective.35,36

The Role of Aggressive Phlebotomy and the 
Use of Erythropoiesis-Stimulating Agents
The efficacy of PAD depends on the degree to which 
the patient’s compensatory erythropoiesis increases the 
production of red blood cells (RBCs).37 The endogenous 
erythropoietin response and compensatory erythropoiesis 
are suboptimal under “standard” conditions of 1 unit of 
blood donated weekly.38 As shown in Table 63-1, weekly 
PAD is accompanied by an expansion in RBC volume of 
11% (with no oral iron supplementation) to 19% (with oral 
iron supplementation), which is not sufficient to prevent 
increasing anemia in patients undergoing PAD. If the 
erythropoietic response to autologous blood phlebotomy 
does not maintain the patient’s hematocrit level during 
the donation interval, the donation of autologous blood 
actually may be harmful by causing perioperative anemia 
and an increased likelihood of any blood transfusion.37,38 
A mathematic model has been published to demonstrate 
the relationships among anticipated surgical blood losses, 
the desired hematocrit, and the need for autologous 
blood donation.39

In contrast to autologous blood donation under 
“standard” conditions, studies of “aggressive” autologous 
blood phlebotomy (twice weekly for 3 weeks, beginning 
25 to 35 days before surgery) have demonstrated 
that endogenous erythropoietin levels do increase, 

 1.  Evidence of infection and risk of bacteremia
 2.  Scheduled surgery to correct aortic stenosis
 3.  Unstable angina
 4.  Active seizure disorder
 5.  Myocardial infarction or cerebrovascular accident within  

6 months of donation
 6.  Significant cardiac or pulmonary disease in patients who have 

not yet been cleared for surgery by their treating physician
 7.  High-grade left main coronary artery disease
 8.  Cyanotic heart disease
 9.  Uncontrolled hypertension  

BOX 63-2 Contraindications to Participation 
in Autologous Blood Donation Programs
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TABLE 63-1 ENDOGENOUS ERYTHROPOIETIN-MEDIATED ERYTHROPOIESIS IN AUTOLOGOUS BLOOD DONORS* 

Patients (n)

RBC (mL ) Net RBC

ReferenceRemoved (Donated) Produced Expansion (%) Iron Therapy

Standard 
phlebotomy

108 522 351 19 PO Goodnough et al, 
198940

22 590 220 11 None Messmer et al, 198647

45 621 331 17 PO Messmer et al, 198647

41 603 315 16 PO, IV Messmer et al, 198647

Aggressive 
phlebotomy

30 540 397 19 None Brecher and 
Rosenfeld, 199448

30 558 473 23 PO Brecher and 
Rosenfeld, 199448

30 522 436 21 IV Brecher and 
Rosenfeld, 199448

24 683 568 26 PO Weiskopf, 199551 and 
Petry et al, 199452

23 757 440 19 PO Monk et al, 199953

From Goodnough LT, Skikne B, Brugnara C: Erythropoietin, iron, and erythropoiesis, Blood 96:823-833, 2000.
IV, Intravenous; PO, oral; RBC, red blood cell.
*Data are expressed as means.
along with enhanced erythropoiesis representing RBC 
volume expansion of 19% to 26% (see Table 63-1). The 
use of erythropoiesis-stimulating agents to stimulate 
erythropoiesis further (≤50% RBC volume expansion)40-42 
during autologous donation has been approved in the 
European Union, Canada, and Japan, but not in the United 
States.43 Perisurgical erythropoietin therapy is also approved 
in the United States and Canada for anemic (hematocrit  
< 39%) patients who are scheduled for noncardiac, non-
vascular surgical procedures.

Transfusion Trigger
Advantages and disadvantages of autologous blood 
transfusion are summarized in Table 63-2. Disagreement 
exists about the proper hemoglobin and hematocrit levels 
(“transfusion trigger”) at which autologous blood should 
be given (see Chapter 61).44 In general, autologous and 
allogeneic blood transfusion triggers should be similar 
because the risks from administrative errors associated 
with both autologous and allogeneic blood are higher 

TABLE 63-2 ADVANTAGES AND DISADVANTAGES 
OF AUTOLOGOUS BLOOD DONATION

Advantages Disadvantages

Prevents transfusion-
transmitted disease

Does not affect risk of bacterial 
contamination

Prevents red cell 
alloimmunization

Does not affect risk of ABO 
incompatibility error

Supplements the blood 
supply

Is more costly than allogeneic 
blood

Provides compatible blood 
for patients

Results in wastage of blood not 
transfused with alloantibodies

Prevents some adverse 
transfusion reactions

Has an increased incidence of 
adverse reactions to autologous 
donation

Provides reassurance to 
patients concerned about 
blood risks

Subjects patient to perioperative 
anemia and increased likelihood 
of transfusion
than are risks related to the transfusion of allogeneic 
blood.45

ACUTE NORMOVOLEMIC HEMODILUTION

ANH is the removal of whole blood from a patient while 
restoring the circulating blood volume with an acellular 
fluid shortly before an anticipated significant surgical 
blood loss. To minimize the manual labor associated with 
hemodilution, the blood should be collected in standard 
blood bags containing anticoagulant on a tilt-rocker with 
automatic cutoff through volume sensors. The blood is 
then stored at room temperature and reinfused during 
surgery after major blood loss has ceased, or sooner if 
indicated. Simultaneous infusions of crystalloid (3 mL 
crystalloid for each 1 mL of blood withdrawn) and colloid 
(dextrans, starches, gelatin, albumin [1 mL for each 1 mL 
of blood withdrawn]) have been recommended.46 Blood 
units are reinfused in the reverse order of collection 
because the first unit collected and therefore the last 
to be infused will have the highest hematocrit and 
concentration of coagulation factors and platelets.

Reduction of Red Blood Cell Losses
The chief benefit of ANH is the reduction of RBC losses when 
whole blood is shed perioperatively at lower hematocrit 
levels associated with ANH.47 Mathematic modeling 
suggests that severe ANH to preoperative hematocrit 
levels of less than 20%, accompanied by substantial blood 
losses, would be required before the RBC volume “saved” 
by ANH would become clinically important.48 A clinical 
analysis of patients who had undergone “minimal” ANH 
(representing ≤15% of patients’ blood volume) estimated 
that only 100 mL of RBCs (the equivalent of 0.5 unit of 
blood)49 was “saved” under these conditions.50 With 
moderate hemodilution (target hematocrit levels of 28%), 
the “savings” become more substantial. The removal of 
3 blood units in a patient who subsequently underwent 
a blood loss of 2600 mL resulted in surgical RBC losses 
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“saved” by hemodilution of 215 mL, or the equivalent of 
1 unit of allogeneic blood (Fig. 63-1).50 This RBC volume 
approaches the RBC volume expansion generated by 
autologous blood predonation under standard phlebotomy 
conditions.

The benefit of ANH has been determined in a mathe-
matic model46. An adult with an estimated 5-L blood 
volume and an initial hematocrit of 40%, with surgical 
blood losses of up to 3000 mL, would have a hematocrit 
level that would remain 25% postoperatively without an 
autologous blood intervention. This level is generally con-
sidered safe for patients without known risk factors. In 
this model, the performance of ANH with initial hemato-
crit levels of 40% to 45% would allow up to 2500 to 3500 
mL of surgical blood loss, yet the nadir level of hemato-
crit could be maintained at 28%.

Improved Oxygenation
Withdrawal of whole blood and replacement with 
crystalloid or colloid solution decrease arterial oxygen 
content, but compensatory hemodynamic mechanisms 
and the existence of surplus oxygen delivery capacity 
make ANH safe. A sudden decrease in RBC concentration 
reduces blood viscosity, thereby decreasing peripheral 
resistance and increasing cardiac output. If cardiac output 
can effectively compensate, oxygen delivery to the tissues 
at a hematocrit of 25% to 30% is as good as, but no better 
than, oxygen delivery at a hematocrit of 30% to 35%.51

Preservation of Hemostasis
Because blood collected by ANH is stored at room 
temperature and is usually returned to the patient within 8 
hours of collection, deterioration of platelets or coagulation 
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Figure 63-1. The relationship between whole blood volume (mL) 
lost (abscissa) and red blood cell (RBC) volume lost (ordinate) in a 
100-kg patient undergoing hemodilution: RBC volume lost with 2800 
mL whole blood lost intraoperatively after hemodilution of 1500 mL 
whole blood (solid blue line); RBC volume lost with 2800 mL whole 
blood lost during hemodilution at each of three 500 mL volumes (solid 
orange line); cumulative RBC volume lost intraoperatively, derived for 
2800 mL whole blood lost if hemodilution had not been performed 
(blue dashed line). A net of 215 mL reduction in RBC volume lost with 
hemodilution is illustrated by the divergence of the two curves. (From 
Goodnough LT, Grishaber JE, Monk TG, et al: Acute normovolemic hemo-
dilution in patients undergoing radical suprapubic prostatectomy: a case 
study analysis, Anesth Analg 78:932-937, 1994, with permission.)
factors is minimal. The hemostatic value of blood collected 
by ANH is questionable for orthopedic or urologic surgery 
because plasma and platelets are rarely indicated in this 
setting. Its value in protecting plasma and platelets from 
the acquired coagulopathy of extracorporeal circulation 
in cardiac surgery (known as “blood pooling”) is better 
established.52

Clinical Studies
Prospective randomized studies in patients undergoing 
radical prostatectomy,53 knee replacement,54 and hip 
replacement55 suggested that ANH can be considered 
equivalent to PAD as a method of autologous blood 
procurement. Selected clinical trials of ANH are 
summarized in Table 63-3.56-72 Commentaries on the 
relative merits of ANH have been published.73-75 When 
ANH and reinfusion are accomplished in the operating 
room by on-site personnel, the procurement and 
administration costs are minimized. Blood obtained 
during ANH does not require the commitment of the 
patient’s time, transportation, costs, and loss of work time 
that can be associated with PAD. The wastage of PAD units 
(approximately 50% of units collected)27 also is eliminated 
with ANH. Additionally, autologous blood units procured 
by ANH require no inventory or testing costs. Because the 
blood never leaves the patient’s room, ANH minimizes 
the possibility of an administrative or clerical error that 
could lead to an ABO-incompatible blood transfusion and 
death, as well as bacterial contamination associated with 
prolonged storage at 4° C.

An ANH program has some important practical 
considerations. Decisions about ANH should be based on 
the surgical procedure and on the patient’s preoperative 
blood volume and hematocrit, target hemodilution 
hematocrit, and other physiologic variables. The 
institution’s policy and procedures and the mechanisms 
for educating staff should be established and periodically 
reviewed.

The patient’s circulating volume and perfusion status 
should be carefully monitored during the procedure. Blood 
must be collected in an aseptic manner, ordinarily into 
standard blood collection bags with citrate anticoagulant. 
Units must be properly labeled and stored. The label must 
contain, at a minimum, the patient’s full name, medical 
record number, date and time of collection, and the 
statement “For Autologous Use Only.” Room temperature 
storage should not exceed 8 hours. If more time elapses 
between collection and transfusion, the blood should be 
stored in a monitored refrigerator. Suggested criteria for 
patient selection are listed in Box 63-3.

Cost-Effective Analysis of Acute 
Normovolemic Hemodilution Versus 
Preoperative Autologous Donation
Most clinical trials compared ANH to PAD as the “standard 
of care.” Medicolegal concerns may also prevent the 
inclusion of a treatment arm consisting of only allogeneic 
blood transfusion because blood safety acts in several 
states mandate that physicians offer autologous blood 
options before elective surgical procedures.18 These 
studies found ANH to be similar to PAD in eliminating 
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TABLE 63-3 SELECTED CLINICAL TRIALS OF ACUTE NORMOVOLEMIC HEMODILUTION 

Type of Surgery

Estimated Blood Loss (mL)
Postoperative Hematocrit 

(%)

Allogeneic RBC-Containing 
Units or Liters ( ) 

Transfused

ReferenceControl ANH P Value Control ANH P Value Control ANH P Value

Colectomy NR NR NR 37.0 35.0 NR 2.4 0 NR Semkiw et al, 
198956

Spinal fusion 5490 1700 < .005 NR 28.7 NR 8.6 <1 <0.001 Eng et al, 
199057

Hip arthroplasty 1800 2000 NS 38.4 32.4 NS (2.1) (0.9) NR Roberts et al, 
199158

Prostate 1246 1106 NS 35.5 31.8 < .001 0.16 0 NS Martin et al, 
199259

Liver resection 1479 1284 NS 37.9 33.8 < .01 3.8 (0.4) <0.001 Ward et al, 
199360

Prostate 1717 1710 NS 29.5 27.9 < .5 0.30 (0.13) NS Umlas et al, 
199461

Vascular 2250 2458 NS NR 33.0 NR 6.0 2.6 <0.01 De Haan et al, 
199562

Hepatic 
resection

890 750 NS 31 32 NS NR NR NR Matot et al,
200263

Hepatic 
resection

700 800 NS 29 32 NS 47 28 0.06 Jarnagin et al,
200864

Pancreaticoduo-
denectomy

500 700 NS 30 29 NS 12 11 NS Fischer et al,
201065

Modified from Brecher ME, Rosenfeld M: Mathematical and computer modeling of acute normovolemic hemodilution, Transfusion 34:176-179, 1994.
ANH, Acute normovolemic hemodilution; NR, not reported; NS, not significant; RBC, red blood cell.
the need for allogeneic blood transfusions during elective 
surgery.76 Other outcomes including anesthesia and 
surgery times, intraoperative hemodynamic values, and 
length of hospital stays were also equivalent in PAD and 
ANH. Even though only a few studies included economic 
evaluations comparing the cost of autologous blood 
techniques, all these studies demonstrated that ANH 
is much less costly than PAD.76 Therefore, ANH can be 
considered a cost-minimizing technique for autologous 
blood procurement for elective surgery.

INTRAOPERATIVE CELL SALVAGE

The term intraoperative blood collection or recovery or cell 
salvage describes the technique of collecting and reinfusing 
blood lost by a patient during surgery. The oxygen transport 
properties of recovered RBCs are equivalent to those of stored 
allogeneic RBCs. The survival of recovered RBCs appears 
to be at least comparable to that of transfused allogeneic 

 1.  Likelihood of transfusion exceeding 10% (i.e., blood 
requested for crossmatch according to a maximum surgical 
blood order schedule)

 2.  Preoperative hemoglobin level of at least 12 g/dL
 3.  Absence of clinically significant coronary, pulmonary, renal, or 

liver disease
 4.  Absence of severe hypertension
 5.  Absence of infection and risk of bacteremia  

BOX 63-3 Criteria for Selection of Patients for 
Acute Normovolemic Hemodilution
RBCs.77 Intraoperative collection is contraindicated when 
certain procoagulant materials (e.g., topical collagen) are 
applied to the surgical field because systemic activation 
of coagulation may result. Microaggregate filters (40 μm) 
are most often used because recovered blood may contain 
tissue debris, small blood clots, or bone fragments.

Cell washing devices can provide the equivalent of 
12 units/hour of banked blood to a massively bleeding 
patient.77 Data on adverse events of reinfusion of 
recovered blood have been published.78 Air embolus is 
a potentially serious problem. Three fatalities from air 
embolus were reported over a 5-year interval to the New 
York State Department of Public Health, for an overall 
fatality risk of 1 in 30,000.35 Hemolysis of recovered 
blood can occur during suctioning from the surface 
instead of from deep pools of shed blood. For this reason, 
manufacturers’ guidelines recommend a maximum 
vacuum setting of no more than 150 mm Hg; one study 
found that vacuum settings as high as 300 mm Hg could 
be used, when necessary, without causing excessive 
hemolysis.79 Patients exhibit a level of plasma free 
hemoglobin that is usually higher than after allogeneic 
transfusion. The clinical importance of free hemoglobin 
in the concentrations usually seen has not been 
established, although excessive free hemoglobin may 
indicate inadequate washing. Positive bacterial cultures 
from recovered blood are sometimes observed; however, 
clinical infection is rare.80 Most programs use machines 
that collect shed blood, wash it, and concentrate the 
RBCs. This process typically results in 225-mL units of 
saline-suspended RBCs with a hematocrit of 50% to 60%.
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Clinical Studies
As with PAD and ANH, collection and recovery of 
intraoperative autologous blood should undergo 
scrutiny with regard to both safety and efficacy.81 A 
controlled study in cardiothoracic surgery demonstrated 
a lack of efficacy when transfusion requirements and 
clinical outcomes were followed.80 A second study 
found that only a minority of patients undergoing 
major orthopedic and cardiac surgery achieved cost 
equivalence with intraoperative blood recovery using 
semiautomated instruments compared with banked 
blood.82 Although the collection of a minimum of one 
blood unit equivalent is possible for less expensive 
(with unwashed blood) methods, at least two blood 
unit equivalents must be recovered using a cell 
recovery instrument (with washed blood) to achieve 
cost effectiveness.83 The value of intraoperative blood 
collection is apparent for vascular surgical procedures 
with large blood losses, such as aortic aneurysm repair 
and liver transplantation.84 However, a prospective, 
randomized trial of intraoperative recovery and 
reinfusion in patients undergoing aortic aneurysm 
repair showed no benefit in a reduction of allogeneic 
blood exposure.83 The value of this technology may be 
in cost savings and blood inventory considerations in 
patients with substantial blood losses.85

Collection devices that neither concentrate nor wash 
shed blood before reinfusion increase the risk of adverse 
effects. Shed blood has undergone varying degrees of 
coagulation or fibrinolysis and hemolysis, and infusion 
of large volumes of washed or unwashed blood has been 
described in association with disseminated intravascular 
coagulation (DIC).84 In general, blood collected at low 
flow rates or during slow bleeding from patients who 
are not systemically anticoagulated will have undergone 
coagulation and fibrinolysis and will not contribute to 
hemostasis on reinfusion. The high suction pressure and 
surface skimming during aspiration and the turbulence 
or mechanical compression that occurs in roller pumps 
and plastic tubing make some degree of hemolysis 
inevitable. High concentrations of free hemoglobin may 
be nephrotoxic to patients with impaired renal function. 
Many programs limit the quantity of recovered blood 
that may be reinfused without processing. To minimize 
hemolysis, the vacuum level should ordinarily not 
exceed 150 mm Hg, although higher levels of suction 
may occasionally be needed during periods of rapid 
bleeding.

An alternative approach is to collect blood in a 
canister system designed for direct reinfusion and 
then to concentrate and wash the recovered RBCs in a 
blood bank cell washer. Intraoperatively collected and 
recovered blood must be handled in the transfusion 
service laboratory similarly to any other autologous unit. 
The unit should be reinfused through a filter.

Some practical considerations for cell recovery programs 
are listed in Box 63-4. If collected under aseptic conditions 
with a saline-wash device and if properly labeled, blood 
may be stored at room temperature for up to 4 hours or at 
1° C to 6° C for up to 24 hours, provided storage at 1° C to 
6° C is begun within 4 hours of ending the collection.23 
The allowable interval of room temperature storage is 
shorter for recovered blood (4 hours) than for ANH blood 
(8 hours). Storage times are the same for recovered blood 
whether unwashed or washed.

POSTOPERATIVE CELL SALVAGE

Postoperative blood collection denotes the recovery of 
blood from surgical drains followed by reinfusion, with 
or without processing.62 In some programs, postoperative 
shed blood is collected into sterile canisters and reinfused, 
without processing, through a microaggregate filter. 
Recovered blood is dilute, is partially hemolyzed and 
defibrinated, and may contain high concentrations of 
cytokines. For these reasons, most programs set an upper 
limit on the volume (e.g., 1400 mL) of unprocessed blood 
that can be reinfused. If transfusion of blood has not 
begun within 6 hours of initiating the collection, the 
blood must be discarded.

Clinical Studies
The evolution of cardiac surgery has been accompanied by 
broad experience in postoperative conservation of blood. 
Postoperative autologous blood transfusion is practiced 
widely but not uniformly. Prospective and controlled 
trials have disagreed over the efficacy of postoperative 
blood recovery in cardiac surgical patients; at least three 
such studies demonstrated lack of efficacy,58,60 whereas at 
least two studies showed benefit.57 The disparity of results 
in these studies may be explained, in part, by differences 
in transfusion practices. Modification of physicians’ 
transfusion practices may have been an uncredited 
intervention in these blood conservation studies.

In the postoperative orthopedic surgical setting, 
several reports have similarly described the successful 
recovery and reinfusion of washed56 and unwashed59 
wound drainage blood from patients undergoing 
arthroplasty. The volume of reinfused drainage blood 

 1.  If not transfused immediately, units collected from a sterile 
operating field and processed with a device for intraoperative 
blood collection that washes with 0.9% saline, USP, shall be 
stored under one of the following conditions before initiation 
of transfusion:

 a.  At room temperature for up to 4 hours after terminating 
collection

 b.  At 1° C to 6° C for up to 24 hours, provided storage at  
1° C to 6° C is begun within 4 hours of ending the collection

 2.  Transfusion of blood collected intraoperatively by other 
means shall begin within 6 hours of initiating the collection.

 3.  Each unit collected intraoperatively shall be labeled with the 
patient’s first name, last name, and hospital identification 
number; the date and time of initiation of collection and of 
expiration; and the statement “For Autologous Use Only.”

 4.  If stored in the blood bank, the unit shall be handled like any 
other autologous unit.

 5.  The transfusion of shed blood collected under postoperative 
or posttraumatic conditions shall begin within 6 hours of 
initiating the collection.  

BOX 63-4 Practical Considerations for 
Intraoperative Cell Recovery, Storage, and 
Reinfusion
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has been reported to be as great as 3000 mL and 
averages more than 1100 mL in patients undergoing 
cementless knee replacement.59 Because the RBC 
content of the fluid collected is low (hematocrit levels 
of 20%) the volume of RBCs reinfused is often small.61 A 
prospective, randomized study of postoperative salvage 
and reinfusion in patients undergoing total knee or 
hip replacement found no differences in perioperative 
hemoglobin levels or allogeneic blood transfusions 
between patients who had joint drainage devices and 
those who did not.86

The safety of reinfused unwashed orthopedic wound 
drainage has been controversial. Theoretic concerns 
have been expressed regarding infusion of potentially 
harmful materials in recovered blood, including free 
hemoglobin, RBC stroma, marrow fat, toxic irritants, 
tissue or methacrylate debris, fibrin degradation products, 
activated coagulation factors, and complement. Although 
two small studies reported complications,87,88 several 
larger studies reported no serious adverse effects when 
the drainage was passed through a standard 40-μm blood 
filter.56,59,89

The potential for decreasing exposure to allogeneic 
blood among orthopedic patients undergoing 
postoperative blood collection, whether the blood is 
washed or unwashed, is greatest for cementless bilateral 
total knee replacement, revision hip or knee replacement, 
and long-segment spinal fusion. As in the case of 
intraoperative recovery, blood loss must be sufficient to 
warrant the additional cost of processing technology.90 
One study demonstrated comparable costs between 
postoperative cell salvage and allogeneic transfusion 
for patients undergoing total knee arthroplasty, but 
the investigators found that cell salvage represented 
a significant savings in patients undergoing total hip 
arthroplasty.91 As in the selection of patients who can 
benefit from PAD and ANH, the prospective identification 
of patients who can benefit from intraoperative and 
postoperative autologous blood recovery is possible if 
patients’ preoperative hemoglobin level, anticipated 
surgical blood loss, and perioperative “transfusion 
trigger” are taken into account.

RECOMBINANT FACTOR VIIa

Recombinant factor VIIa (rfVIIa) has been approved 
for treatment of bleeding in patients with hemophilia 
who have inhibitors, patients with congenital factor 
VII deficiency, and patients with inherited qualitative 
platelet defects. Pharmacologic doses of rfVIIa enhance 
the thrombin generation on platelets and therefore 
may also likely be of benefit in providing hemostasis in 
clinical settings characterized by profuse bleeding and 
impaired thrombin generation,92 such as in patients with 
thrombocytopenia and in those with functional platelet 
defects.93,94 Additionally, it has been used successfully 
in a variety of less well-characterized surgical bleeding 
situations in patients with dilutional or consumptive 
coagulopathies and in patients with impaired liver 
function.95-97 Policies for the approval of rfVIIa therapy 
in nonapproved settings should therefore undergo 
periodic review and revision as relevant new information 
and data are generated.98 Because of the trends in rfVIIa 
usage in nonapproved settings, significant concerns 
about the safety, efficacy, and costs of rfVIIa have arisen. 
Additionally, dosing of rfVIIa for these potentially broad 
clinical applications is not standardized.

COMPLEX SURGERY AND TRAUMA 
RESULTING IN PROFUSE BLEEDING

A hemostatic effect has been demonstrated after the 
administration of rfVIIa in a limited number of patients 
after trauma and bleeding (see also Chapters 61 and 62).95,96 
Seven trauma patients treated with rfVIIa after failure of 
conventional measures to achieve hemostasis reported 
cessation of diffuse bleeding and correction of abnormal 
coagulation assays; three of the seven patients died of 
reasons other than bleeding or thromboembolism.96

Anecdotal case reports have been published that 
describe the successful use of rfVIIa in patients with 
substantial perisurgical bleeding. The experience of rfVIIa 
use in trauma with excessive bleeding, as well as in profuse 
postoperative bleeding, based largely on case reports, 
has indicated a hemostatic effect of rfVIIa given in doses 
ranging from 20 to 120 μg/kg. The issue of preemptive, 
preoperative rfVIIa (40 to 90 μg/kg) was studied in nine 
patients with coagulopathy and urgent neurosurgical 
intervention.99 Post-rfVIIa coagulation parameters 
normalized as early as 20 minutes after infusion, with 
no noted procedural or operative complications. 
No associated thromboembolic complications were 
observed. Subsequently, a prospective, randomized study 
of rfVIIa (20 or 40 μg/kg) versus placebo perioperatively in 
36 patients undergoing radical retropubic prostatectomy 
found that the cohorts receiving rfVIIa had substantially 
less median operative blood loss compared with placebo 
(1235 mL, 1089 mL, and 2688 mL, respectively).100 This 
study was not powered to demonstrate reductions in 
blood transfusions.

In single-center series, 51 patients undergoing rfVIIa 
therapy for intractable blood loss after cardiac surgery 
were compared with 51 matched controls.101 The 
investigators found that bleeding 1 hour after therapy 
was reduced in the treated cohort, compared with 
the control cohort. No differences in serious adverse 
events were noted. A subsequent review from the same 
institution of 114 cardiac surgical patients who received 
rfVIIa compared with 541 concurrent patients who did 
not receive rfVIIa concluded that rfVIIa is not associated 
with increased risk of adverse events, and early 
treatment may be associated with better outcomes.102 
A second series of rfVIIa in 53 patients during cardiac 
surgery found a significant decrease in doses of all 
blood products.103 However, a third series of 24 patients 
treated with rfVIIa for refractory bleeding after cardiac 
surgery, compared with 24 matched controls, found no 
differences in RBC or plasma units transfused over a 
24-hour period.104

A pilot study of 20 patients undergoing complex 
noncoronary cardiac surgery who were randomized to 
receive either placebo or rfVIIa (90 μg/kg) prophylactically 
after completion of cardiopulmonary bypass and 



reversal of heparin found a significantly reduced need 
for allogeneic transfusion in the cohort who received 
rfVIIa.105 However, a pediatric study of 76 pediatric 
patients undergoing surgery for congenital heart disease 
found no benefit of rfVIIa (40 μg/kg) prophylaxis as 
determined by chest closure time after cardiopulmonary 
bypass106 (see also Chapter 94).

Two randomized placebo-controlled trials of rfVIIa 
as adjunctive therapy for control of bleeding in trauma 
patients were published.107 In an analysis of 143 patients 
with blunt trauma, the percentage of patients alive at 
48 hours after receiving more than 20 units of RBCs was 
reduced from 33% to 14% (P = .03). For 143 patients with 
penetrating trauma, the reduction from 19% to 7% was 
not significant (P = .08). No differences in serious adverse 
events between the rfVIIa-treated and placebo cohorts 
were observed (see also Chapters 62 and 81).

DOSE

A retrospective review of 40 patients with coagulopathic 
bleeding in a variety of medical and surgical settings 
from 13 hospitals in an Internet-based database (exclud-
ing history of coagulopathy and trauma patients) who 
received rfVIIa (15 to 180 μg/kg, with 38 patients receiv-
ing fewer than 5 doses) found that 32 patients (80%) 
achieved complete (n = 18) or partial (n = 14) cessation of 
bleeding.108 Responses occurred in all dose ranges, with-
out any evidence of a dose-response effect; the percent-
ages of complete, partial, or absent responses were not 
different at doses of less than 70 μg/kg, 70 to 90 μg/kg, or 
more than 90 μg/kg. Significantly fewer blood products 
were administered after rfVIIa therapy. Twenty-three 
(58%) patients died, thus reflecting the unstable clinical 
status of the patients at the decision point for consider-
ing rfVIIa therapy. On the basis of this study, one recom-
mended dosage strategy is for a 4.8-mg vial administered 
to an adult patient weighing 50 to 100 kg, which repre-
sents a 100 to 50 μg/kg dose.98

PATIENTS RECEIVING ORAL 
ANTICOAGULANT THERAPY

One report described the use of rfVIIa in seven adult 
patients with a prolonged international normalized ratio 
(INR); three of these patients required surgery. The doses 
administered ranged from 20 to 90 μg/kg, and all patients 
were reported to have a positive outcome.109 These obser-
vations indicate that rfVIIa may be used to reverse the 
effect of warfarin (Coumadin) or other vitamin K–antago-
nist therapy when the administration of vitamin K alone 
has been found to be insufficient. Two published reports 
of a total of 15 patients treated with rfVIIa for reversal 
of excessive anticoagulation with warfarin supported a 
dosage of 20 μg/kg, or 1.2 mg for an adult patient.110,111 
A review of 12 patients with acute warfarin-associated 
intracranial hemorrhage over this same time period at 
one institution (all these patients received rfVIIa [30 to 
135 μg/kg] as well as vitamin K [10 mg/day for 3 days] 
and fresh frozen plasma [1307 ± 652 mL] for treatment) 
found that treatment was associated with rapid correction  
of the INR, and single doses appeared safe in this high-risk 
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population.112 However, more recent guidelines from sev-
eral medical societies have discouraged the off-label use of 
rfVIIa in this setting12 (see also Chapter 62).

PATIENTS WITH IMPAIRED  
LIVER FUNCTION

A multicenter trial studied 71 patients with advanced 
liver disease who were undergoing laparoscopic liver 
biopsy.115 The patients were randomized to receive 1 of 
4 doses of rfVIIa (5, 20, 80, or 120 μg/kg); 48 (74%) of 
65 patients achieved hemostasis within 10 minutes. One 
thrombotic event and a single case of DIC were reported, 
and they were not believed to be related to rfVIIa therapy.  
Despite these complications, the authors concluded  
that laparoscopic liver biopsy can be performed safely 
and reliably by using rfVIIa in patients in whom the 
standard procedure may be contraindicated because of 
coagulopathy.

The safety and efficacy of rfVIIa in patients with 
cirrhosis and upper gastrointestinal hemorrhage were 
studied in a randomized study of 245 patients with a 
composite primary end point including failure to control 
bleeding within 24 hours after first dose, failure to prevent 
rebleeding within 24 hours to 5 days, or death within 5  
days.116 No significant differences were found between 
the placebo compared with the rfVIIa (8 doses at 100 
mg/kg over 30 hours) cohorts: failures on composite end 
point were 16% and 14%, respectively (P = .72). Similarly, 
a randomized controlled study of patients with cirrhosis 
who underwent partial hepatectomy found no benefit to 
rfVIIa compared with placebo when the volume of blood 
products administered, or the percentage of patients 
transfused, was analyzed.115 Finally, no value for peri-
adjuvant rfVIIa was found in patients undergoing liver 
transplantation, when compared with placebo114 (see 
also Chapter 62).

PATIENTS WITH NORMAL HEPATIC 
FUNCTION

A prospective, randomized, double-blind multicenter 
study evaluated the efficacy of two different doses of 
rfVIIa compared with placebo on RBC transfusions for 
adult patients without cirrhosis who were undergoing 
partial hepatectomy.117 Mean RBC volume transfused was 
1024, 1354, and 1036 mL for placebo, 20 μg/kg rfVIIa, and 
80 μg/kg rfVIIa, respectively (P > .05). Similarly, no differ-
ences were noted in the percentage of patients transfused 
and in intraoperative blood losses. Serious adverse event 
rates were not different.

PATIENTS WITH HEMORRHAGIC STROKE

A prospective, randomized, double-blind placebo- 
controlled trial of three doses of rfVIIa compared with 
placebo was reported in patients presenting with acute 
(<4 hours) hemorrhagic stroke.118 At 24 hours after 
treatment, the percentage of patients showing expan-
sion was 28%, 16%, 14%, and 11% for the placebo, 40 
μg/kg, 80 μg/kg, and 160 μg/kg, respectively (P < .05 
treatment cohorts versus placebo). The percentage 
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of patients who died was 29%, 18%, 18%, and 19%, 
respectively (P < .05, treatment cohorts versus placebo). 
Impairment scored at 90 days was also improved in the 
treatment cohorts compared with placebo. However, a 
follow-up, clinical trial (placebo, 40 μg/kg, and 80 μg/
kg) failed to show a mortality benefit for rfVIIa com-
pared with placebo.119

SAFETY

Of the more than 170,000 standard doses of rfVIIa given 
after its approval (almost all to patients with hemophilia 
and inhibitors), only rare (<1 in 11,300) thrombotic 
events have been reported.92 Thrombotic complications 
have also been reported with rfVIIa therapy in patients 
without inhibitors to factor VIII or IX. An acute 
cerebrovascular accident and death occurred in a clinical 
trial of rfVIIa (90 μg/kg) before and after minor surgery or 
dental procedures in patients with factor XII deficiency.120 
The last of 10 patients enrolled in an open-label, dose-
escalation trial to prevent rebleeding after subarachnoid 
hemorrhage developed middle cerebral artery thrombosis 
after receiving rfVIIa.121 In a high-risk trauma population,  
3 of 40 (7.5%) patients who were deemed at high risk for 
thrombosis developed thrombotic complications after 
receiving rfVIIa.122

Although significant adverse events and thrombotic 
events were distributed evenly among treatment and 
placebo cohorts in several large randomized clinical 
trials of patients undergoing radical prostatectomy,100 
trauma,109 upper gastrointestinal bleeding,114 or 
partial hepatectomy,120 an uneven distribution of 
thromboembolic events was found in the clinical trial of 
patients with hemorrhagic stroke.120 Total events in this 
last trial were 2 (2%), 7 (6%), 4 (5%), and 10 (10%) for the 
placebo, 40, 80, and 160 μg/kg cohorts, respectively. Most 
of these events were arterial, including thrombotic stroke 
and myocardial infarction. Whether these serious adverse 
events can be attributed to rfVIIa or to a population at risk 
for these events will need to be determined in a follow-up 
clinical trial.

A summary of thromboembolic events reported to the 
U.S. Food and Drug Administration (FDA) from March 
1999 to December 2004 indicated a total of 151 events 
in settings with unlabeled indications for rfVIIa.123 These 
events included deep vein thrombosis (42), cerebrovascular 
accident (39), acute myocardial infarction (34), pulmonary 
thromboembolus (32), arterial thrombosis (26), and 
clotted devices (10). Thirty-eight percent of cases had 
concomitant use of other hemostatic agents. In 36 (72%) of 
50 reported deaths, rfVIIa was listed as the probable cause. 
The authors concluded that randomized clinical trials are 
necessary to demonstrate the safety and efficacy of rfVIIa 
in nonapproved settings. A subsequent report analyzed 
safety data from 13 clinical trials in patients treated with 
rfVIIa for cirrhosis, trauma, or reversal of anticoagulant 
therapy.124 The authors reported thrombotic adverse 
events in 5.3% of patients who received placebo, compared 
with 6.0% in patients who received rfVIIa (P = .57).

In cardiac surgical patients, cohort-matched stud-
ies100,101 and a systematic review found no differences in 
serious adverse events in patients treated with rfVIIa125 
(see also Chapter 62). We reported a patient who had 
fatal thrombosis after administration of activated pro-
thrombin complex concentrate (PCC) and who had also 
received two doses of rfVIIa more than 6 hours earlier, 
while supported by extracorporeal membrane oxygen-
ation.126 Because of this experience, we recommend that 
patients should not receive combination therapy with 
both activated PCC and rfVIIa.

In summary, the safety profile of rfVIIa in controlled 
trials in patients with spontaneous intracerebral hemorrhage 
suggests that an increased risk of thrombotic arterial 
events may be underreported by treating physicians.127 
Thromboembolic events associated with rfVIIa were 
reported to the FDA in approximately 2% of treated patients 
in clinical trials, but sufficient data were not available to 
identify the incidence in patients who received rfVIIa for 
warfarin reversal.123 A careful case review of 285 trauma 
patients revealed that 27 (9.4%) had thromboembolic 
complications after administration of rfVIIa, including 
3 patients who were treated for warfarin reversal.128 Levi 
and colleagues analyzed 35 randomized trials with 4468 
subjects and found that 11.1% had thromboembolic 
events. Rates of venous thromboembolic events were 
similar for subjects who received rfVIIa compared with 
placebo (5.3% and 5.7%, respectively); arterial events, 
however, were significantly higher (5.5% versus 3.2%,  
P < .003) in subjects receiving rfVIIa compared with pla-
cebo, particularly for older patients (>75 years of age) 
and/or higher doses.129

Dose, timing, and safety of rfVIIa have yet to be defined 
in this diverse patient population, and formal prospective 
trials are needed. Consensus-based recommendations 
on the use of rfVIIa in nonapproved settings have been 
developed.130 The decisions on when and where to use 
rfVIIa for patients with uncontrolled bleeding must be 
made by individual physicians, assisted by their hospital 
pharmacotherapeutic or transfusion committees.98,131

BLOOD UTILIZATION

Of the estimated 39 million discharges in the United States 
in 2004, 5.8% (2.3 million) were associated with blood 
transfusion.132 Blood transfusion occurred in more than 
10% of all hospital stays that included a procedure and 
was the most frequently performed procedure in 2009. 
The rate of blood transfusion more than doubled from 
1997 to 2009.133 Increased provider awareness of the costs 
associated with blood transfusion134 and recognition 
of the potential negative outcomes have stimulated 
multidisciplinary, multiprofessional, and institution-
based approaches to patient blood management (see also 
Chapter 61).

Guidelines for blood transfusion attest to the 
inadequacy of discrete hemoglobin levels as “triggers” 
for transfusion, and in addition to recommending 
transfusion of one blood unit each treatment event, they 
also acknowledge the necessity of considering other more 
physiologic criteria.14 It is generally agreed that transfusion 
is not of benefit when hemoglobin levels are greater 
than 10 g/dL and is beneficial when hemoglobin levels 
are lower than 6 g/dL.15,135 The variability in transfusion 
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outcomes in patients undergoing cardiothoracic surgery 
continues to persist even after adjusting for patient- and 
institution-related factors.136,137 Moreover, prospective 
randomized trials in patients undergoing cardiac138 and 
noncardiac139,140 surgery demonstrated that such patients 
can tolerate perioperative anemia without transfusion 
to hemoglobin levels between 7 and 8 g/dL, and these 
patients have equivalent clinical outcomes comparable to 
transfusions to hemoglobin levels greater than 10 g/dL. 
The FOCUS trial found that older (mean > 80 years of age) 
high-risk (factors for coronary artery disease) patients who 
underwent hip fracture surgery tolerated a hemoglobin 
trigger as low as 8 g/dL (or higher if symptomatic).140

A Cochrane meta-analysis of prospective randomized 
trials comparing “high” and “low” hemoglobin 
thresholds in more than 3700 patients found that (1) 
“low” hemoglobin thresholds were well tolerated, (2) 
RBC transfusions were reduced (≈37%) significantly in 
patients randomized to the “low” hemoglobin cohorts, 
(3) infections were reduced by 34% in patients in the 
“low” hemoglobin cohorts, and (4) a hemoglobin of 7 
g/dL was sufficient for most patients.141 More recently, 
a randomized controlled trial of 2016 older patients 
with history or risk factors of cardiovascular disease who 
underwent hip surgery demonstrated that mortality rates, 
inability to walk independently, and in-hospital morbidity 
rates were similar in patients transfused according to liberal 
criteria and in patients transfused according to restrictive 
guidelines despite significantly fewer transfusions in the 
restrictive group.140 On the basis of this study, the AABB 
guidelines recommend the use of a restrictive transfusion 
approach (hemoglobin 7 to 8 g/dL) in stable patients who 
do not have cardiovascular risk factors.142

Data from the most recent National Blood Collection and 
Utilization Survey show a progressive annual decrease in 
the number of patients and the percentage of hospitals who 
have canceled elective surgical procedures because of blood 
inventory constraint.143 Current initiatives in research for 
blood transfusions are reflected in the growing literature 
on adverse effects of blood storage and their possible 
implications for oxygen delivery by blood transfusion.144

INDICATIONS FOR PLASMA TRANSFUSION

In an evidence-based review, the Transfusion Practices 
Committee of the AABB recommended plasma therapy 
for only a few clinical indications, based on the available 
evidence in the literature (which was assessed to be of 
“weak quality”145): trauma patients with substantial 
hemorrhage, patients undergoing complex cardiovascu-
lar surgery, and patients with intracranial hemorrhage 
requiring emergency reversal of warfarin-associated 
coagulopathy146 (see also Chapter 62). Patients with 
mild prolongations of the INR (< 1.7) are not at risk of 
bleeding and do not need plasma therapy for minor pro-
cedures.147 Therefore, for most clinical settings, ample 
evidence indicates that plasma transfusions are inappro-
priate. However, logistic or technical barriers that prevent 
effective and timely plasma therapy (possibly resulting 
in plasma therapies that are “too little, too late”) have 
probably contributed to the paucity of evidence demon-
strating any benefit for plasma therapy.12
Lack of enthusiasm and logistic or technical barriers in 
this and other settings have led to approaches for plasma 
therapy that are perhaps too little, too late. First, trans-
fusion services must identify the patient’s blood group 
type before issuing blood type–compatible plasma; for 
patients unknown to the institution and/or without a his-
toric blood type in the patient record within the past year, 
considerable time (up to 60 minutes) can elapse from pre-
sentation until a blood type can be ordered, drawn, and 
determined by the transfusion service. Second, because 
plasma is stored frozen at −18° C, further time (30 to 45 
minutes) may be required to thaw and issue plasma. Third, 
the volume for each plasma unit infused (≈200 to 250 mL) 
represents a challenge regarding volume overload, which 
occurs commonly in an older population who may have 
preexisting comorbidities such as atrial fibrillation or 
other cardiovascular disease. The dosing of plasma needed 
to correct the coagulopathy has often been underestimated 
and therefore may be subtherapeutic in some clinical prac-
tices; plasma therapy of 15 to 30 mL/kg is necessary to restore 
hemostatic clotting factor levels to 30% to 50% of normal 
in acute reversal of warfarin toxicity.12

In the coagulopathy of liver disease, plasma therapy 
may not represent appropriate management.148 In liver 
disease, the extent of coagulopathy as measured by the 
prothrombin time or INR is not predictive of bleeding 
complications.149-151 Thrombin-generation assays,152,153 
which measure platelet procoagulant activity, have found 
that patients with cirrhosis have primary hemostasis 
through cell-mediated pathways that are not measured 
by traditional laboratory assays such as prothrombin 
time and partial thromboplastin time. Increasing evi-
dence indicates that these patients can undergo major 
hemostatic challenges such as liver biopsies and surgical 
procedures without plasma therapy and without bleeding 
complications.154 Moreover, normalization of laboratory 
tests in this setting is rarely achieved by plasma therapy.155 
The most clinically relevant bleeding problems are a con-
sequence of local vascular abnormalities and increased 
venous pressures.151,156 Thus, a more conservative plasma 
therapy approach would be to avoid volume and fluid 
overload that paradoxically favors hemorrhage, such as 
portal hypertension and endothelial damage.157 Alterna-
tive therapies to plasma infusion have been proposed to 
improve hemostasis in patients with liver disease, includ-
ing the infusion of low-volume PCCs or antifibrinolytic 
agents, which lack the side effects of volume overload.148

One of the largest prospective studies of plasma trans-
fusions and their effect on INR and bleeding included 
both medical and surgical patients with pretransfusion 
INR of between 1.1 and 1.85.158 The authors reported  
that less than 1% of patients had normalization of their 
INR and only 15% had at least 50% correction. The 
median dose of plasma was 2 units (only 5 to 7 mL/
kg), and no correlation was found between plasma dose 
and change in INR. This study had many of the limita-
tions common to other reports154 in this clinical arena:  
lack of control groups, only modest prolongation in 
coagulation tests, poorly defined clinical end points (e.g., 
change in hemoglobin or need for transfusion), and/or 
an inadequate dose of plasma therapy. Point-of-care test-
ing, coupled with algorithms for targeted plasma therapy 
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TABLE 63-4 CURRENTLY APPROVED PROTHROMBIN COMPLEX CONCENTRATE PRODUCTS 

Factor Levels (International Units/mL)*

Product (Manufacturer) II VII IX X

I. Available in the USA:
 A. Four factor
  KCentra (CSL Behring) 17-40 10-25 20-31 25-51
 B. PCCs, three factor (II, IX, X)
  1. Profilnine SD (Grifols)‡ ≤150 ≤35 ≤100 ≤100
  2. Bebulin VH (Baxter, Deerfield, Ill.)‡ 24-38 <5 24-38 24-38
II. Available outside the USA:
 A. PCCs, four factor (II, VII, IX, X)
  1. Beriplex (CSL Behring, King of Prussia, Pa.)§ 20-48 10-25 20-31 22-60
  2.  Octaplex (Octapharma, Lachen,  

Switzerland)‖
14-38 9-24 25 18-30

  3. Cofact (Sanquin, Amsterdam)¶ 14-35 7-20 25 14-35
  4. Prothromplex T (Baxter)# 30 25 30 30
  5. Proplex T (Baxter)** 20 20 20 20
 B. PCCs, three factor (II,IX,X)
  1. Prothromplex HT (Baxter)†† 30 — 30 130
  2.  Prothrombinex VF†† (CSL Bioplasma,  

Broadmeadows, Australia)
100 — 100 100

III. Activated PCC
  FEIBA (Baxter)‡‡ 32 ± 8 38 ± 5 35 ± 2.5 28 ± 5

Modified from Goodnough LT, Shander AS: How I treat warfarin-associated coagulopathy in patients with intracerebral hemorrhage, Blood 117:6091-6099, 
2011.

PCC, Prothrombin complex concentrate.
*The values given for factor contents are the number of units (International Units/mL) present per 100 factor IX units in each vial.
‡Product insert specifies: “Indicated for replacement of factor IX in patient with hemophilia B. Not indicated for treatment of factor VII deficiency.”
§United Kingdon and European Union.
‖United Kingdom, Canada, and European Union.
¶European Union.
#Austria.
**Japan.
††Australia.
‡‡Factor VIII inhibitor bypass activity calculated for 25 U/mL vial. NB product insert specifies FEIBA is contraindicated for treatment of bleeding episodes 

resulting from coagulation factor deficiencies in the absence of inhibitors to factors VIII or IX.
in settings such as cardiothoracic surgery, liver transplan-
tation, and trauma surgery, shows promise in improving 
blood utilization and patient outcomes159 (see also Chap-
ter 61).

The paucity of evidence for benefit of plasma 
transfusion therapy is accompanied by growing evidence 
that risks of plasma have been underrecognized. In a 
prospective study, 6% of transfused patients developed 
transfusion-associated excessive cardiac volume,160 a 
percentage that is much higher than previously reported 
rates in retrospective studies.161,162 Transfusion-related 
acute lung injury is a significant cause of morbidity and 
mortality from blood transfusions.163 The incidence of 
this complication has declined with use of plasma from 
male donors or from female donors who have no history 
of pregnancy.164

PROTHROMBIN COMPLEX CONCENTRATES

PCCs are either activated (i.e., to allow for bypassing 
inhibitors to factor VIII or factor IX in the treatment of 
patients with hemophilia A or B) or nonactivated. The 
nonactivated PCC products currently available world-
wide are listed in Table 63-4,12 and they are further cat-
egorized based on the presence (four factor) or absence 
(three factor) of sufficient levels of factor VII.165 PCCs 
that contain all four (including factor VII) of the vita-
min K–dependent clotting factors are approved in the 
European Union,166 as well as in various other countries 
such as Canada and Australia, and are now approved 
in the United States for emergency reversal of warfarin 
coagulopathy in patients with major bleeding167,168 and 
also for perioperative management of patients receiving 
warfarin therapy.169 Three-factor PCCs are approved in 
the United States only for the replacement of factor IX. 
Use of these three-factor PCCs for reversal of warfarin 
is controversial; although these agents can be demon-
strated to normalize INR,170 one report showed a sub-
optimal effect in correcting INR because of minimal 
increments in levels of factor VII.165 A review of the role 
of PCCs and other options for reversing warfarin-associ-
ated coagulopathy has been published.12

Guidelines for acute reversal of warfarin coagulopa-
thy have been published by several medical societies 
(Table 63-5).171-177 One review of emergency reversal of 
anticoagulation therapy in neurosurgical patients rec-
ommended the concomitant administration of a three-
factor concentrate (4000 International Units) and rfVIIa 
(1.0 mg) for patients treated at one trauma center in the 
United States.178 Another review of PCCs for reversal 
of warfarin concluded that “PCC should be compared 
directly in randomized controlled trials [with] other 
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TABLE 63-5  PUBLISHED GUIDELINES FOR REVERSAL OF WARFARIN ANTICOAGULATION IN PATIENTS WITH 
INTRACEREBRAL HEMORRHAGE

Society (Year) Vitamin K Plasma (mL/kg) PCC (units/kg) rfVII

Australian (2004) IV (5-10 mg) Yes (NS) AND Yes (NS)* NS
EU Stroke (2006) IV (5-10 mg) Yes (10-40) OR Yes (10-50) NS
ACCP (2012) IV (5-10 mg) No (NS) OR Preferred (NS) Yes†

AHA (2010) IV (NS) Yes (10-15) OR Yes (NS) No
French (2010) Oral or IV (10 mg) Yes (NS)‡ OR Preferred (25-50) No
British Standards (2011) IV (5 mg) No Yes (NS) No

ACCP, American College of Chest Physicians; AHA, American Heart Association; EU, European Union; IV, intravenous; NS, not specified; PCC, prothrombin 
complex concentrate; rfVIIa, recombinant human activated factor VII.

*If a three-factor PCC is administered, fresh frozen plasma is also recommended as a source of factor VII.
†Use of PCCs or rfVIIa may vary depending on availability.
‡Use of plasma only when PCCs not available.
treatment strategies including fresh frozen plasma and 
rfVIIa, evaluating effect on patient outcomes.”179 Nor-
malization of the INR is just a surrogate end point.180 
The role of PCC therapy relative to plasma therapy is 
in evolution, in part related to the following: the vari-
ability in PCC contents and clotting factor levels165,181; 
their regulatory approval status in different countries; 
their uncertain availability among hospital formularies, 
particularly in community hospitals; and their potential 
risks of thrombogenicity.

Product information for activated PCCs such as FEIBA 
VH Immuno and Autoplex-T (Baxter, Deerfield, Ill.) 
states, under warnings, that these agents “must be used 
only for patients with circulating inhibitors to one or 
more coagulation factors and should not be used for the 
treatment of bleeding episodes resulting from coagula-
tion factor deficiencies.”182,183 Additionally, the presence 
of DIC is a stated contraindication to PCC use in the 
package inserts.

The safety of PCCs in the setting of emergency rever-
sal of warfarin anticoagulation remains a subject of 
debate. One prospective study of 173 patients treated 
with PCC found that 4.6% of patients had a thrombotic 
event, but the investigators attributed these adverse 
events to cessation of anticoagulant therapy for under-
lying and ongoing risks of thrombosis.184 A study in a 
pig model of coagulopathy with blunt liver injury found 
that although 35 International Units/kg PCC improved 
coagulation and attenuated blood loss, increased doses 
(50 International Units/kg) of PCC therapy appeared 
to increase the risk of thromboembolism and DIC.185 
Thrombogenicity has been a recognized problem for 
patients,186,187 in part related to the presence of acti-
vated clotting factors (for which heparin and antithrom-
bin III have been added to some preparations) and in 
part because of the presence of other preexisting throm-
boembolic risk factors that resulted in initiation of war-
farin therapy in these patients (e.g., venous thrombosis, 
atrial fibrillation) or new, concurrent risk factors (e.g., 
trauma, head injury).

We previously reported a patient who was initially suc-
cessfully treated with rfVIIa for refractory, massive hem-
orrhage while on extracorporeal membrane oxygenation 
(ECMO) after cardiothoracic surgery but who suffered 
massive thrombosis after subsequently receiving an acti-
vated PCC.126 Another case of fatal intracardiac thrombosis 
following rapid administration of activated PCC for urgent 
warfarin coagulation reversal was also reported.188 The 
reported incidence of thromboembolic events published 
between 1998 and 2008 ranged from 0% to 7% (overall 
weighted mean, 2.3%), with higher and repeated dosing 
potentially associated with higher risk.179 Multinational tri-
als of patients receiving a four-factor PCC product at vari-
ous infusion speeds for urgent vitamin K antagonist reversal 
supported the safety and efficacy of rapid infusion of PCC 
in these patients.189,190 However, the recommendation that 
“whenever possible, patients receiving PCCs should be 
under low dose heparin prophylaxis”181 underscores that 
the use of PCCs in this setting is accompanied by risks of 
thrombosis. One review of eight clinical studies identified 
a thromboembolic event rate of 0.9% associated with PCC 
therapy.191 Studies of optimal dosing strategies for PCC, 
including fixed versus variable (weight-based) dosage, pro-
vide a basis for future research.192

As pooled blood product derivatives, PCCs also have 
potential risks of transmitting infectious agents.193 
Various processing methods such as nanofiltration, 
solvent detergent treatment, and vapor heating have 
been used to inactivate pathogens in commercially 
available PCCs and pooled plasma products.194 The cost 
effectiveness of such products with pathogen reduction 
technology is an area of current debate.195,196 Potential 
risks and limitations of PCC therapy compared with 
plasma therapy are summarized in Table 63-6.

INDICATIONS FOR PLATELET TRANSFUSION

The Joint Commission developed a performance indicator 
for prophylactic platelet transfusions in patients with 
malignant hematologic diseases or in patients who 
undergo stem cell transplantation, in which a platelet 
count threshold of 10,000/mm3 is appropriate for 
prophylactic platelet transfusions.197

Current guidelines from the European Union and 
United States recommend a transfusion trigger of 10 × 
109/L for platelets transfused prophylactically.158,198 These 
guidelines are based on outcomes from four randomized 
clinical trials that compared prophylactic triggers of 10 × 
109/L versus 20 × 109/L in patients with acute leukemia 
and in autologous and allogeneic hematopoietic stem cell 
transplant recipients.197,199-202 Two additional prospective 
studies also demonstrated safety with the lower threshold 
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of 10 × 109/L for prophylactic platelet transfusions.203,204 
The impact of these thresholds on numbers of platelet and 
blood transfusions is variable; however, one study dem-
onstrated a 36% and 16% reduction in platelet and blood 
transfusions, respectively,204 whereas another showed no 
differences.203

Another trial demonstrated that “low-dose” prophy-
lactic platelet transfusions are as effective as “standard-
dose” or “high-dose” transfusions.205 For therapeutic 
platelet transfusions, algorithms based on point-of-care 
testing have demonstrated promise in patients who have 

TABLE 63-6 POTENTIAL RISKS AND LIMITATIONS 
OF PLASMA AND PROTHROMBIN COMPLEX 
CONCENTRATE THERAPY 

Product Risks and Limitations

 I.  Single-donor 
plasma

 1.  Longer time to administer
 2.  Volume constraints
 3.  Transmissible disease, known/unknown
 4.  Allergic reactions
 5.  Transfusion-related acute lung injury 

(TRALI)
 II.  Prothrombin 

complex 
concentrates

 1.  Limited availability
 2.  Some preparations lack factor VII
 3.  Donor pools: 3,000 to 20,000
 4.  Transmissible disease, known or 

unknown (for nonenveloped pathogens)
 5.  Thrombogenicity

From Goodnough LT: A reappraisal of plasma, prothrombin complex concen-
trates, and recombinant factor VIIa in patient blood management, Crit 
Care Clin 28:413, 2012 with permission.
platelet-derived bleeding, such as in cardiothoracic sur-
gery13,206 and in trauma.207 As for the evidence-based lit-
erature for plasma therapy, additional studies in platelet 
transfusion are needed (see also Chapter 61).208

BLOODLESS MEDICINE

Some patients object to receiving blood or blood 
products as part of their medical treatment. Many of 
these individuals are Jehovah’s Witnesses and refuse the 
transfusion of another person’s blood based on strict 
interpretations of both Old and New Testament texts 
that refer to the sanctity of blood.209 This religious group 
currently has more than 6 million active and 14 million 
associated followers worldwide, and its publications are 
translated into more than 200 different languages. In 
the 1980s, bloodless medicine programs were started at 
the request of Jehovah’s Witness patients who wanted 
hospitals where they could receive the best medical 
care and have their desire to avoid allogeneic blood 
transfusions respected.209

Many people in the United States, regardless of their 
religious background, have voiced concern about the 
safety of blood transfusions. A telephone survey found 
that only 61% of the respondents believed the blood supply 
in the United States to be safe, and 33% said that they 
would refuse blood transfusions if hospitalized.22 Since 
2000, public concerns about problems with the blood 
supply and shortages in the availability of volunteer blood 
donors have also led to the development of bloodless 
medicine centers.
Patient Blood Management

• Identify, evaluate, and treat
  underlying anemia

• Identify and manage bleeding risk
  (past/family history)

• Compare estimated blood loss with
  patient specific tolerable blood loss
• Assess/optimize patient’s physiologic
  reserve (e.g., pulmonary and cardiac
  function)
• Formulate patient-specific management
  plan using appropriate blood conservation
  modalities to manage anemia

• Optimize cardiac output

• Maximize oxygen delivery
• Minimize oxygen consumption
• Avoid/treat infections promptly
• Evidence-based transfusion strategies

• Optimize ventilation and oxygenation
• Evidence-based transfusion strategies

• Review medications (antiplatelet, anticoagu-
  lation therapy)
• Minimize iatrogenic blood loss
• Procedure planning and rehearsal

• Meticulous hemostasis and surgical
  techniques
• Blood-sparing surgical techniques
• Anesthetic blood conserving strategies
• Acute normovolemic hemodilution
• Cell salvage/reinfusion
• Pharmacologic/hemostatic agents

• Monitor and manage bleeding

• Autologous blood salvage
• Minimize iatrogenic blood loss
• Hemostasis/anticoagulation management
• Be aware of adverse effects of medications
  (e.g., acquired vitamin K deficiency)

• Maintain normothermia (unless hypothermia
   indicated)

• Preoperative autologous
  blood donation
• Consider erythropoiesis-stimulating
  agents (ESA) if nutritional anemias
  ruled out/treated
• Refer for further evaluation
  if necessary

• Time surgery with optimization of
  erythrocyte mass (note: unmanaged
  anemia is a contraindication
  for elective surgery)

• Manage nutritional/correctable
  anemia (e.g., avoid folate deficiency,
  iron-restricted erythropoiesis)
• ESA therapy if appropriate
• Be aware of drug interactions
  that can cause anemia (e.g., ACE
  inhibitor)
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Figure 63-2. Patient blood management. These principles applied in the perisurgical period enable treating physicians to have the time and 
tools to provide patient-centered evidenced-based patient blood mangement to minimize allogeneic blood transfusions. (From Goodnough LT, 
Shander A: Patient blood management, Anesthesiology 116:1367-1376, 2012.)
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Bloodless medicine and surgery are defined as a 
team approach “that reduces blood loss and uses the 
best available alternatives to allogeneic transfusion ther-
apy while focusing on the provision of the best pos-
sible medical care to all patients.”16 The objectives of a 
bloodless medicine program should include “providing 
leadership within an institution for bloodless medicine 
and being the advocate for patients not accepting trans-
fusion.”210 All clinicians should realize that a philosophy 
of blood management that incorporates avoidance of 
unnecessary blood transfusions in all patients is appro-
priate even if a bloodless medicine center does not  
exist at their institutions.16 The principles of patient 
blood management can serve to achieve a goal of  
minimizing allogeneic blood transfusions, not only  
for Jehovah’s Witness patients, but also for all patients 
(Fig. 63-2).6

CONCLUSION

Blood transfusions carry risks, they are costly, and the 
supply of blood is limited (see also Chapter 61). Blood 
transfusion outcomes are therefore undergoing renewed 
scrutiny by health care institutions to reduce blood use. 
In addition to accreditation organizations, professional 
societies are also well positioned to incorporate blood 
transfusion outcomes as quality indicators in their own 
guidelines and recommendations.211

The foundations of patient blood management in 
the perisurgical period are illustrated in Figure 63-2: (1) 
optimize erythropoiesis, (2) minimize blood loss, and 
(3) manage anemia. Strategies begin with preoperative 
preadmission testing and extend throughout the intra-
operative and postoperative intervals, thus enabling 
treating physicians to minimize allogeneic blood trans-
fusions while delivering safe and effective health care. 
Physicians and hospital quality or clinical effective-
ness departments should incorporate the principles of 
patient blood management into hospital-based process 
improvement initiatives that enhance patient safety and 
clinical outcomes.
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Anesthesia and Treatment  
of Chronic Pain
CHRISTOPH STEIN • ANDREAS KOPF

K e y  P o i n t s

 •  The normal physiology of neuronal function, receptors, and ion channels, is 
altered by persistent pain.

 •  Because of the large number of sources and manifestation of chronic pain, 
classification must include cancer-related, neuropathic, inflammatory, arthritis,  
and musculoskeletal pain.

 •  Interdisciplinary management of chronic pain must include specialists 
in psychology, physical therapy, occupational therapy, neurology, and 
anesthesiology.

 •  Drugs used for chronic pain are multiple and include opioids, nonsteroidal 
antiinflammatory drugs and antipyretic analgesics, serotonin receptor 
ligands, antiepileptics, antidepressants, topical analgesics (e.g., nonsteroidal 
antiinflammatory drugs, capsaicin, local anesthetics, opioids), and adjuvants  
such as local anesthetics, α2-agonists, baclofen, botulinum toxin, antiemetics, 
laxatives, novel drugs such as cannabinoids, and ion channel blockers.

 •  Interventional management of chronic pain includes the use of diagnostic 
blocks, therapeutic blocks, continuous catheter techniques (peripheral, epidural, 
intrathecal), and stimulation techniques such as acupuncture, transcutaneous 
electrical nerve stimulation, and spinal cord stimulation.

 •  Perioperative management of patients with chronic pain involves the following: 
the use of opioid and nonopioid analgesics; evaluation for dependence, addiction, 
and pseudoaddiction; and practical considerations.
PHYSIOLOGIC CHANGES IN PERSISTENT 
PAIN

EXCITATORY MECHANISMS

Pain may be roughly divided into two broad categories: 
physiologic and pathologic pain. Physiologic (acute, 
nociceptive) pain is an essential early warning sign that 
usually elicits reflex withdrawal and thereby promotes 
survival by protecting the organism from further injury. 
In contrast, pathologic (e.g., neuropathic) pain is an 
expression of the maladaptive operation of the nervous 
system; it is pain as a disease.1 Physiologic pain is medi-
ated by a sensory system consisting of primary afferent 
neurons, spinal interneurons and ascending tracts, and 
several supraspinal areas. Trigeminal and dorsal root gan-
glia (DRGs) give rise to high-threshold Aδ and C fibers 
innervating peripheral tissues (skin, muscles, joints, vis-
cera). These specialized primary afferent neurons, also 
called nociceptors, transduce noxious stimuli into action 
potentials and conduct them to the dorsal horn of the spi-
nal cord (Fig. 64-1). When peripheral tissue is damaged, 
primary afferent neurons are sensitized or directly acti-
vated, or both, by a variety of thermal, mechanical, and/
or chemical stimuli. Examples are protons, sympathetic 
amines, adenosine triphosphate (ATP), glutamate, neu-
ropeptides (calcitonin gene–related peptide, substance 
P), nerve growth factor, prostanoids, bradykinin, pro-
inflammatory cytokines, and chemokines.2,3 Many of 
these agents lead to opening (gating) of cation channels 
in the neuronal membrane. Such channels include the 
capsaicin-, proton-, and heat-sensitive transient receptor 
potential vanilloid 1 (TRPV1), or the ATP-gated puriner-
gic P2X3 receptor. Gating produces an inward current of 
sodium (Na+) and calcium (Ca2+) ions into the periph-
eral nociceptor terminal. If this depolarizing current is 
sufficient to activate voltage-gated Na+ channels (e.g., 
Nav1.8), they too will open, further depolarizing the 
membrane and initiating a burst of action potentials that 
are then conducted along the sensory axon to the dorsal 
horn of the spinal cord.3,4 Thereafter, these impulses are 
transmitted to spinal neurons, brainstem, thalamus, and 
cortex.5,6
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Figure 64-1. Nociceptive pathways. For details see 
text. (Modified from Brack A, Stein C, Schaible HG: 
Periphere und zentrale Mechanismen des Entzündungss-
chmerzes. In Straub RH, editor: Lehrbuch der klinischen 
Pathophysiologie komplexer chronischer Erkrankungen, 
vol 1, Göttingen, Germany, 2006, Vandenhoeck & Rupre-
cht, pp 183-192.)
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Transmission of input from nociceptors to spinal 
neurons that project to the brain is mediated by direct 
monosynaptic contact or through multiple excitatory 
or inhibitory interneurons. The central terminals of 
nociceptors contain excitatory transmitters such as 
glutamate, substance P, and neurotrophic factors that 
activate postsynaptic N-methyl-d-aspartate (NMDA), 
neurokinin (NK1), and tyrosine kinase receptors, respec-
tively. Repeated nociceptor stimulation can sensitize 
both peripheral and central neurons (activity-dependent  
plasticity). In spinal neurons, such a progressive 
increase of output in response to persistent nociceptor 
excitation has been termed wind-up. Later, sensitiza-
tion can be sustained by transcriptional changes in the 
expression of genes coding for various neuropeptides, 
transmitters, ion channels, receptors, and signaling 
molecules (transcription-dependent plasticity) in both 
nociceptors and spinal neurons. Important examples 
include the NMDA receptor, cyclooxygenase-2 (COX-2), 
Ca2+ and Na+ channels, cytokines, and chemokines 
expressed by neurons and/or glial cells.7,8 In addition, 
physical rearrangement of neuronal circuits by apopto-
sis, nerve growth, and sprouting occurs in the periph-
eral and central nervous systems.1,5
INHIBITORY MECHANISMS

Concurrent with the events just described, powerful 
endogenous mechanisms counteracting pain unfold 
both in the periphery and in the central nervous system. 
In injured tissue, this process results from interactions 
between leukocyte-derived opioid peptides and peripheral 
nociceptor terminals carrying opioid receptors9,10 and/or 
by antiinflammatory cytokines.2 Inflammation of periph-
eral tissue leads to increased expression, axonal transport, 
and enhanced G-protein coupling of opioid receptors in 
DRG neurons as well as enhanced permeability of the 
perineurium. These phenomena depend on sensory neu-
ron electrical activity, the production of proinflammatory 
cytokines, and the presence of nerve growth factor within 
the inflamed tissue. In parallel, opioid peptide–containing  
immune cells extravasate and accumulate in the inflamed 
tissue.10 These cells up-regulate the gene expression 
of opioid precursors and the enzymatic machinery for 
their processing into functionally active peptides.11,12 In 
response to stress, catecholamines, corticotropin-releas-
ing factor, cytokines, chemokines, or bacteria, leukocytes 
secrete opioids. The latter activate peripheral opioid recep-
tors and produce analgesia by inhibiting the excitability 
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Figure 64-2. Endogenous antinociceptive mechanisms within peripheral injured tissue. Opioid peptide-containing circulating leukocytes 
extravasate upon activation of adhesion molecules and chemotaxis by chemokines. Subsequently, these leukocytes are stimulated by stress or 
releasing agents to secrete opioid peptides. For example, corticotropin-releasing factor (CRF), interleukin-1β (IL-1) and norepinephrine (nor-
adrenaline [NA], released from postganglionic sympathetic neurons) can elicit opioid release by activating their respective CRF receptors (CRFR), 
IL-1 receptors (IL-1R), and adrenergic receptors (AR) on leukocytes. Exogenous opioids (EO) or endogenous opioid peptides (OP, green triangles) 
bind to opioid receptors (OR) that are synthesized in dorsal root ganglia and are transported along intraaxonal microtubules to peripheral (and 
central) terminals of sensory neurons. The subsequent inhibition of ion channels (e.g., TRPV1, Ca2+) (see Fig. 64-3 and text) and of substance P 
(sP) release results in antinociceptive effects. cAMP, Cyclic adenosine monophosphate. (Modified from Stein C, Machelska H: Modulation of peripheral 
sensory neurons by the immune system: implications for pain therapy, Pharmacol Rev 63:860-881, 2011.)
of nociceptors, the release of excitatory neuropeptides, 
or both10,13 (Fig. 64-2). The clinical relevance of these 
mechanisms was shown in studies demonstrating that 
patients with knee joint inflammation expressed opioid 
peptides in immune cells and opioid receptors on sensory 
nerve terminals within synovial tissue.14 After knee sur-
gery, pain and analgesic consumption were enhanced by 
blocking the interaction between the endogenous opioids 
and their receptors with intraarticular naloxone15 and 
diminished by stimulating opioid secretion.16

In the spinal cord, inhibition is mediated by the 
release of opioids, γ-aminobutyric acid (GABA), or glycine 
from interneurons, which activate presynaptic opioid or 
GABA receptors, or both, on central nociceptor terminals 
to reduce excitatory transmitter release. In addition, the 
opening of postsynaptic potassium (K+) or chloride (Cl−) 
channels by opioids or GABA, respectively, evokes hyper-
polarizing inhibitory potentials in dorsal horn neurons. 
During ongoing nociceptive stimulation, spinal inter-
neurons up-regulate gene expression and the production 
of opioid peptides.17,18 Powerful descending inhibitory 
pathways from the brainstem also become active by 
operating mostly through noradrenergic, serotonergic, 
and opioid systems. A key region is the periaqueductal 
gray, which projects to the rostral ventromedial medulla, 
which then projects along the dorsolateral funiculus to 
the dorsal horn.19 The integration of signals from excit-
atory and inhibitory neurotransmitters with cognitive, 
emotional, and environmental factors (see later) eventu-
ally results in the central perception of pain. When the 
intricate balance of biologic, psychological, and social 
factors becomes disturbed, chronic pain can develop.

TRANSLATION OF BASIC RESEARCH

Basic research on pain continues at a rapid pace, but 
translation into clinical applications has been difficult.20 
Animal studies are indispensable. However, for ethi-
cal reasons these studies are restricted to days or weeks, 
whereas human chronic pain can last for months or years. 
Therefore, animal models do not mirror the truly chronic 
clinical situation and should be more cautiously termed 
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reflections of persistent pain.21,22 Brain imaging is an area 
of intense research, and numerous studies have investi-
gated changes in patients with various pain syndromes. 
However, such studies have not yet provided reproducible 
findings specific for a disease or a pathophysiologic basis 
for individual syndromes.21 Neuroimaging can detect 
only alterations associated with nociceptive processes, 
whereas clinical pain encompasses a much more complex 
subjective experience that critically relies on self-evalua-
tion. Thus, imaging cannot provide an objective proxy, 
biomarker, or predictor for pain23 (see also the next sec-
tion). Similarly, although basic research has produced 
some evidence for genetic control of pain, such findings 
are not expected to serve as a guide to individualized (per-
sonalized) clinical pain therapy any time soon.21,24

CLINICAL DEFINITIONS, PREVALENCE, 
AND CLASSIFICATION OF CHRONIC PAIN

DEFINITIONS

The International Association for the Study of Pain (IASP) 
defines pain as “an unpleasant sensory and emotional 
experience associated with actual or potential tissue dam-
age, or described in terms of such damage.”25,26 This clas-
sification further states that pain is always subjective and 
that it is a sensation in parts of the body. At the same time, 
pain is unpleasant and therefore also has an emotional 
component. Aside from malignant disease, many people 
report pain in the absence of tissue damage or any likely 
pathophysiologic cause. Usually, no way exists to distin-
guish their experience from a condition resulting from 
tissue damage. If patients regard their experience as pain 
or if they report it in the same ways as pain caused by tis-
sue damage, it should be accepted as pain. This definition 
avoids tying pain to a stimulus. Nociception is neurophysi-
ologic activity in peripheral sensory neurons (nociceptors) 
and higher nociceptive pathways and is defined by the 
IASP as the “neural process of encoding noxious stimuli.” 
Nociception is not synonymous with pain. Pain is always 
a psychological state, even though it often has a proxi-
mate physical cause. Chronic pain is defined by the Ameri-
can Society of Anesthesiologists as “extending in duration 
beyond the expected temporal boundary of tissue injury 
and normal healing, and adversely affecting the function 
or well-being of the individual.”27 The IASP subcommittee 
on taxonomy defined it in 1986 as “pain without appar-
ent biological value that has persisted beyond the normal 
tissue healing time usually taken to be three months.” The 
presence or extent of chronic pain often does not correlate 
with the documented tissue disorder.

PREVALENCE

Beyond these general definitions, no common under-
standing exists about the characteristics of the patient 
with chronic pain. This may be one reason that estimates 
of pain prevalence differ greatly from one publication to 
another. Heterogeneous populations, the occurrence of 
undetected comorbidity, different definitions of chronic 
pain, and different approaches to data collection have 
resulted in estimates of 20% to 60%. Some surveys indi-
cate a more frequent prevalence among women and older 
adults. Chronic pain has enormous socioeconomic costs. 
In the United States alone, annual expenditures amount 
to more than $600 billion for health care, disability com-
pensation, lost work days, and related expenses. Similar 
figures have been reported by other countries.28,29

CLASSIFICATION

Traditionally, a distinction is made between malignant 
(related to cancer and its treatment) and nonmalignant (e.g., 
neuropathic, musculoskeletal, inflammatory) chronic pain. 
To separate somatic and psychological mechanisms is prob-
ably not warranted. Patients with cancer tend to have more 
serious health restrictions than do patients with chronic 
nonmalignant pain. Patients with nonmalignant pain may 
report higher pain scores and expect more pain relief than 
do patients with cancer.30 Nonmalignant chronic pain is 
frequently classified into inflammatory pain (e.g., arthritic), 
musculoskeletal pain (e.g., low back pain), headaches, and 
neuropathic pain (e.g., postherpetic neuralgia, phantom 
pain, complex regional pain syndrome, diabetic neuropa-
thy, human immunodeficiency virus–associated neuropa-
thy). Frequent symptoms of neuropathic pain include the 
following: spontaneous lancinating, shooting, or burning 
pain; hyperalgesia; and allodynia; or any combination of 
such pain.31 Cancer pain can originate from invasion of 
the tumor into tissues innervated by primary afferent neu-
rons (e.g., pleura, peritoneum) or directly into a peripheral 
nerve plexus. In the latter situation, neuropathic symptoms 
may be predominant. A problem in the treatment of cancer 
pain is the lack of correlation between the patient’s self-
reporting and the assessment of clinical staff. Pain may be 
underestimated by medical staff and family members, thus 
resulting in poor pain control.29 Many treatments for can-
cer are associated with severe pain. For example, cytoreduc-
tive radiation therapy or chemotherapy frequently causes 
painful oral mucositis, especially in patients undergoing 
bone marrow transplantation.32

BIOPSYCHOSOCIAL CONCEPT  
OF CHRONIC PAIN

Patients with chronic pain who have cancer or nonma-
lignant diseases have in common the complex influences 
of biologic (tissue damage), cognitive (memory, expecta-
tions), emotional (anxiety, depression), and environmen-
tal factors (reinforcement, conditioning). Many patients 
present with limited mobility, lack of motivation, depres-
sion, anger, anxiety, and fear of reinjury, all of which 
hamper the return to normal work or recreational activi-
ties. Such patients may become preoccupied with pain 
and somatic processes, which may disrupt sleep, cause 
irritability, and social withdrawal. Other cognitive factors 
such as patients’ expectations or beliefs (e.g., perceived 
inability to control the pain) influence psychosocial and 
physical functioning. Pain behavior such as limping, 
medication intake, or avoidance of activity is subject to 
operant conditioning; that is, it responds to reward and 
punishment. For example, pain behavior may be posi-
tively reinforced by attention from a spouse or health 
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care provider (e.g., by inadequate use of nerve blocks or 
medications). Conversely, such behavior can be extin-
guished when it is disregarded and incremental activity 
is reinforced by social attention and praise.33 Respondent 
learning mechanisms (i.e., classic conditioning) may also 
contribute to chronicity.34 Other issues often coexist, 
such as substance abuse problems, family dysfunction, 
and conflicts with legal or insurance systems. Conse-
quently, care seeking is an integral feature of the pain 
experience, and excessive use of the health care system 
ensues. The interplay among these biologic, psychologi-
cal, and social factors results in the persistence of pain 
and illness behaviors.33,34 Treating only one aspect of 
this complex syndrome is obviously insufficient. There-
fore, a biopsychosocial concept of pain has been adopted. 
This concept was first described by Engel in 1959,35 but 
its implementation into daily practice has been tardy, 
especially concerning patients with chronic pain.36,37 
This concept helps us understand why chronic pain may 
exist without obvious physical cause or why pathologic 
somatic findings may remain unnoticed by the patient. 
The experience and regulation of social and physical pain 
may share a common neuroanatomic basis.38 In a mul-
timodal approach, pain management addresses physi-
cal, psychological, and social skills and underscores the 
patients’ active responsibility to regain control over life 
by improving function and well-being.34,39

INTERDISCIPLINARY MANAGEMENT OF 
CHRONIC PAIN

The anesthesiologist John J. Bonica was the first to appre-
ciate the need for a multidisciplinary approach to chronic 
pain. His early experiences in and after World War II con-
vinced Bonica that complex pain problems could be more 
effectively treated when different disciplines contributed 
their specialized knowledge and skills to the common 
goal of making a correct diagnosis and developing the 
most effective therapeutic strategy. The first multidisci-
plinary facility was put into practice at the Tacoma Gen-
eral Hospital in the state of Washington, followed by the 
University of Washington in 1960. From 1970 through 
1990, the number of pain management facilities contin-
ued to increase in North America and Europe, and they 
were mostly directed by anesthesiologists. Such compre-
hensive pain centers should have personnel and facili-
ties to evaluate and treat the biomedical, psychosocial, 
and occupational aspects of chronic pain and to edu-
cate and teach medical students, residents, and fellows. 
Guidelines for characteristics of pain treatment facilities 
have been published by the IASP.40 Multidisciplinary 
and multimodal management results in increased physi-
cal and psychosocial function, reduced health care use, 
and vocational rehabilitation. A meta-analysis found that  
such programs offer the most efficacious and cost-effective, 
evidence-based treatment of chronic nonmalignant 
pain.37 Treatment of chronic pain without an interdisci-
plinary approach is inadequate and may lead to misdiag-
noses. For example, overlooking psychological processes 
in a patient with presumed discogenic back pain or over-
looking a somatic etiology in a presumed “psychogenic” 
pain disorder may lead to the wrong conclusion.41 More-
over, conventional monomodal approaches such as phar-
macotherapy alone only perpetuate the expensive, futile, 
and endless search for medical solutions.37,39

The core team usually comprises a pain management 
physician (anesthesiologist with subspecialty training), 
a psychologist, a physical therapist, and an occupational 
therapist. Other medical specialties, such as neurology, 
may be involved. Depending on the local circumstances, 
administrators, nurse specialists, and/or pharmacists can 
also be involved. The initial screening of the patient by 
members of the core team determines what other special-
ists will be needed for a complete assessment. After this 
evaluation, the patient is presented to the entire core team, 
and a comprehensive treatment plan is developed. This 
plan is tailored to the patient’s needs, abilities, and expec-
tations, with a focus on achieving measurable treatment 
goals established with the patient. For some patients, edu-
cation and medical management may suffice, whereas for 
others, an intensive full-day rehabilitation program over 
several weeks may be needed. Early stratification of the 
management according to the patient’s prognosis (low, 
medium, or high risk for persistent disability because 
of pain) results in significantly higher clinical and cost 
effectiveness.42 To foster patient compliance, an open 
discussion of treatment goals with regard to the patient’s 
anticipations is essential. Many patients expect complete 
resolution of pain and return to full function, a goal that 
may not be achievable. In many cases, realistic options 
are as follows: reduction of pain; improvement of physical 
function, mood, and sleep; development of active coping 
skills; and return to work. Thus, rehabilitation rather than 
cure is the most appropriate therapeutic option.37

PSYCHOLOGY

The role of the psychologist includes the initial assess-
ment and treatment approaches such as education, 
cognitive-behavioral therapy, and relaxation training. 
Assessment of the patient addresses the sensory, affective, 
cognitive, behavioral, and occupational dimensions of 
the pain problem. The assessment includes an extensive 
biographic history and behavioral analysis, along with 
the obligatory use of questionnaires. Most questionnaires 
include scoring systems for pain intensity (e.g., numeric 
or visual analog scales), pain behavior (e.g., West-
Haven-Yale Multidimensional Pain Inventory), multi-
dimensional pain quality, cognitive coping, fear (e.g., 
State-Trait-Anxiety-Inventory), depression, and other 
associated symptoms. Indications for psychological pain 
management are relevant somatization, depressive disor-
ders, inadequate coping, drug abuse, and high levels of 
pain behavior reinforced by the environment (e.g., family 
members). Patients with some types of pain syndromes, 
such as chronic headache, inflammatory rheumatic pain, 
or unspecific back pain, may specifically benefit from 
behavioral therapy.34,37 This usually means a complete 
change of approach for the patient, from a purely passive 
recipient of curative treatment to an active, self-reliant 
participant in functional restoration, vocational rehabili-
tation, and reduced health care use despite pain. Thus, 
pain reduction alone is no longer the focus of therapy.37
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PHYSICAL THERAPY

The role of the physical therapist includes initial evaluation 
of the musculoskeletal system, assessment of the patient’s 
work place and home, education in active physical cop-
ing skills, and management of the physical rehabilitation 
process. An intensive exercise program emphasizing the 
patient’s responsibility for self-management is an integral 
part of comprehensive programs for chronic nonmalignant 
pain.37,43 Improving fitness, mobility, and posture coun-
teracts the effects of disuse and complements behavioral 
treatment. The physical therapist encourages the adoption 
of regular exercise into daily life, facilitates repeated expo-
sure to movement as much as possible despite pain, and 
reinforces education in the biopsychosocial model of pain 
management. Different techniques of exercise such as mus-
cle conditioning and aerobics are efficacious in improving 
function, pain, disability, and fear avoidance behavior.44,45 
In contrast, passive treatments such as massage or chiro-
practic interventions are not beneficial.46 The regimen of 
graded exercise follows the original concept of Fordyce.33 
Patients are instructed to find a baseline tolerance level for 
each exercise. Next, a program of improvement is negoti-
ated and agreed upon. Patients note improvements on a 
daily basis and are required to complete the exercise plan 
regardless of how they feel. Thus, the control over exercise 
behavior is contingent upon plan rather than pain because 
exercise and pain are disconnected. Individual motivation 
is an important factor in determining how well patients 
learn to manage pain.47

OCCUPATIONAL THERAPY

The occupational therapist teaches the patient to achieve 
life goals despite pain and to overcome the limitations 
imposed by pain. Occupational therapy assessment 
includes a history of working life and place, family life, 
and daily activities, as well as a physical examination to 
determine range of motion and the presence of movement 
disorders or deformities that could hinder performance. 
The primary therapeutic objectives are reduction of pain 
and associated disability, promotion of optimal function 
in everyday life, and the encouragement of meaningful 
family, social, and work relationships.48 An important 
target is supporting the patient’s return to work, includ-
ing specific work conditioning.49 The chance of returning 
to work after a period of sick leave from low back pain, for 
example, apparently decreases over time, thereby gener-
ating enormous costs to society through wage compensa-
tion, social support, and loss of production.29 Barriers to 
return to work include job dissatisfaction and perceptions 
of the impact of work on the cause of pain. Together with 
the patient, the occupational therapist should develop a 
program to increase self-esteem, restore self-efficacy, and 
promote optimal occupational and recreational function 
despite pain.

ANESTHESIOLOGY

The role of the anesthesiologist in the treatment of 
chronic pain has changed considerably over the last 
decades. “Nerve block practices” have been replaced by 
interdisciplinary pain management centers. In this con-
text the anesthesiologist acts as both a physician-educator 
and a technical expert. The challenge is to complement 
regional anesthesia skills and pharmacologic knowledge 
optimally with the psychosocial components of chronic 
pain to render more comprehensive pain management 
services. Anesthesiologists must use their expertise in 
pharmacotherapy, nerve blocks, and skilled techniques 
within the broad-based biopsychosocial approach. The 
focus is not only on reducing pain but also on decreas-
ing disability, improving quality of life, and increasing 
function. The conventional way of administering medica-
tion “as needed” or the use of nerve blocks for short-term 
pain relief may risk reinforcement of pain behavior and 
the patient’s belief in an underlying physical abnormality 
that is best managed by biomedical procedures.39 More-
over, false expectations are maintained; for example, the 
patient cannot be the passive recipient, but rather must be 
an active participant in the process. Patients may believe 
that pain is the primary problem in their lives. This belief 
neglects psychosocial factors, perpetuates the expensive 
and futile search for unidimensional biomedical solutions, 
and promotes iatrogenic somatization, medicalization, 
and high health care use by patients with chronic pain.39

The role of the anesthesiologist within the interdis-
ciplinary team differs depending on the type of patient 
being treated. Management of cancer pain and of acute 
pain demands the full range of the anesthesiologist’s 
technical skills and pharmacologic knowledge. In chronic 
nonmalignant pain, the anesthesiologist’s abilities as an 
educator, coach, and motivator are far more important. 
As a member of the interdisciplinary team, the anesthesi-
ologist must reinforce and maintain the biopsychosocial 
focus, respond appropriately to somatic concerns, and 
manage medications. In concert with the other mem-
bers of the team, the anesthesiologist uses motivational 
strategies to encourage the patient to attain self-managed 
reactivation goals in physical, psychosocial, recreational, 
and vocational domains. At the same time, the anesthesi-
ologist’s presence provides “white coat credibility” and is 
essential to avoid the patient’s pejorative conclusion that 
the pain is “all in my head.” The anesthesiologist moni-
tors the patient’s physical status, potential development 
of new medical problems, and medications. In addition, 
the anesthesiologist provides real-time reassurance and 
education regarding the absence of relevant abnormali-
ties, discusses the minimal role of surgery, and conveys 
medical information to make informed choices. The 
anesthesiologist plays a crucial role within the multidis-
ciplinary team to direct the patient toward a multimodal 
pain treatment plan. This role is reflected in the fact that 
most pain therapists worldwide are anesthesiologists. 
In the described clinical setting, anesthesiologists work 
closely with other health care professionals and thereby 
gain added recognition outside the operating room.39

DRUGS USED FOR CHRONIC PAIN

Analgesic drugs interfere with the generation or trans-
mission, or both, of impulses following noxious stimula-
tion in the nervous system (nociception). This action can 



PART V: Adult Subspecialty Management1904
TABLE 64-1 ANALGESIC DRUGS, TARGETS, MECHANISMS, AND SIDE EFFECTS

Drugs Targets Mechanisms Functional Consequences Side Effects

Opioids G-protein coupled μ, δ, 
κ receptors

↓ cAMP
↓ Ca2+ currents
↑ K+ currents

↓ Excitability of peripheral  
and central neurons

↓ Release of excitatory 
neurotransmitters

μ, δ: Sedation, nausea, 
euphoria/reward, 
respiratory depression, 
constipation

κ: Dysphoria/aversion, 
diuresis, sedation

NSAIDs Cyclooxygenases
(COX-1, COX-2)

↓ Prostaglandins
↓ Thromboxanes

↓ Sensitization of sensory 
neurons

↑ Inhibition of spinal  
neurons

Nonselective: gastrointestinal 
ulcers, perforation, 
bleeding, renal impairment

COX-2: thrombosis, 
myocardial infarction, stroke

Serotonin  
agonists

G-protein coupled 
5-HT receptors

5-HT3: ion channels

↓ cAMP
(5-HT1)
↑ cAMP (5-HT4-7)
↑ PLC (5-HT2)

↓ Release of excitatory 
neuropeptides

↓ Neurogenic inflammation
↑ Vasoconstriction

Myocardial infarction, 
stroke, peripheral vascular 
occlusion

Antiepileptics Na+, Ca2+ channels
GABA receptors

↓ Na+ currents
↓ Ca2+ currents
↑ GABA receptor
activity

↓ Excitability of peripheral  
and central neurons

↓ Release of excitatory 
neurotransmitters

Sedation, dizziness, 
cognitive impairment, 
ataxia, hepatotoxicity, 
thrombocytopenia

Antidepressants Norepinephrine/5-HT 
transporters

Na+, K+ channels

↓ Norepinephrine/5-HT 
reuptake

↓ Na+ currents
↑ K+ currents

↓ Excitability of peripheral  
and central neurons

Cardiac arrhythmia, 
myocardial infarction, 
sedation, nausea, dry 
mouth, constipation, 
dizziness, sleep 
disturbance, blurred vision

Ca2+, Calcium; cAMP, cyclic adenosine monophosphate; GABA, γ-aminobutyric acid; 5-HT, 5-hydroxytryptamine (serotonin); K+, potassium; Na+, sodium; 
NSAIDs, nonsteroidal antiinflammatory drugs; PLC, phospholipase C.
occur at both the peripheral and central levels of the neur-
axis. The therapeutic aim is to diminish the perception of 
pain. Analgesics aim at modulating either the formation 
of noxious chemicals (e.g., prostaglandins) or the activa-
tion of neuronal receptors or ion channels transducing or 
transmitting noxious stimuli (e.g., peptide, kinin, mono-
amine receptors, Na+ channels). Drugs currently used in 
chronic pain include opioids, nonsteroidal antiinflam-
matory drugs (NSAIDs), serotonergic compounds, antiep-
ileptics, and antidepressants (Table 64-1). Other classes, 
such as adrenergic receptor agonists, excitatory amino 
acid receptor (e.g., NMDA) antagonists, neurotrophin 
antagonists, neuropeptide (e.g., calcitonin gene–related 
peptide) receptor antagonists, kinin receptor antagonists, 
prostaglandin E receptor (EP) antagonists, cannabinoids, 
and ion channel (e.g., TRP, P2X) blockers are under inves-
tigation. Local anesthetics are used for local and regional 
anesthetic techniques. Mixed drugs combine different 
mechanisms, for example, norepinephrine reuptake inhi-
bition and opioid agonist effects (tramadol, tapentadol), 
or opioid agonist and NMDA antagonist effects (ket-
amine). Various routes of drug administration (e.g., oral, 
intravenous, subcutaneous, intrathecal, epidural, topical, 
intraarticular, transmucosal) can be used, depending on 
the clinical circumstances. In addition, placebo treat-
ments have shown impressive analgesic effects, mediated 
by opioid and nonopioid mechanisms.50 Chronic pain 
requires a multidisciplinary approach encompassing 
various pharmacologic and nonpharmacologic (psycho-
logical, physiotherapeutic) treatment strategies (see the 
previous section on the interdisciplinary management of 
chronic pain).
OPIOIDS

Opioids act on heptahelical G-protein–coupled receptors 
(see also Chapter 31). Three types of opioid receptors (μ, 
δ, κ) have been cloned. Several subtypes (e.g., μ1, μ2, δ1, δ2), 
possibly resulting from gene polymorphisms, splice vari-
ants, or alternative processing, have been proposed. Opioid 
receptors are localized and can be activated along all levels 
of the neuraxis, including peripheral and central processes 
of primary sensory neurons (nociceptors), spinal cord (inter-
neurons, projection neurons), brainstem, midbrain, and 
cortex. All opioid receptors couple to G proteins (mainly 
Gi/Go) and subsequently inhibit adenylyl cyclase, decrease 
the conductance of voltage-gated Ca2+ channels, or open 
rectifying K+ channels, or any combination of these effects 
(Fig. 64-3, top). These effects ultimately result in decreased 
neuronal activity. The prevention of Ca2+ influx inhibits the 
release of excitatory (pronociceptive) neurotransmitters. A 
prominent example is the suppression of substance P release 
from primary sensory neurons, both within the spinal cord 
and from their peripheral terminals within injured tissue. 
At the postsynaptic membrane, opioids produce hyper-
polarization by opening K+ channels, thereby preventing 
excitation or propagation of action potentials in second 
order projection neurons. In addition, opioids inhibit sen-
sory neuron-specific tetrodotoxin-resistant Na+ channels, 
TRPV1 channels, and excitatory postsynaptic currents 
evoked by glutamate receptors (e.g., NMDA) in the spinal 
cord. The results are decreased transmission of nociceptive 
stimuli at all levels of the neuraxis and profoundly reduced 
perceptions of pain. Endogenous opioid receptor ligands 
are derived from the precursors proopiomelanocortin 
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(encoding β-endorphin), proenkephalin (encoding Met-
enkephalin and Leu-enkephalin), and prodynorphin 
(encoding dynorphins). These peptides contain the com-
mon Tyr-Gly-Gly-Phe-Met/Leu sequence at their amino 
terminals, known as the opioid motif. β-Endorphin and 
the enkephalins are potent antinociceptive agents acting at 
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Figure 64-3. Opioid receptor signaling and recycling. Upper panel: 
Opioid ligands induce a conformational change at the receptor that 
allows coupling of G-proteins to the receptor. The heterotrimeric 
G-protein dissociates into active Gα and Gβγ subunits (a), which can 
inhibit adenylyl cyclase and reduce cyclic adenosine monophosphate 
(cAMP) (b), decrease the conductance of voltage-gated calcium (Ca2+) 
channels, or open rectifying potassium (K+) channels (c). In addition, 
the phospholipase C (PLC)/phosphokinase C (PKC) pathways can be 
activated (d) to modulate Ca2+ channel activity in the plasma mem-
brane (e). Lower panel: Opioid receptor desensitization and traffick-
ing is activated by G-protein–coupled receptor kinases (GRK). After 
arrestin binding, the receptor is in a desensitized state at the plasma 
membrane (a). Arrestin-bound receptors can then be internalized via 
a clathrin-dependent pathway and can either be recycled to the cell 
surface (b) or degraded in lysosomes (c). (Modified from Zöllner C, Stein 
C: Opioids, Handb Exp Pharmacol 177:31-63, 2007.)
μ and δ receptors. Dynorphins can elicit both pronocicep-
tive and antinociceptive effects through NMDA receptors 
and κ opioid receptors, respectively. A fourth group of tet-
rapeptides (endomorphins) with yet unknown precursors 
does not contain the pan-opioid motif but binds to μ recep-
tors with high selectivity. Opioid peptides and receptors 
are expressed throughout the central and peripheral ner-
vous systems, in neuroendocrine tissues, and in immune 
cells.10,51 Extracellular opioid peptides are susceptible to 
rapid enzymatic inactivation by aminopeptidase N and 
neutral endopeptidase. Both peptidases are expressed in the 
central nervous system, peripheral nerves, and leukocytes; 
among opioids, enkephalins are considered their preferred 
substrates. Preventing the extracellular degradation of 
endogenous opioid peptides by peptidase inhibitors, both 
in central and peripheral compartments, has been shown 
to produce potent analgesic effects in many animal models 
and in some small human trials.52,53

The commonly available opioid drugs (morphine, 
codeine, methadone, and fentanyl and its derivatives) are μ 
agonists. Naloxone is a nonselective antagonist at all three 
receptors. Partial agonists must occupy a greater fraction 
of the available pool of functional receptors than full ago-
nists to induce a response of equivalent magnitude. Mixed 
agonist-antagonists (buprenorphine, butorphanol, nalbu-
phine, and pentazocine) may act as agonists at low doses 
and as antagonists (at the same or a different receptor type) 
at higher doses. Such compounds typically exhibit ceiling 
effects for analgesia, and they may elicit an acute with-
drawal syndrome when administered together with a pure 
agonist. All three receptors (μ, δ, κ) mediate analgesia but 
have differing side effects. μ Receptors mediate respiratory 
depression, sedation, reward and euphoria, nausea, uri-
nary retention, biliary spasm, and constipation.54 κ Recep-
tors mediate dysphoric, aversive, sedative, and diuretic 
effects. δ Receptors mediate reward and euphoria, respira-
tory depression, and constipation.51 Immunosuppressive 
effects of opioids were frequently proposed in experimen-
tal trials but have not been verified in clinical studies.55 
Tolerance and physical dependence may occur with pro-
longed administration of pure agonists, and abrupt dis-
continuation or antagonist administration can result in a 
withdrawal syndrome (see also the later section on periop-
erative management of patients with chronic pain).

Tolerance describes the phenomenon that the magni-
tude of a given drug effect decreases with repeated admin-
istration of the same dose, or that increasing doses are 
needed to produce the same effect. Tolerance is not syn-
onymous with dependence (see the later section on peri-
operative management of patients with chronic pain). All 
opioid effects (e.g., analgesia, nausea, respiratory depres-
sion, sedation, constipation) can be subject to tolerance 
development, albeit to different degrees. For example, 
tolerance to respiratory depression, sedation, and nau-
sea often develops faster than does tolerance to consti-
pation or miosis54-57 (see also the later section on other 
analgesics and adjuvants). Incomplete cross-tolerance 
among opioids or genetic differences may explain clinical 
observations that switching drugs (“opioid rotation”) is 
occasionally useful in patients with inadequate pain relief 
or intolerable side effects.58 Opioid-induced adaptations 
occur at multiple levels in the nervous and other organ 
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systems, beginning with direct modulation of opioid 
receptor signaling and extending to complex neuronal 
networks including learned behavior. Proposed mecha-
nisms in pharmacodynamic tolerance include opioid 
receptor–G-protein uncoupling, decreased receptor inter-
nalization and recycling, and increased sensitivity of the 
NMDA receptor51,59 (see Fig. 64-3, bottom). In addition, 
pharmacokinetic (e.g., altered distribution or metabolism 
of the opioid) and learned tolerance (e.g., compensa-
tory skills developed during mild intoxication), as well 
as increased nociceptive stimulation by tumor growth, 
inflammation, or neuroma formation, may be possible 
reasons for increased dose requirements.56,60 Carefully 
controlled studies that unequivocally demonstrate phar-
macodynamic tolerance to opioid analgesia (i.e., reduc-
tion of clinical pain) in patients are lacking.61

Whether opioids may paradoxically induce hyper-
algesia continues to be debated. However, most studies 
have, in fact, shown withdrawal-induced hyperalgesia, 
a well-known phenomenon following the abrupt cessa-
tion of opioids (see also the later section on perioperative 
management of patients with chronic pain).62,63 At ultra-
large doses, occasionally encountered in patients with 
extreme cancer pain, singular cases of allodynia have 
been observed and attributed to neuroexcitatory effects 
of opioid metabolites.64 No conclusive evidence indicates 
that hyperalgesia occurs during perioperative or long-
term administration of regular opioid doses in patients.62

Opioids are effective in the periphery (e.g., topical or 
intraarticular administration, particularly in inflamed 
tissue), at the neuraxis (intrathecal, epidural, or intra-
cerebroventricular administration), and systemically 
(intravenous, oral, subcutaneous, sublingual, or trans-
dermal administration).51,65 The clinical choice of a 
particular compound or its formulation is based on 
pharmacokinetic considerations (route of administra-
tion, desired onset or duration, lipophilicity) and on 
side effects associated with the respective route of drug 
delivery.65 Dosages depend on patients’ characteristics, 
the type of pain, and the route of administration. Sys-
temically and spinally administered opioids can produce 
similar side effects, depending on dosage and rostral or 
systemic redistribution. For intrathecal application, lipo-
philic drugs are preferred because they are trapped in 
the spinal cord and are less likely to migrate to the brain 
within the cerebrospinal fluid. Adverse side effects can 
be minimized by careful dose titration and close patient 
monitoring, or these effects can be treated by comedi-
cation (antiemetics, laxatives) or opioid receptor antag-
onists (e.g., naloxone). No significant side effects have 
been reported for the peripheral (e.g., topical) applica-
tion of small, systemically inactive doses of opioids. Cur-
rent research pursues the development of systemically 
applicable peptidase inhibitors and opioids aiming at the 
selective activation of peripheral but not central opioid 
receptors.10,52,53,66,67

Opioids are considered the most effective analgesics 
for severe acute and cancer-related chronic pain. How-
ever, the long-term use of opioids in chronic noncancer 
(e.g., neuropathic, musculoskeletal) pain is highly con-
troversial. Randomized controlled trials (RCTs) have been 
conducted only for a maximum period of 3 months. In 
meta-analyses, the reduction in pain scores was clinically 
insignificant, and epidemiologic data suggest that qual-
ity of life and functional capacity are not improved.68,69 
Adverse side effects (e.g., nausea, sedation, constipation, 
dizziness) and lack of analgesic efficacy led to the dropout 
of high numbers of subjects, both in RCTs and in uncon-
trolled observational studies beyond 3 months.69,70 Psy-
chosocial outcome variables were rarely investigated and 
showed only modest improvement. Thus, consistent with 
the multifactorial nature of chronic pain, opioids alone 
probably cannot produce an analgesic response. Exam-
ples would be the presence of a major affective compo-
nent or a situation in which learned pain behavior is the 
main problem; clearly, the entire patient must be evalu-
ated, not just the pain.71 The target of intervention is not 
only the source of nociception (if at all identifiable) but 
suffering, dysfunction, psychosocial factors, and depen-
dence on the health care system. In addition, addiction 
has been reported in up to 50% of patients treated with 
opioids for chronic pain,72,73 and overdoses, death rates, 
and abuse of prescription opioids have become public 
health problems.74,75 Thus, the use of opioids as a sole 
treatment modality in chronic nonmalignant pain is not 
recommended.

NONSTEROIDAL ANTIINFLAMMATORY 
DRUGS AND ANTIPYRETIC ANALGESICS

The acidic NSAIDs and the nonacidic antipyretic analge-
sics (e.g., acetaminophen, phenazones) inhibit COX, the 
enzyme that catalyzes the transformation of arachidonic 
acid (a ubiquitous cell component generated from phos-
pholipids) to prostaglandins and thromboxanes (see also 
Chapter 32).76 Two isoforms, COX-1 and COX-2, are con-
stitutively expressed in peripheral tissues and in the central 
nervous system. In response to injury and inflammatory 
mediators (e.g., cytokines, growth factors), both isoforms 
can be up-regulated, resulting in increased concentrations 
of prostanoids. In the periphery, prostanoids (mainly pros-
taglandin E2 [PGE2]) sensitize nociceptors by phosphoryla-
tion of ion channels (e.g., Na+, TRPV1) through EP receptor 
activation. As a result, nociceptors become more respon-
sive to noxious mechanical (e.g., pressure, hollow organ 
distention), chemical (e.g., acidosis, bradykinin, neu-
rotrophic factors), or thermal stimuli. In the spinal cord 
PGE2 blocks glycinergic neuronal inhibition, enhances 
excitatory amino acid release, and depolarizes ascend-
ing neurons. These mechanisms facilitate the generation 
of impulses within nociceptors and their transmission 
through the spinal cord to higher brain areas. By block-
ing COX, prostanoid formation diminishes. Subsequently, 
nociceptors become less responsive to noxious stimuli, 
and spinal neurotransmission is attenuated.

Less severe pain states (e.g., early arthritis, headache) are 
commonly treated with nonselective NSAIDs (e.g., aspi-
rin, ibuprofen, indomethacin, diclofenac) or antipyretic 
analgesics (e.g., acetaminophen), mostly used orally. 
Some analgesic drugs are available for parenteral, rectal, 
or topical application. Over-the-counter availability and 
self-medication have led to frequent abuse and toxicity.77 
Adverse side effects are attributed to COX-1–induced 
blockade of thromboxane production and impairment 
of platelet function (gastrointestinal and other bleed-
ing disorders), decrease of tissue-protective prostanoids 
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(gastrointestinal ulcers, perforation), decrease of renal 
vasodilatory prostanoids (nephrotoxicity), and formation 
of highly reactive metabolites (acetaminophen hepato-
toxicity). The development of selective COX-2 inhibitors 
was driven by the assumptions that COX-2 expression is 
selectively induced in inflamed tissue and that the con-
stitutive tissue-protective COX-1 would be spared. It has 
now become clear that COX-2 expression is constitutive 
in many tissues (e.g., gastrointestinal epithelium, vas-
cular endothelium, spinal cord), and COX-2 inhibition 
may exacerbate inflammation, impair ulcer healing, and 
decrease formation of vasoprotective prostacyclin. COX 
inhibitors confer an increased risk of thrombosis, myocar-
dial infarction, renal impairment, hypertension, stroke, 
and liver toxicity, and they can cause rare anaphylactic 
reactions. Acetaminophen (paracetamol) has relatively 
weak antiinflammatory and antiplatelet activity and is 
used for osteoarthritis, headache, and fever.76,78

SEROTONERGIC DRUGS

Serotonin (5-hydroxytryptamine [5-HT]) is a monoamine 
neurotransmitter found in the sympathetic nervous sys-
tem, in the gastrointestinal tract, and in platelets. It acts 
on 5-HT receptors expressed at all levels of the neuraxis 
and on blood vessels. Within the dorsal horn of the spi-
nal cord, serotoninergic neurons contribute to endog-
enous pain inhibition. With the exception of 5-HT3 (a 
ligand-gated ion channel), 5-HT receptors are G-protein–
coupled receptors. 5-HT1B/1D agonists (triptans) have been 
studied extensively and are effective against neurovascu-
lar (migraine, cluster) headaches. Migraine is thought to 
be related to the release of neuropeptides (e.g., calcitonin 
gene–related peptide) from trigeminal sensory neurons 
innervating meningeal and intracranial blood vessels. 
This process leads to vasodilation, an inflammatory reac-
tion, and subsequent pain. Triptans inhibit neurogenic 
inflammation through 5-HT1D receptors on trigeminal 
afferents, with possible additional sites of action on tha-
lamic neurons and in the periaqueductal gray. The acti-
vation of vascular 5-HT1B receptors constricts meningeal 
(and coronary) vessels. These last effects have stimulated a 
search for nonvasoconstrictor approaches such as highly 
selective 5HT1D and 5HT1F agonists. However, none has 
demonstrated clinical antimigraine effects so far.

Triptans can be applied orally, subcutaneously, or 
transnasally, and these drugs have been used in the treat-
ment of migraine. All triptans narrow coronary arteries 
through 5-HT1B receptors by up to 20% at clinical doses 
and should not be administered to patients with risk fac-
tors for coronary, cerebrovascular, or peripheral vascular 
disease. Some triptans have the potential for significant 
drug-drug interactions (e.g., with monoamine oxidase 
inhibitors, propranolol, cimetidine, hepatic cytochrome 
P450–metabolized medications, or p-glycoprotein pump 
inhibitors). Rational use of triptans should be restricted to 
patients with disability associated with migraine.79

ANTIEPILEPTIC DRUGS

Antiepileptics are used in neuropathic pain resulting from 
lesions to the peripheral (e.g., diabetes, herpes) or central 
nervous system (e.g., stroke) and for migraine prophylaxis. 
Neuropathic syndromes have been attributed to ectopic 
activity in sensitized nociceptors from regenerating nerve 
sprouts, recruitment of previously “silent” nociceptors, 
or spontaneous neuronal activity (or any combination of 
these processes). These events may result in sensitization of 
primary afferents and subsequent sensitization of second- 
and third-order ascending neurons. Among the best studied 
mechanisms are the increased expression and trafficking of 
ion channels (e.g., Na+, Ca2+, TRP) and increased activity 
at glutamate (NMDA) receptor sites. The mechanisms of 
action of antiepileptics include neuronal membrane stabi-
lization by blockage of pathologically active voltage-sensi-
tive Na+ channels (carbamazepine, phenytoin, lamotrigine, 
topiramate), blockage of voltage-dependent Ca2+ channels 
(gabapentin, pregabalin), inhibition of presynaptic release 
of excitatory neurotransmitters (gabapentin, lamotrigine), 
and enhanced activity of GABA receptors (topiramate).80,81

The most common adverse effects are impairments in 
mental status (somnolence, dizziness, cognitive impair-
ment, fatigue) and motor function (ataxia), which limit 
clinical use, particularly in older patients. Serious side 
effects have been reported, including hepatotoxicity, 
thrombocytopenia, and life-threatening dermatologic 
and hematologic reactions. Plasma drug concentrations 
should be monitored.79 Antiepileptics are frequently 
coadministered with antidepressants.

ANTIDEPRESSANTS

Antidepressants are used in the treatment of neuropathic 
pain, headache, and other conditions. They are divided 
into nonselective norepinephrine–5-HT reuptake inhibi-
tors (amitriptyline, imipramine, clomipramine, duloxetine, 
venlafaxine), preferential norepinephrine reuptake inhibi-
tors (desipramine, nortriptyline), and selective 5-HT reup-
take inhibitors (citalopram, paroxetine, fluoxetine). The 
reuptake block leads to a stimulation of endogenous mono-
aminergic pain inhibition in the spinal cord and brain. 
Tricyclic antidepressants also have NMDA receptor antago-
nist, endogenous opioid enhancing, Na+ channel blocking, 
and K+ channel opening effects, which can suppress periph-
eral and central sensitization. Block of cardiac ion channels 
by tricyclic antidepressants can lead to arrhythmias. The 
selective 5-HT transporter inhibitors have a different side 
effect profile and are safer in cases of overdose. Tricyclic 
antidepressants require monitoring of plasma drug concen-
trations to achieve optimal effect and avoid toxicity, unless 
sufficient pain relief is obtained with low doses. Patients 
with ischemic heart disease may have an increased risk of 
sudden arrhythmia, and in patients with recent myocar-
dial infarction, arrhythmia, or cardiac decompensation, 
tricyclic antidepressants should not be used at all. Tricy-
clic antidepressants also block histamine, cholinergic, and 
adrenergic receptor sites. Adverse events of antidepressants 
include sedation, nausea, dry mouth, constipation, dizzi-
ness, sleep disturbance, and blurred vision.82,83

TOPICAL ANALGESICS

The topical application of various analgesics is an area of 
considerable interest because many chronic pain syn-
dromes depend to some degree on the peripheral activation 
of primary afferent neurons. The localized administration 
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can potentially optimize drug concentrations at the site 
of pain generation while avoiding high plasma levels, sys-
temic side effects, drug interactions, and the need to titrate 
doses into a therapeutic range. RCTs have demonstrated 
effectiveness for topical NSAIDs, tricyclic antidepressants, 
capsaicin, local anesthetics, and opioids.79,84,85

Topical NSAIDs are typical over-the-counter medica-
tions, widely advertised and used for acute and chronic 
pain. Many formulations (cream, gel, ointment) are com-
mercially available, with varying drug delivery to the 
skin and subcutaneous tissues. Meta-analyses concluded 
that topical NSAIDs are effective in osteoarthritis.77 Local 
adverse effects include rash and pruritus. A topical tri-
cyclic (doxepin) showed efficacy in a mixed group of 
patients with neuropathic pain and, as a mouthwash, in 
patients with chemotherapy-induced oral mucositis. Side 
effects included burning discomfort.84

Capsaicin is the active pungent ingredient in chili pep-
pers. Topically applied capsaicin interacts with nocicep-
tive neurons through the vanilloid receptor (TRPV1). It 
causes an initial activation of these neurons with release 
of substance P. This action is perceived as a burning or 
itching sensation with a flare response and occurs in a 
high number (≤80%) of patients. After repeated applica-
tion desensitization occurs, probably secondary to deplet-
ing sensory neurons of substance P. Another potential 
mechanism is a direct neurotoxic effect resulting in the 
degeneration of small-diameter sensory nerve fibers.84 
Topical capsaicin was shown to provide pain relief in 
postherpetic neuralgia, postmastectomy syndrome, osteo-
arthritis, and a variety of neuropathic syndromes. System-
atic reviews revealed moderate to poor effectiveness, with 
numbers needed to treat between 5.7 and 12.86,87 Thus, 
topical capsaicin may be a supplement for the treatment 
of neuropathic pain in a limited number of patients unre-
sponsive to or intolerant of other therapeutic approaches.

Topical formulations of local anesthetics block Na+ chan-
nels in primary afferent neurons. Blockade of Na+ channels 
reduces impulse generation both in normal and in damaged 
sensory neurons. Such neurons exhibit spontaneous and 
ectopic firing, possibly contributing to certain conditions 
of chronic neuropathic pain. Under these conditions the 
altered expression, distribution, and function of ion chan-
nels along axons is associated with increased sensitivity to 
local anesthetics. Thus, pain relief can be achieved with 
local anesthetic concentrations lower than those that totally 
block impulse conduction.88 Controlled studies using lido-
caine patches and gels showed reduction of allodynia in 
postherpetic neuralgia.79,89 In addition, patients with painful 
diabetic polyneuropathy, complex regional pain syndrome, 
postmastectomy syndrome, or postthoracotomy syndrome 
have been shown to experience pain relief. Except for skin 
irritation, no reports of serious side effects have been pub-
lished. Gel formulations of lidocaine were also beneficial in 
diabetic neuropathy and oral mucositis.90,91

Topically applied or locally injected opioids produce 
analgesia by activating opioid receptors on primary affer-
ent neurons. This action leads to inhibition of Ca2+, Na+, 
and TRPV1 currents, which are activated by inflammatory 
agents.10,92 Subsequently, the excitability of nociceptors, 
the propagation of action potentials, and the release of pro-
inflammatory neuropeptides (substance P) from sensory 
nerve endings are inhibited. All these mechanisms result 
in analgesia or antiinflammatory effects, or both.9,10,67 
Other mechanisms accounting for the particular efficacy 
of peripheral opioids in pain associated with inflammation 
include up-regulation93 and accelerated centrifugal trans-
port of opioid receptors in sensory neurons,94 enhanced 
G-protein coupling of peripheral opioid receptors,95 and 
disruption of the perineural barrier facilitating access of 
opioid agonists to their receptors.96,97 Consistently, the 
perineural application of opioids along uninjured nerves 
(e.g., axillary plexus) does not reliably produce analge-
sic effects.98 In addition, the production and secretion of 
endogenous opioid peptides from immune cells within 
inflamed tissue2,14 appear to produce additive-synergistic 
interactions,99 rather than tolerance at peripheral opioid 
receptors.100 Peripheral opioid administration is regularly 
used and well documented in the case of perioperative 
intraarticular morphine.101-103 Intraarticular morphine also 
produces analgesia in chronic rheumatoid and osteoarthri-
tis. In these diseases, the potency of its effect was shown 
to be similar to that of standard intraarticular steroids and 
long lasting (≤7 days), possibly because of morphine’s 
antiinflammatory activity.10,67 In numerous small studies, 
locally applied opioids (e.g., in gels) have shown analge-
sic efficacy in the treatment of skin ulcers, cystitis, cancer-
related oral mucositis, corneal abrasion, and bone injury. 
No significant adverse effects have been reported.84,85

OTHER ANALGESICS AND ADJUVANTS

Local anesthetics have been used topically, orally, intra-
venously, in trigger point injections, and in regional anes-
thetic techniques for selected chronic pain syndromes 
(see the later section on interventional methods used 
in chronic pain and also Chapters 30, 36, 56, and 57). 
The systemic application of local anesthetics (e.g., oral 
mexiletine) exhibited mixed success in various neuropa-
thies. Evidence supports mexiletine as a third-line drug 
in selected patients with diabetic neuropathy.79 Meta-
analyses indicated that intravenous local anesthetics pro-
duce moderate analgesic effects of questionable clinical 
significance in neuropathic pain.104,105 Severe side effects 
including arrhythmias, dizziness, nausea, and fatigue 
limit the systemic application of local anesthetics.
α2-Adrenergic receptors are G-protein coupled. Simi-

lar to opioids, α2-agonists (clonidine) lead to opening 
of K+ channels, inhibition of presynaptic Ca2+ channels, 
and inhibition of adenylyl cyclase. Thus, like opioids, 
α2-agonists reduce neurotransmitter release and decrease 
postsynaptic transmission, resulting in an overall inhibi-
tory effect.106 Epidural or systemic clonidine is analgesic 
in patients with complex regional pain syndrome and in 
neuropathic and cancer pain. However, its use is limited 
by a frequent incidence of sedation, hypotension, and 
bradycardia.79 Flupirtine is used in musculoskeletal pain, 
but its mechanism of action is unknown. Initial studies 
postulated involvement of descending adrenergic path-
ways, indirect actions at NMDA receptors, and activation 
of G-protein–regulated K+ channels.107

Cannabinoids have been studied extensively in the 
past decade. Animal and in vitro models have shown 
that derivatives of tetrahydrocannabinol produce 
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antinociceptive effects and that cannabinoid receptors 
and their endogenous ligands are expressed in pain pro-
cessing areas of the brain, spinal cord, and periphery.10,108 
Peripheral cannabinoid receptors likely play a prominent 
role in pain inhibition.10 Meta-analyses of human stud-
ies concluded that the analgesic effects of cannabinoids 
are modest, not superior to those of other analgesics, and 
of questionable clinical significance. Psychotropic side 
effects, sedation, dizziness, cognitive impairment, nau-
sea, dry mouth, and motor deficits are limiting factors in 
clinical practice.109

Drugs reducing muscle spasm (e.g., benzodiazepines) are 
often used in musculoskeletal pain. However, the available 
evidence does not indicate lasting beneficial effects, and 
drowsiness and dizziness are frequently encountered110 
(see also Chapter 30). Baclofen activates GABAB recep-
tors presynaptically and postsynaptically, thereby leading 
to a decrease in excitatory and an increase in inhibitory 
neurotransmission. In some reports, baclofen was found 
to exhibit analgesic effects in trigeminal neuralgia and 
central neuropathic pain. The most common side effects 
are drowsiness, dizziness, and gastrointestinal distress.111 
Botulinum toxin inhibits acetylcholine release at the neu-
romuscular junction and may alleviate muscle spasticity. 
The use of botulinum toxin injections has produced incon-
sistent results in headaches,112 and it was not effective in 
myofascial trigger points, orofacial, or neck pain.113-115  
Side effects include pain and erythema at the injection site 
and unintended paralysis of adjacent muscles.116

The synthetic peptide ziconotide blocks N-type voltage-
sensitive Ca2+ channels and thereby inhibits release of 
excitatory neurotransmitters from central terminals of 
primary afferent neurons in the spinal cord. Ziconotide 
has been approved for intrathecal application. However, 
it produces substantial side effects (dizziness, confusion, 
abnormal gait, memory impairment, nystagmus, halluci-
nations, vertigo, delirium, apnea, hypotension) and thus 
is suitable for only a small subset of patients with oth-
erwise intractable (e.g., neuropathic) pain.117 Under the 
assumption of antiinflammatory activity, steroid injec-
tions are frequently used epidurally or perineurally, albeit 
without convincing evidence for effectiveness (see the 
later section on therapeutic nerve blocks).

Antiemetics are used to treat nausea, a frequent side 
effect of analgesics (particularly opioids) and a frequent 
complaint in patients with cancer (see Chapters 96 and 97). 
Recommendations for the treatment of postoperative nau-
sea and vomiting cannot readily be extrapolated to the 
patient with chronic pain. For example, in patients with 
cancer, causes other than opioids must be considered, 
such as radiation therapy and chemotherapy, uremia, 
hypercalcemia, bowel obstruction, and increased intracra-
nial pressure. In addition, pain itself, as well as anxiety, 
can cause nausea. Opioid-related nausea usually dimin-
ishes by tolerance within a few days (see also Chapter 31). 
Management guidelines for the treatment of nausea and 
vomiting are available, and the selection of antiemetics 
should be mechanism based54,118 (see also Chapters 96 and 
97). The medullary chemoreceptor trigger zone, gastroin-
testinal stimulation or failure, and vestibular and corti-
cal mechanisms, as well as alterations of taste and smell, 
may contribute to nausea and vomiting, particularly in 
patients with cancer. Most recommendations for the 
choice of antiemetic medication include gastrointesti-
nal prokinetics (metoclopramide), phenothiazines (e.g., 
levomepromazine), dopamine receptor antagonists (e.g., 
haloperidol), serotonin antagonists (e.g., ondansetron), 
and antihistamines (e.g., cyclizine). In addition, the use 
of dexamethasone (unknown mechanism), anticholiner-
gics (e.g., scopolamine), and neurokinin-1 receptor antag-
onists has been reported. Combinations of antiemetics 
with different modes of action can be used. Many of these 
drugs cause undesirable side effects by themselves (e.g., 
sedation, drowsiness, confusion, and extrapyramidal 
symptoms).54,118 The efficacy of cannabinoids and ben-
zodiazepines is considered comparatively low, and these 
drugs are not recommended as first-line treatment.118,119

Laxatives are indicated when bowel movements are less 
frequent than three per week and are associated with dif-
ficulty or discomfort. Risk factors for constipation include 
opioid medication, older age, advanced cancer, hypokale-
mia, and immobilization, as well as therapy with tricyclic 
antidepressants, phenothiazines, anticonvulsants, diuret-
ics, and iron supplements. Opioid-related constipation 
is mediated through intestinal and (partially) through 
central μ receptors.51,120 It is the most commonly occur-
ring side effect of opioid medication in patients with 
cancer and frequently does not exhibit tolerance. Ample 
fluid intake, fiber-rich nutrition, and mobilization are 
nonpharmacologic approaches to prophylaxis. Laxatives 
include the following: bulk-forming, osmotic, and hyper-
osmolar agents; substances for colonic lavage; prokinetic 
drugs; and opioid antagonists. Recommendations usu-
ally include lactulose, senna, or polyethylene glycol as 
a first choice.54 However, lactulose should be avoided in 
patients with impaired fluid intake, such as older adults 
and patients with advanced cancer. If this approach is 
insufficient, the drugs of first choice may be combined 
with paraffin or anthraglycosides (bisacodyl). Rectal sor-
bitol and contrast medium are the choices for the next 
more intensified step. Prokinetic drugs, such as metoclo-
pramide, are sometimes added for refractory constipation. 
Possible alternatives in opioid-related constipation are 
opioid antagonists. To avoid central effects that reduce 
analgesia or produce withdrawal, oral naloxone and the 
peripherally restricted antagonists methylnaltrexone and 
alvimopan were developed. The use of these drugs in 
clinical practice is limited by relatively low response rates, 
adverse effects, and high costs.120,121 In malignant bowel 
obstructions, different algorithms must be followed.122

DEVELOPMENT OF NOVEL ANALGESICS

Areas of intense research and examples emerging as poten-
tial drug targets include opioid receptors, cannabinoid 
receptors, bradykinin receptors, Na+ channels expressed in 
peripheral nociceptive neurons (Nav1.8, Nav1.7), voltage-
gated Ca2+ channels (e.g., Cav2.2), K+ channels, the cap-
saicin receptor TRPV1, and the P2X receptors123 (see also 
Chapter 32). Increasing attention is paid to novel enzyme 
inhibitors that prevent the degradation of endogenous opi-
oids and cannabinoids, with a focus on the activation of 
peripheral receptors to avoid central side effects,52,53 as well 
as to nanomaterials for drug delivery.124 However, failures 
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in clinical phases of analgesic drug development are com-
mon and have been attributed to inappropriate animal 
models or nociceptive tests, species differences, publication 
bias, lack of mechanistic understanding, and shortcomings 
in experimental design, randomization, blinding, and sta-
tistical analysis.20,22

INTERVENTIONAL METHODS USED FOR 
CHRONIC PAIN

The popularity of interventional methods has decreased 
over time. Although early pain therapists (e.g., Leriche) 
were generally using “blocks” to treat pain, the biopsy-
chosocial concept of chronic pain led to a much more 
cautious and judicial use of such techniques (see the ear-
lier section on interdisciplinary management of chronic 
pain), particularly because most of these methods are 
not evidence based. Block therapy alone is usually not 
curative, but it can facilitate participation in rehabilita-
tion and therefore does have a role in the management 
of chronic pain. Regardless of which procedure is con-
sidered, a consensus decision on its use must be reached 
within the interdisciplinary team.40

DIAGNOSTIC NERVE BLOCKS

Neural blockade is thought to be a useful tool to under-
stand the mechanisms underlying pain in an individual 
patient better and to provide a prognosis for planned neu-
roablative procedures, particularly in cancer pain (see also 
Chapters 57 and 58). Differential blockade aims to block 
either single peripheral nerves selectively, to identify an 
anatomic pain source, or to block only one type of nerve 
fiber selectively (autonomic versus somatic).125 Often 
active and nonactive compounds are injected sequentially 
to differentiate drug-related from placebo responses. Dif-
ferential neural blockade can be performed at the periph-
eral and central (neuraxial) level. A popular protocol is 
the sequential intrathecal application of short- and long-
acting local anesthetics (or opioids), or increasing concen-
trations of a local anesthetic. Diagnostic neural blockade 
is used in low back pain, headache, neuropathic pain, 
and complex regional pain syndrome. Examples include 
zygapophyseal (facet) joint injections and medial branch 
blocks,126 sacroiliac joint injections,127 trigger point injec-
tions, spinal nerve blocks, occipital nerve blocks, and sym-
pathetic blocks.125 Sympathetic blocks may be achieved by 
local anesthetic injections at the sympathetic chain (e.g., 
stellate ganglion) or by intravenous regional infusions of 
sympatholytic drugs (e.g., phentolamine). However, an 
extensive review of the experimental and clinical literature 
concluded that none of these procedures has unequivo-
cally proved clinical usefulness in controlled studies.125 
This finding was confirmed in systematic reviews.126,127 In 
particular, the validity of diagnostic nerve blocks is lim-
ited by the complexity of factors determining pain percep-
tion (see the earlier sections on biopsychosocial concept 
of pain and interdisciplinary management of chronic 
pain). Furthermore, the assumption that local anesthet-
ics can selectively produce conduction block of only one 
fiber type in a nerve is probably false.125 Nevertheless, 
experienced and observant clinicians have found that 
such procedures may occasionally provide information 
that is helpful in guiding subsequent therapy even though 
systematic reviews have methodologic limitations.128,129 
Provided the clinician takes great care in carrying out the 
technique, interpreting the results, and integrating them 
into interdisciplinary decisions, nerve blockade may still 
play a role in the comprehensive diagnostic workup of 
patients with chronic pain.125

THERAPEUTIC NERVE BLOCKS

Cancer Pain
Therapeutic nerve blocks are used for only a minority of 
patients in the management of cancer-related pain. In 
these cases, interventional treatment represents the fourth 
step in the World Health Organization analgesic ladder.130 
Approximately 90% to 95% of patients usually obtain 
adequate pain relief from pharmacologic management.131 
A comprehensive biopsychosocial approach to pain man-
agement and careful balancing of the risks against the ben-
efits in individual patients are prerequisites for successful 
use of interventional techniques.132 Therapeutic nerve 
blocks extend the treatment range when conservative 
methods fail to achieve tolerable pain or side effect lev-
els, or both. For example, neuropathic pain and incidental 
(breakthrough) pain are sometimes poorly controlled by 
systemic analgesics and may be indications for invasive 
therapy. Well-evaluated interventional techniques such as 
celiac plexus block, hypogastric plexus block, and saddle 
blocks should not be withheld from patients with cancer 
in the context of palliative symptom control.133

In patients with unresectable pancreatic cancer, neu-
rolysis of the celiac plexus may be used for pain treat-
ment (Fig. 64-4). Patients with other upper abdominal 

Figure 64-4. Transaortic approach for neurolysis of the celiac plexus 
with typical dye distribution ventral to the aorta. For details see text.
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malignancies, such as hepatic or gastric cancer, may also 
benefit from this intervention. This technique is based 
on the assumption that nociceptive stimulation is trans-
mitted along primary afferent fibers that travel with the 
sympathetic fibers of the splanchnic nerves arising from 
T5-T12 and with the parasympathetic efferent fibers that 
together form the celiac plexus. The ganglia are situated 
in the retroperitoneal space adjacent to the L1 verte-
bral body. Anatomic landmarks can be identified with 
the help of computed tomography, fluoroscopy, and 
ultrasound,134 and they are particularly recommended 
for celiac plexus blocks.135,136 The most common dorsal 
techniques include the bilateral transcrural and unilat-
eral transaortic approaches using alcohol (50% to 100%) 
or phenol (7% to 12 %).131 In patients undergoing lapa-
rotomy, intraoperative neurolysis of the celiac plexus 
can also be used.137 Most centers advocate a diagnostic 
local anesthetic block to predict analgesic and side effects 
(mostly diarrhea and hypotension).138 Systematic reviews 
of RCTs comparing neurolytic celiac plexus blockade 
with standard treatment (oral NSAIDs and morphine) 
plus sham blockade, or sham blockade alone, concluded 
that celiac plexus neurolysis was associated with lower 
pain scores, decreased morphine use, and reduced con-
stipation, albeit with minimal clinical significance.133,139

Less common sites for neurolyses are intercostal nerves 
(e.g., in rib metastasis), the superior hypogastric ganglion, 
the ganglion impar, and the lumbar sympathetic ganglia 
(e.g., for pelvic tumors). In perineal pain secondary to 
local infiltration of rectal cancer, intrathecal neurolysis 
may be considered if bladder and sphincter function is 
not of concern.133,140 An indication for thoracic intrathe-
cal or epidural neurolysis may be advanced lung cancer.141 
As a neurolytic agent, alcohol may be preferred because 
of its perceived higher success rate and longer duration of 
pain relief (3 to 6 months) compared with phenol (2 to 
3 months), although no studies directly comparing these 
two agents are available. Depending on the patient’s 
survival prognosis, the duration of pain relief provided by 
alcohol may be sufficient.

A diagnostic local anesthetic block to predict analgesic 
and side effects is advocated. Because alcohol is hypobaric 
and phenol is hyperbaric, the patient must be positioned 
accordingly during administration of intrathecal neuroly-
sis. In many cases, pain relief is incomplete, but intake 
and side effects of opioids decrease. The limited period of 
pain reduction and the limited possibility of repeat injec-
tions are reasons that neurolysis is mostly used in patients 
with short life expectancies.142

Non–Cancer-Associated Pain
Both the complexity of factors contributing to pain per-
ception and perpetuation (see the earlier sections on the 
biopsychosocial concept of pain and interdisciplinary 
management of chronic pain) and the detrimental long-
term effects of nerve destruction (neuropathic pain caused 
by spontaneous ectopic neuronal discharges, up-regu-
lation of neuronal ion channels, and excitatory amino 
acid receptors (see the earlier sections on the physiologic 
changes in persistent pain and antiepileptic drugs) cau-
tion against neuroablative procedures in the patient who 
does not have cancer. Nonetheless, many practitioners 
advocate radiofrequency ablations or cryoneurolysis at 
facet joints and sacroiliac joints, as well as several other 
destructive procedures.143,144 However, such interven-
tions did not provide long-term pain relief in RCTs,145,146 
or in systematic reviews,147 except for the use of pulsed 
radiofrequency in cervical radicular pain.148

Nondestructive procedures include trigger point, epi-
dural, perineural, and intraarticular injections of local 
anesthetics or steroids, or both. Steroids are used under 
the assumption of antiinflammatory activity. For exam-
ple, in chronic back or neck pain (the most common 
patient complaints), injections into facet or zygapophy-
seal joints or along the medial branch from the posterior 
ramus of the spinal nerve root are frequently performed, 
although without convincing documented long-term 
results.146,147 Similarly, injections into sacroiliac joints, 
trigger points, or occipital nerve blocks show no con-
sistent long-lasting effects.128,149,150 Epidural steroids 
are also used extensively for low back and neck pain,151 
but they provided questionable long-term pain relief in 
RCTs,152 and these injections are recommended only after 
careful individual patient selection.153 The same applies 
to lumbar transforaminal epidural steroid injections.154 
Although it has been asserted that transforaminal steroid 
injections are more efficacious than interlaminar injec-
tions, supporting evidence is limited. In summary, epi-
dural steroids may provide short-term relief for radicular 
symptoms, but only limited long-term effects for relief of 
back pain.155 Further, no evidence indicates that the addi-
tion of other agents such as hyaluronic acid produces bet-
ter results.146,152 Neither preoperative nor postoperative 
nerve blocks provide consistent improvement of phan-
tom limb pain.156 Some RCTs indicate that epidural or 
intrathecal steroids with local anesthetics can be effective 
in herpes zoster and postherpetic neuralgia.157 In addi-
tion, local infiltration of herpes zoster lesions provides 
inconsistent relief of pain.

Sympathetic nerve blocks with local anesthetics, often 
carried out as a series, such as in herpes zoster–associated 
pain and complex regional pain syndrome, are com-
monly used, but evidence from RCTs is lacking. Especially 
in adolescents and children, the role of sympathetic and 
other nerve blocks has been questioned.158 Some stud-
ies were able to demonstrate short-term effects, but no 
clear reduction of the risk to develop postherpetic neural-
gia.157,159 Similarly, the long-term effectiveness of sympa-
thetic blockade in complex regional pain syndrome was 
not demonstrated in RCTs.160,161 Anecdotal reports have 
described sympathetic blocks for ischemic pain, such as 
in peripheral vascular or Raynaud disease.

In contrast to the lack of evidence for long-term effects, 
interventional techniques can produce short-term pain 
relief. In the context of interdisciplinary management, 
such techniques can be effectively used to facilitate initial 
physical therapy in chronic nonmalignant pain.143,162

CONTINUOUS CATHETER TECHNIQUES

Continuous drug delivery to the intrathecal or epidural 
space can be accomplished by using programmable 
implanted pumps, implanted accessible reservoir systems, 
and tunnelled exteriorized catheters. The principal benefit 
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appears to be the reduction of systemic side effects. As 
with nerve blocks, the evidence of effectiveness of these 
approaches is stronger for cancer pain than for chronic 
nonmalignant pain.

Cancer Pain
Only a few patients with cancer require neuraxial drug 
delivery because of intolerable side effects, but in patients 
refractory to systemic analgesics, such methods may be 
underused.163,164 The preponderance of evidence supporting 
this mode of drug delivery is derived from nonrandomized, 
uncontrolled studies.134,165 The advantage of the epidural 
technique is its ubiquitous availability in most anesthe-
sia departments, but its disadvantages are the chance of 
inhomogeneous distribution of the analgesics, high drug 
volume requirements and possible systemic absorption, 
and limited duration of therapy as a result of local granu-
loma formation and technical failures.134 The intrathecal 
approach allows homogeneous distribution of the analge-
sics, low-volume injections, control of catheter positioning 
with cerebrospinal fluid aspiration, and long-term therapy 
with minimal infection rates, although case reports on 
catheter tip inflammatory granulomas have occurred. Usu-
ally, morphine (1 to 5 mg, depending on the preceding 
systemic dosage) or hydromorphone is recommended as a 
drug of first choice. For refractory pain, combinations with 
bupivacaine, clonidine, ziconotide, and other compounds 
have been used.165 This approach should be used only if the 
treatment facility has the capacity for emergency in-house 
treatment, 24-hour emergency calls, and adequate home 
care service with stringent protocols to avoid infections. To 
transfer the patient from high-dose systemic analgesia to 
intraspinal analgesia, 24-hour monitoring is required. The 
initial intrathecal morphine dose is approximately 1% of 
the oral morphine equivalent. Thereafter, the systemic opi-
oid dose is reduced by 50% and then is slowly tapered by 
10% daily to avoid withdrawal, at the same time allowing 
usual systemic opioid doses as rescue medication.

Non–Cancer-Associated Pain
No RCTs are available, but observational reports described 
continuous catheter techniques for chronic noncancer 
pain.134,166 Most of these studies used intrathecal mor-
phine, and some used hydromorphone, baclofen, or 
ziconotide in patients with chronic low back pain. On 
average, these patients exhibited increasing daily mor-
phine doses over time and a high incidence (≤25%) of 
complications, such as catheter obstruction, catheter-tip 
granuloma formation, pruritus, urinary retention, and 
infection. Effectiveness of these techniques in reliev-
ing pain or improving function compared with placebo, 
natural history, or other treatments either has not been 
shown134,166 or is limited.167

STIMULATION TECHNIQUES

Stimulation techniques frequently used in pain manage-
ment include acupuncture, spinal cord (or dorsal column) 
stimulation (SCS), and transcutaneous electrical nerve 
stimulation (TENS). Acupuncture has long been popu-
lar among patients and lately has also generated interest 
within the conventional medical community. Systematic 
reviews of sham-controlled studies in migraine prophy-
laxis and arthritic pain showed that treatments using 
traditional Chinese concepts of meridians and specified 
classic points are as effective as the selection of acupunc-
ture points at random.168,169 The conclusion was that acu-
puncture has no specific effect compared with standard 
medical migraine prophylaxis.168 In osteoarthritis, ade-
quately blinded studies yielded inconclusive results.169,170 
In rheumatoid arthritis, acupuncture was not recom-
mended.171 In chronic low back pain, several reviews con-
cluded that, in the long term, acupuncture is not more 
effective than other treatments.172-174 With respect to 
pain relief in patients with cancer, available data do not 
support the effectiveness of acupuncture, either.175

The idea of modulating neural transmission by elec-
trical stimulation dates back to ancient Rome, with the 
observation that gout pain was alleviated through acci-
dental contact with a torpedo fish. The gate control the-
ory of pain in the 1960s proposed that pain perception 
was influenced by the balance of firing between large 
and small nerve fibers, and that retrograde nonpain-
ful stimulation of large fibers would “close the gate” by 
adjusting the level of voltage.134 This theory prompted 
the development of TENS, SCS, and various techniques 
of brain stimulation that have been applied in patients 
with refractory complex regional pain syndrome or neu-
ropathic, low back, and ischemic pain. None of these 
methods have been validated by adequately powered and 
blinded RCTs for chronic pain.176,177 Unblinded stud-
ies suggest that selected patients with complex regional 
pain syndrome or back pain, especially with failed back 
surgery syndrome, may benefit from SCS, but controlled 
trials are needed.178 Complications include electrode dis-
placement, infection, and battery failure.177,179 Because 
it is noninvasive and easy to administer, TENS is used 
widely. However, systematic reviews of its application for 
chronic low back pain180 and painful rheumatoid arthri-
tis or osteoarthritis181,182 have not yielded conclusive evi-
dence of its effectiveness.

PERIOPERATIVE MANAGEMENT OF 
PATIENTS WITH CHRONIC PAIN

CHARACTERISTICS OF PATIENTS WITH 
CHRONIC PAIN IN THE PERIOPERATIVE 
PERIOD

The patient with chronic pain has certain distinctive fea-
tures important for perioperative management (see also 
Chapter 98). Enhanced central sensitization or reduced 
endogenous inhibition may result in increased and 
prolonged pain after surgery.183 Moreover, altered opi-
oid sensitivity secondary to long-term exposure to opi-
oid medications must be considered.184 Patients with 
chronic pain also frequently exhibit higher preoperative 
expectations of pain, anxiety, depression, or hypervigi-
lance.185,186 It may be difficult to distinguish normal from 
maladaptive anxiety, but patients with cancer pain are 
more likely to be anxious than are patients with can-
cer who do not have pain. In addition, the patient with 
chronic pain, including the patient with cancer, is not as 
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confident of recovery as are other patients with chronic 
diseases.187 Thus, difficult perioperative pain control and, 
possibly, an increased risk of chronic pain development 
after surgery must be expected. However, patients with 
chronic pain, with or without long-term opioid medica-
tion, opioid abuse, or opioid misuse, require and must 
receive adequate pain control.

The preanesthetic visit should therefore include 
questions regarding chronic pain and regular use of 
analgesics and adjuvant medication (see also Chapter 
38). Although some characteristics, including increased 
opioid demand, underreporting of pain, and noncom-
pliance, are known, only few specific recommenda-
tions are available, such as adequate increase of opioid 
dose for analgesia, continuation of preoperative anal-
gesics to prevent withdrawal, and intensive education 
to strengthen the patient’s coping potential. No dif-
ferences among specific techniques for postoperative 
analgesia (e.g., systemic patient-controlled, or regional 
analgesia) have been demonstrated so far. Furthermore, 
preoperative intensity of pain alone, independent of 
the use of analgesics, correlates positively with post-
operative pain.188 Patients with chronic pain often suf-
fer from prolonged inactivity or neurologic deficits, or 
both, that increase the risk for adverse events during the 
perioperative period. Some key issues are summarized in 
Box 64-1.

LONG-TERM USE OF ANALGESICS AND 
ADJUVANT DRUGS

Patients with chronic pain are often pretreated with opi-
oids, COX inhibitors, and antidepressants or anticon-
vulsants, or both. Tolerance, drug interactions, and side 
effects may occur. In addition, inappropriate or excessive 

BOX 64-1 Risk Factors in the Perioperative 
Management of the Patient With Chronic Pain

 •  Conventional perioperative analgesia regimens do not meet 
the needs of the patient with chronic pain.

 •  Unrelieved postoperative pain resulting from undermedication 
may provoke withdrawal.

 •  Patients tend to underreport their medication.
 •  With uncontrolled anxiety or fear of pain, patients tend to 

overestimate the effect of painful stimuli.
 •  Epidural and intravenous opioid (including PCA) requirements 

can be two to four times higher in opioid-consuming than in 
opioid-naïve patients.

 •  Expect prolonged recovery and the need for postoperative 
analgesia.

 •  Anxiety and insufficient coping result in poor compliance with 
analgesic strategies.

 •  Individual variations in response to opioids may necessitate 
selection of the optimal drug and dosing by sequential trials.

 •  Individual titration of doses is required to find the optimal bal-
ance between analgesia and adverse effects.

 •  Adjuvant medication may interfere with anesthesia and post-
operative analgesia.

Modified from Kopf A, Banzhaf A, Stein C: Perioperative management of the 
chronic pain patient, Best Pract Res Clin Anaesthesiol 19:59-76, 2005.

PCA, Patient-controlled analgesia.
medication is commonly observed.74,75,189 Patients with 
chronic pain tend to underestimate and underreport 
their medication use.190 Thus, undertreatment in the 
perioperative period may be unnoticed and may induce 
a neuroexcitatory withdrawal syndrome with associated 
cardiopulmonary strain.

Long-term opioid medication has been discussed 
thoroughly in the literature (see the earlier section on 
opioids). Together with aggressive marketing, this infor-
mation has gradually led to decreasing reservations 
among practitioners toward the use of these drugs. As 
a result, opioids are used more frequently in patients 
with cancer pain and noncancer pain, and most patients 
with noncancer pain are now prescribed opioid medica-
tion.74,75,190 Although this approach this seems justified 
in cancer pain and certain chronic destructive diseases, 
indications for the use of opioids in patients with chronic 
noncancer pain are less convincing (see the earlier sec-
tion on opioids). Nevertheless, anesthesia providers are 
increasingly confronted with patients receiving long-
term opioid treatment. Such pretreatment can result in a 
severalfold increased and prolonged requirement for sys-
temic and epidural analgesics in the perioperative period 
compared with opioid-naïve patients.57,61,191,192 Patients 
with chronic pain and prior opioid consumption may 
also exhibit higher postoperative pain scores.192 The 
increased postoperative analgesic demands may result 
from lower pain thresholds or a need for higher drug 
concentrations. In addition, opioid requirements can 
be influenced by gender, genetic predisposition, age, 
type of surgery, and preoperative pain levels.58,188 Con-
versely, opioid-related side effects (e.g., nausea and 
pruritus) may be less dominant. Physicians and nurses 
may overestimate tolerance, addiction, and sedation but 
underestimate dependence. A paramount concern is the 
maintenance of adequate perioperative opioid dosing to 
prevent withdrawal61,192 (see Box 64-1).

COX inhibitors are the most commonly used nono-
pioid analgesics. Unlike opioids, they are not associated 
with tolerance and physical dependence, but they produce 
serious side effects, mainly in the gastrointestinal tract, 
kidneys, and cardiovascular and coagulation systems (see 
the earlier section on drugs used for chronic pain). Major 
concerns for the anesthesiologist are coagulation distur-
bances and the increased risk for hematoma formation 
associated with spinal and epidural anesthesia. Practice 
guidelines do not differentiate between selective COX-2 
and nonselective COX inhibitors. European and Ameri-
can societies disagree in their recommendations. Before 
neuraxial anesthesia, a 24- to 72-hour (in case of aspirin) 
drug-free interval is recommended by the German Soci-
ety of Anesthesiology and Intensive Care Medicine and 
by the Spanish Consensus Forum, whereas the American 
Society of Regional Anesthesia and Pain Medicine does 
not believe that these drugs pose any added significant 
risk. This discrepancy likely arises from the findings that 
the development of a spinal or epidural hematoma is a 
rare event (≈1 in 220,000 spinal and 1 in 150,000 epi-
dural anesthetics) and that none of the studies to date 
has a large enough patient population to predict the risk 
of hematoma formation when COX inhibitors are contin-
ued preoperatively.193
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Antiepileptic drugs can interfere with anesthesia in 
different ways. Sedation produced by anticonvulsant 
drugs may have additive effects with anesthetics, whereas 
drug-induced enzyme induction could alter responses to 
or contribute to the organ toxicity of anesthetics. Gaba-
pentin has a favorable side effect profile, and its relative 
absence of drug interactions allows continuation and 
rapid titration in the perioperative period.194 Phenytoin 
and carbamazepine accelerate recovery from nondepo-
larizing muscle relaxants, but the mechanism is unclear. 
Preoperative exclusion of toxic serum levels of phenytoin 
is recommended, to reduce the risk of atrioventricular 
conduction block. States of disorientation, nystagmus, 
ataxia, and diplopia may be manifestations of exces-
sive plasma concentrations. Carbamazepine may pro-
duce sedation, ataxia, nausea, and (rarely) bone marrow 
depression or hepatorenal dysfunction. Plasma sodium 
levels must be monitored perioperatively to avoid hypo-
natremia. Oral valproic acid is commonly used for pro-
phylaxis of migraine, and intravenous valproic acid may 
be used to control episodic headaches.195 This drug may 
inhibit activity of hepatic microsomal enzymes and inter-
fere with platelet aggregation.196 To avoid central nervous 
system hyperexcitability, antiepileptics should never be 
discontinued abruptly. Stable dosages must be main-
tained throughout the perioperative period.

Antidepressants are frequently used for neuropathic 
pain and for associated depression. Adverse effects are 
numerous and include sedation, anticholinergic effects, 
and cardiovascular changes. Electrocardiographic changes 
can occur, such as prolongation of the PR interval and 
widening of the QRS complex, but previous suggestions of 
increased risk of perioperative cardiac dysrhythmias have 
not been substantiated in the absence of drug overdose.197 
Therefore, antidepressants need not be discontinued 
before anesthesia, but increased anesthetic requirements 
may be expected because of enzyme induction. Postop-
eratively, the likelihood of delirium and confusion may 
be increased as a result of additive anticholinergic effects. 
Selective serotonin reuptake inhibitors and atypical anti-
depressants such as mirtazapine or venlafaxine are less 
likely to interfere with anesthesia.

Ketamine is a mixed opioid agonist–NMDA antago-
nist that can produce analgesia at subanesthetic doses in 
selected patients with neuropathic pain198,199 (see also 
Chapter 32). Very rarely, patients taking oral ketamine 
medication on a long-term basis are encountered. In 
these cases, perioperative administration of ketamine 
should be discontinued because correct conversion from 
oral to intravenous ketamine is difficult.200 Within anal-
gesic dose ranges, the risk of a withdrawal syndrome is 
small.199,201

Benzodiazepines are not analgesic and are rarely used 
in chronic pain, with the exception of palliative care situ-
ations.110,202 Nevertheless, chronic pain is a predictor of 
increased benzodiazepine use.203 Side effects relevant to 
anesthesia include sedation and skeletal muscle weak-
ness. Because of the long half-life of these drugs, delayed 
withdrawal should be anticipated and avoided by main-
taining stable perioperative dosage. Neuroleptics are also 
inappropriate, but they are sometimes used in chronic 
pain.79 In the perioperative period, patients treated with 
antipsychotic drugs can develop a neuroleptic malignant 
syndrome. Hyperthermia, hypertonicity of skeletal mus-
cles, fluctuating levels of consciousness, and autonomic 
nervous system instability are typical symptoms (see also 
Chapter 43).

DEPENDENCE, ADDICTION,  
AND PSEUDOADDICTION

Physical dependence is defined as a state of adaptation 
that is manifested by a drug class–specific withdrawal 
syndrome that can be elicited by abrupt cessation, rapid 
dose reduction, decreased blood level of the drug, or 
administration of an antagonist (see also Chapter 110).204 
Dependence is not synonymous with tolerance (see the 
earlier section on opioids). All opioids, benzodiazepines, 
and anticonvulsants produce clinically relevant physical 
dependence when administered for a prolonged period 
of time, but sometimes physical dependence can develop 
within hours of agonist exposure.205 Thus, all patients 
with continuous preoperative opioid intake should be 
considered at risk for withdrawal syndrome if adequate 
substitution of opioids in the perioperative period is 
withheld. Opioid and benzodiazepine withdrawal syn-
dromes, especially tachycardia and hypertension, may be 
detrimental for the high-risk cardiac patient. Rapid with-
drawal from anticonvulsant drugs may trigger seizures, 
anxiety, and depression.

Addiction is a behavioral syndrome characterized by 
evidence of psychological dependence (craving), uncon-
trolled or compulsive drug use despite harmful side 
effects, and other drug-related aberrant behavior (e.g., 
altering prescriptions, manipulating health care provid-
ers, drug hoarding or sales, unsanctioned dose escala-
tion).72,204 The prevalence of opioid addiction is as high 
as 50% in patients with chronic nonmalignant pain and 
up to 8% in patients with cancer pain.72,73 Many issues 
regarding patients with chronic pain who consume opi-
oids also apply to patients who abuse or are addicted to 
opioids. The daily dose of opioids in abusing or addicted 
patients is typically larger, such patients often have coex-
isting psychiatric diseases (depression, anxiety, psycho-
sis). In addition, the known history of abuse may lead to 
tempered use of opioids by health care providers, a prac-
tice that makes these patients particularly vulnerable to 
inadequate postoperative pain control.61 Further special 
considerations in the management of the drug-addicted 
patient are discussed in the literature.61,192,206

Pseudoaddiction describes a situation in which medi-
cal personnel do not provide a sufficient dosage of medi-
cation, thereby provoking repetitive demands from the 
patient for analgesics. This may be interpreted as “drug-
seeking behavior.” Pseudoaddiction can be avoided with 
adequate algorithms and regular education of health care 
providers.56

MANAGEMENT AND PRACTICAL 
RECOMMENDATIONS

Perioperative management must address the risk of 
opioid withdrawal, the altered pain sensitivity, and 
the psychological alterations typical in the population 
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of patients with chronic pain. Most of the following 
recommendations must be considered “expert views” 
only.192,207,208

Preoperative Evaluation
Preanesthesia evaluation is necessary to educate patients, 
to organize resources for preoperative improvement of 
the patient’s physical function, to choose optimal anes-
thetic techniques, and to formulate plans for postopera-
tive recovery, including perioperative pain management61 
(see also Chapter 38). Misconceptions about the surgical 
procedure, the role of the anesthesiologist in periopera-
tive care, and postoperative pain treatment are common 
among patients.209 A thorough history must be obtained to 
identify all preoperative medications, including opioids, 
other analgesics, and adjuvants, as well as signs of psy-
chiatric comorbidity and aberrant drug-related behavior. 
Patients with spinal cord stimulators should be instructed 
to turn off their devices.210 Screening tools and thorough 
education of the patient are recommended.186,211 Consul-
tation of a pain specialist should always be considered. 
Pertinent issues and practical recommendations are sum-
marized in Boxes 64-1 and 64-2.

 •  Take a thorough history to identify all analgesic and adjuvant 
medications, risk factors, and comorbidity.

 •  Educate the patient about the perioperative procedures, 
the potential for aggravated pain, and increased opioid 
requirements.

 •  Communicate plans among the designated anesthesiologist 
in the operating room, the postanesthesia care unit, and the 
surgical and nursing personnel on the ward.

 •  Differentiate among addiction, pseudoaddiction, and physical 
dependence in patients receiving long-term opioid medication.

 •  Expect physical dependence in patients receiving long-term 
opioid medication.

 •  Continue previous long-acting opioid analgesics for short 
procedures.

 •  For major surgery, calculate and order the background infusion 
of an equianalgesic opioid dose to be started in the operating 
room for patients with NPO status for more than 8 hours.

 •  Order regular opioid medication on the morning of surgery.
 •  Maintain anticonvulsant drugs and benzodiazepines at preop-

erative doses.
 •  Discontinue all other adjuvants if NPO status lasts longer than 

24 hours.
 •  Identify an untreated depressive disorder with screening 

questions for disturbed sleep, lowered mood, and reduced 
concentration, self-confidence, and motivation.

 •  Identify an untreated anxiety disorder with screening questions 
for restlessness, irritability, difficulties in controlling anxiousness, 
and worrying.

 •  Consider referral to a pain specialist for evaluation.
 •  Choose regional or general anesthesia based on individual 

considerations.

BOX 64-2 Preoperative Considerations and 
Recommendations in Patients With Chronic 
Pain

Data from Farrell C, McConaghy P: Perioperative management of patients 
taking treatment for chronic pain, BMJ 345:e4148, 2012; and Kopf A, 
Banzhaf A, Stein C: Perioperative management of the chronic pain patient, 
Best Pract Res Clin Anaesthesiol 19:59-76, 2005.

NPO, Nothing by mouth.
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Perioperative Management
To avoid opioid withdrawal, the preoperative systemic 
dosage should be continued throughout the periopera-
tive period, and mixed agonist-antagonists (buprenor-
phine, nalbuphine) must be avoided (see also Chapters 38 
and 40). If a neuraxial catheter with opioid medication is 
used, the flow and concentration of the opioid should be 
continued throughout the perioperative period as back-
ground analgesia.212 For minor surgery and for surgical 
procedures between minor and major surgery, oral slow-
release opioid medication may be continued at its regular 
intervals. For major surgery with postoperative restriction 
of enteral intake, oral opioids should be discontinued 
and replaced by equivalent doses of intravenous opioids, 
which must be continued for the entire perioperative 
period. This applies to general and regional anesthesia. The 
anesthesia technique should be selected on an individual 
basis, considering the patient’s expectations, because no 
data are available favoring general, regional, or combined 
anesthesia for this patient population.208 The frequency 
and extent of monitoring techniques should be adapted 
to the patient’s risk of instability.

Pain should be periodically assessed during emergence 
and recovery.213 For thorough evaluation of pain relief, 
functional criteria (ability to cough, breathe deeply, 
perform physical therapy, ambulate) should be used in 
conjunction with patient-generated pain ratings to deter-
mine the end points for analgesic therapy. Pain acts as 
an antagonist to central nervous system depressants, and 
in particular to the respiratory depressant effects of opi-
oids. Thus, any surgical procedure that removes a major 
nociceptive stimulus (e.g., an infiltrating tumor) may lead 
to unopposed opioid-mediated respiratory depression or 
somnolence in the postoperative period.

For patients without chronic pain, RCTs suggest 
that adequate postoperative analgesia by a multimodal 
approach may facilitate the return of gastrointesti-
nal function, be cardioprotective, reduce pulmonary 
complications, and shorten the length of stay in the 
intensive care unit and the hospital.214 Whether these 
findings are applicable to patients with chronic pain is 
unknown. Individually adapted regimens are usually 
superior to “conventional” analgesia, regardless of the 
specific analgesia technique used.215 In minor surgery 
and in surgical procedures between minor and major 
surgery, an opioid-NSAID combination should always 
be considered to enhance opioid effects. Because prega-
balin and gabapentin can reduce postoperative pain and 
opioid consumption216 and have anxiolytic effects,217 
the patient with chronic pain and anxiety may benefit. 
A dose range for pregabalin of 150 mg twice daily until 
the second or third postoperative day has been recom-
mended.207 Keta mine may also be applied as an adjunc-
tive therapy,199 but no data encourage its routine use 
in the perioperative period for the patient with chronic 
pain. Support from a multimodal pain treatment facility 
should be requested. Apart from the choice of analge-
sia technique and adequate opioid medication, optimi-
zation of organizational structures is a key factor for 
improving perioperative analgesia.218 If addiction is sus-
pected, the patient should be reevaluated for weaning 
or rehabilitation only after recovery from surgery and 
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postoperative pain.219 Specific risk factors in patients 
with chronic pain are summarized in Box 64-1.

Postoperative Regional Anesthesia
Although no strong evidence indicates the superiority 
of particular anesthetic techniques for postoperative 
analgesia in patients with chronic pain, individual con-
siderations may favor regional anesthesia, particularly 
because these patients are prone to intensified postop-
erative pain experiences (see also Chapter 98). Patients 
who have been consuming opioids on a long-term basis 
need their daily systemic dosage by the intravenous or 
oral route to prevent withdrawal.61 In addition, postop-
erative analgesia with an epidural or plexus catheter may 
be accomplished with a combination of local anesthet-
ics and opioids, similar to patients without chronic pain 
(see Chapters 56 and 98). However, higher doses of epi-
dural opioids are recommended because cross-tolerance 
between orally and epidurally administered opioids has 
been described. Epidural lipophilic opioids (fentanyl, 
sufentanil) may provide better postoperative pain relief 
than epidural morphine in patients who have been con-
suming opioids on a long-term basis; this effect has been 
attributed to the need for a lower receptor occupancy 
or incomplete cross-tolerance between morphine and 
sufentanil.220

Postoperative Intravenous Opioids
The total required opioid dose consists of the daily dose 
taken before and the dose made necessary by surgical 
stimulation (see also Chapter 98). A continuous periop-
erative intravenous opioid infusion equivalent to the 
regular daily dosage is recommended if the oral route 
is unavailable.61,215 Additional bolus doses of opioid or 
nonopioid analgesics, or both, must be titrated to indi-
vidual needs to achieve adequate pain control in the 
postanesthesia care unit. Depending on the local circum-
stances, this may be patient, nurse, or physician con-
trolled. The bolus size should be equal to the hourly dose 
of the background infusion. Once the patient demands 
less than four extra bolus doses per day, the background 
infusion may be reduced in daily steps of approximately 
20% to 30%. For calculation of opioid dose equivalents, 
the relative potency, half-life, bioavailability, and route 
of administration must be considered.221 As soon as pos-
sible, oral medication should be resumed. Intravenous 
doses during the first 24 to 48 hours after surgery should 
be converted to oral dose equivalents. Half the total dos-
age may be delivered as long-acting and half as short-act-
ing breakthrough medication.61

Perioperative Transdermal Opioids
Transdermal fentanyl patches are relatively reliable in 
administering controlled amounts of the drug to the 
circulation over long periods. However, during sur-
gery the amount of drug delivered to the patient may 
significantly shift. Changes in intravascular volume, 
body temperature, and volatile anesthetics alter skin 
permeability and perfusion, thus resulting in relatively 
large fluctuations in transdermal fentanyl passage. In 
addition, forced-air warming blankets and heat packs 
applied onto the patch itself can lead to severalfold 
increases in fentanyl permeation through the skin.57 
Thus, in major surgery, removal of transdermal systems 
is advisable to avoid unforeseen decreases and increases 
of systemic opioid uptake. The transdermal opioid dose 
should be converted to intravenous morphine to be 
administered as a continuous background infusion.221 
Pertinent issues and practical recommendations are 
summarized in Box 64-3.

Data from Farrell C, McConaghy P: Perioperative management of patients 
taking treatment for chronic pain, BMJ 345:e4148, 2012; and Kopf A, 
Banzhaf A, Stein C: Perioperative management of the chronic pain patient, 
Best Pract Res Clin Anaesthesiol 19:59-76, 2005.

 •  Start the background opioid infusion immediately when the 
patient arrives in the operating room.

 •  Remove an opioid-patch when major surgery is planned; in 
minor surgery, a patch may be continued without a back-
ground infusion.

 •  Every patient with chronic pain must be seen postoperatively 
three times daily to evaluate pain at rest, pain with exercise 
(e.g., coughing), nausea, sedation, mobilization, and sleep 
quality.

 •  Monitor closely for signs of respiratory depression and of with-
drawal (e.g., unexplained tachycardia, restlessness, sweating, 
confusion, hypertension).

 •  Integrate the patient into the acute pain service protocol if 
available.

 •  Titrate a short-acting opioid for acute pain with two to four 
times the usual starting dose needed for an opioid-naïve 
patient.

 •  Add COX inhibitors, anticonvulsants, and other adjuvants as 
needed.

 •  Evaluate the demand-delivery ratio of PCA frequently, and 
adapt the demand dose in relation to the background infu-
sion (the demand dose equals the hourly dose of background 
infusion).

 •  Increase the background infusion in PCA in relation to the 
cumulative daily opioid demand dose (add 50% to 75% of the 
daily demand dose to background infusion).

 •  Change the technique of postoperative analgesia if inadequate 
use persists in spite of repeated patient education.

 •  In case of insufficient epidural analgesia with morphine, use 
epidural fentanyl or sufentanil.

 •  In case of IV opioid dose escalation, consider spinal or epidural 
opioid application or switch to an IV agonist.

 •  Reduce daily opioid doses after the second postoperative day 
stepwise to the preexisting dose.

 •  Switch back to an oral or transdermal medication as early 
as possible: use 50% to 75% of the last daily IV opioid dose 
as slow release oral or transdermal delivery plus the rest as a 
demand dose.

 •  When switching back to the transdermal route, consider 12- to 
16-hour delayed effects, and supply the patient for this period 
with sufficient on-demand analgesia.

 •  Do not attempt to solve a chronic pain problem in the imme-
diate postoperative period.

 •  Use nonpharmacologic techniques (distraction, relaxation) 
when appropriate, and offer counseling in the pain unit after 
postoperative recovery.

BOX 64-3 Intraoperative and  
Postoperative Management Issues and 
Practical Recommendations in Patients  
With Chronic Pain

COX, Cyclooxygenase; IV, intravenous; PCA, patient-controlled analgesia
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Palliative Medicine
SARAH GEBAUER

K e y  P o i n t s

 •  Palliative care is an interdisciplinary approach to symptom management and 
decision making in treating serious illnesses that are appropriate for patients with a 
wide range of illnesses and is not limited to patients who are imminently expected 
to die.

 •  Palliative care teams reduce costs and decrease the burden of symptoms for 
patients with serious illnesses.

 •  Physicians receive little training in discussing difficult topics and tend to focus on 
details and use medical jargon.

 •  Patients and families want physicians to be truthful and empathetic and to 
participate in shared decision making.

 •  Physicians have difficulty prognosticating the future for an individual patient. 
Patients and families understand and accept this reality.

 •  Opioids administered in small doses do not hasten death in patients receiving 
palliative care and are effective in treating dyspnea.

 •  Patients with perioperative limitations on treatment should prompt a thorough 
discussion of a perioperative plan with the patient and surgical team.
WHAT IS PALLIATIVE MEDICINE?

DEFINITION

The World Health Organization (WHO) defines pallia-
tive care as “an approach that improves the quality of 
life of patients and their families facing the problem 
associated with life-threatening illness, through the pre-
vention and relief of suffering by means of early iden-
tification and impeccable assessment and treatment of 
pain and other problems, physical, psychosocial and 
spiritual.”1 Illness has many facets, and symptom man-
agement, family support, and aid in decision making 
are common areas of focus for palliative care teams2 
(Fig. 65-1). Palliative care refers to the work of an inter-
disciplinary team, whereas palliative medicine refers to 
the medical subspecialty focused on providing symp-
tom relief and decision-making support for patients 
with serious illnesses.

PRIMARY VERSUS SPECIALIST PALLIATIVE 
MEDICINE

A distinction has been made among the levels of pal-
liative care. This distinction facilitates the differentia-
tion among the skills expected from all physicians and 
from those more suitable to a specialist service. Exam-
ples of primary palliative medicine include basic pain 
and symptom management, as well as discussions about 
prognosis, goals of treatment, and resuscitation status.3 
Specialty palliative medicine includes the management 
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of refractory or complex symptoms, as well as the facili-
tation of conflict resolution among families, staff mem-
bers, and treatment teams related to the goals of care.4

HISTORY OF PALLIATIVE MEDICINE

The word palliative comes from the Latin word to clothe 
and refers to the “covering up” of symptoms such as pain. 
Modern palliative medicine grew out of the hospice move-
ment that was started by Dr. Cicely Saunders in the late 
1960s.5 Since that time, the field has broadened from a 
focus on patients at the end of life to include patients with 
serious illnesses, with the growing recognition that many 
hospice principles, such as the relief from suffering, also 
apply to patients regardless of prognosis6 (Fig. 65-2). After 
its introduction to the United States in the 1970s, several 
academic medical centers developed palliative care teams 
in the 1990s to meet this growing need.6

Inpatient palliative care teams have rapidly grown over 
the past decade,7 and currently 85% of hospitals with more 
than 300 beds and 63% of hospitals with 50 or more beds 
have palliative care teams.8 Hospice and palliative medicine 
became a recognized subspecialty in 2006, with the first 
board examinations offered in 2008. Physicians from 10 
medical specialties, including anesthesiology, are eligible 
to complete a fellowship and to take the board examina-
tion.9 Currently, 129 anesthesiologists are board-certified 
or eligible to practice in hospice and palliative medicine, 
which represents 3% of the estimated 4400 hospice and 
palliative medicine physicians in the United States.10
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Disease Management

Primary diagnosis, prognosis 
evidence

Secondary diagnoses
(e.g., dementia, psychiatric 
diagnoses, substance use, 
trauma)

Co-morbidities (e.g., delirium, 
seizures, organ failure)

Adverse events (e.g., side 
effects, toxicity)

Allergies

Psychologic

Personality, strengths, 
behavior, motivation

Depression, anxiety

Emotions (e.g., anger, 
distress, hopelessness, 
loneliness)

Fears (e.g., abandonment, 
burden, death)

Control, dignity, 
independence

Conflict, guilt, stress, coping 
responses

Self-image, self-esteem

Physical

Pain and other symptoms*

Level of consciousness, 
cognition

Function, safety, aids:
 Motor (e.g., mobility, 

swallowing, excretion)
 Senses (e.g., hearing, 

sight, smell, taste, 
touch)

 Physiologic (e.g., 
breathing, circulation)

 Sexual

Fluids, nutrition

Wounds

Habits (e.g., alcohol, smoking)
Loss, Grief

Loss

Grief (e.g., acute, chronic, 
anticipatory)

Bereavement planning

Mourning

Social

Cultural values, beliefs, 
practices

Relationships, roles with 
family, friends, community

Isolation, abandonment, 
reconciliation

Safe, comforting environment

Privacy, intimacy

Routines, rituals, recreation, 
vocation

Financial resources, 
expenses

Legal (e.g., powers of 
attorney for business, for 
health care, advance 
directives, last will/testament, 
beneficiaries)

Family caregiver protection

Guardianship, custody issues

Patient and Family 
Characteristics

Demographics (e.g., age, 
gender, race, contact 
information)

Culture (e.g., ethnicity, 
language, cuisine)

Personal values, beliefs, 
practices, strengths

Developmental state, 
education, literacy

Disabilities

End-of-Life Care and
Death Management

Life closure (e.g., completing 
business, closing 
relationships, saying 
goodbye)

Gift giving (e.g., things, 
money, organs, thoughts)

Legacy creation

Preparation for expected 
death

Anticipation and management 
of psychologic changes in the 
last hours of life

Rites, rituals

Pronouncement, certification

Perideath care of family, 
handling of the body

Funerals, memorial services, 
celebrations

Spiritual

Meaning, value

Existential, transcendental

Values, beliefs, practices, 
affiliations

Spiritual advisors, rites, 
rituals

Symbols, icons

Practical

Activities of daily living (e.g., 
personal care, household 
activities)

Dependents, pets

Telephone access, 
transportation

* Other common symptoms include, but are not limited to:
Cardiorespiratory: breathlessness, cough, edema, hiccups, apnea, agonal breathing patterns
Gastrointestinal: nausea, vomiting, constipation, obstipation, bowel obstruction, diarrhea, bloating, 

dysphagia, dyspepsia
Oral conditions: dry mouth, mucositis
Skin conditions: dry skin, nodules, pruritus, rashes
General: agitation, anorexia, cachexia, fatigue, weakness, bleeding, drowsiness, effusions (pleural, 

peritoneal), fever/chills, incontinence, insomnia, lymphedema, myoclonus, odor, prolapse, sweats, 
syncope, vertigo

Figure 65-1. Aspects of illness. (Modified from Ferris FD, Balfour HM, Bowen K, et al: A model to guide patient and family care: based on nationally 
accepted principles and norms of practice, J Pain Symptom Manage 24:106-123, 2002.)
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and/or improve quality of life
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Figure 65-2. Schematic illustration depicting the role of hospice care and palliative care during illness and bereavement. (From Ferris FD, Balfour 
HM, Bowen K, et al: A model to guide patient and family care: based on nationally accepted principles and norms of practice, J Pain Symptom Manage 
24:106-123, 2002.)
WHY IS PALLIATIVE MEDICINE NEEDED?

The combination of an aging population and medical 
advancement has contributed to a growth in the number 
of patients with chronic illnesses. In the United States in 
2011, Medicare spent $549 billion, with 55% of Medicare 
expenses going to the most expensive 10% of patients 
in 2008.11 Many of these patients have multiple comor-
bidities, repeated or prolonged hospitalizations, or a life 
expectancy of less than 1 year, and many patients may be 
appropriate for hospice or palliative care services.12

Patients with serious illnesses have a significant symp-
tom burden, most often involving pain, dyspnea, anxiety, 
and depression, and their family members report similar 
concerns.13 Although the quality of pain control during 
a life-limiting illness is often a major concern of patients 
and their families, several surveys have found that they 
are often dissatisfied with the quality of pain control.13,14 
Patients and families also describe poor communication 
with health professionals, particularly in the setting of 
conversations regarding prognosis.15 Palliative care, with 
its emphasis on symptom management and goal setting, 
attempts to address these concerns.

WHY IS PALLIATIVE MEDICINE IMPORTANT 
TO ANESTHESIOLOGISTS?

As patients who are older and more seriously ill undergo 
surgery,16 anesthesiologists should develop an under-
standing of the concepts of palliative medicine. Anesthe-
siologists have specific skills in symptom management 
that may benefit the patient, and they have a unique per-
spective on the surgical process that can provide insight to 
palliative medicine and surgery teams.17 As more patients 
and families interact with palliative care teams, anesthesi-
ologists should be able to discuss related concerns and to 
develop an anesthetic plan that includes palliative con-
cepts, including goals of care discussions and symptom 
management. Additionally, many pain and critical care 
anesthesiologists regularly care for patients who are seri-
ously ill and have specific expertise to offer.
GLOBAL PALLIATIVE CARE

Approximately one half of the countries in the world have 
at least one hospice or palliative care service, although 
most exist in larger and more developed countries. The 
variation in availability is vast, from 1 physician for every 
1000 inhabitants in the tiny country of Niue near New 
Zealand to 1 per 8.5 million inhabitants in China and  
1 per 90 million in Pakistan.18 In addition to the variation 
in physician availability, the access to appropriate medi-
cations is often restricted. An estimated 80% of people 
with pain worldwide are unable to access opioids, often 
attributable to concerns about addiction or restrictive 
national opioid policies.19 The WHO has implemented a 
“Public Health Strategy for Palliative Care” that incorpo-
rates aspects of policy, drug availability, and education 
to customize and integrate palliative care throughout the 
globe.20

PALLIATIVE CARE TEAM

Guidelines suggest that professionals with skills to meet 
the patient and family’s physical, psychological, social, 
and spiritual needs participate in the creation of a spe-
cialized care plan. Ideally, teams are interdisciplinary and 
include a nurse, physician, social worker, and chaplain, 
as well as other professionals, depending on the need.21 
Many professional disciplines have developed specialized 
certification or training in palliative care (Table 65-1).

WHERE IS PALLIATIVE CARE DELIVERED?

In the United States, palliative care is often a consult ser-
vice in hospitals or in an inpatient unit.6 Approximately 
two thirds of U.S. hospitals and 85% of middle-to-large 
hospitals have palliative teams, although access varies, 
depending on the geography and type of hospital.22 Geog-
raphy is an important factor in the availability of services. 
Seventy-three percent of Northeastern U.S. hospitals with 
50 or more beds have palliative teams, whereas 51% of 
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TABLE 65-1 MEMBERS AND ROLES IN A PALLIATIVE CARE TEAM 

Physician  •  Diagnoses, treats, and manages a wide variety of medical issues for patients.
 •  Provides expert symptom management and consultation.
 •  Provides expert skills and consultation in communication with patients who are seriously ill, their 

families, and other providers.
Nurse  •  Participates in the diagnosis, treatment, and management of acute and chronic serious illnesses within 

his or her scope of practice.
 •  Assesses the patient’s psychosocial and spiritual needs in the setting of a serious illness.
 •  Participates in symptom management within his or her scope of practice.
 •  Uses unique skillsets to communicate with the patient, family, health care team, and community.

Social worker  •  Addresses the psychosocial needs of patients and their families affected by serious illness.
 •  Participates in meetings with the medical team, patients, and families.
 •  Assists in complex discharge needs, and communicates with community resources.

Spiritual advocate  •  Assists patients and families in identifying and addressing spiritual distress related to serious illness.
 •  Provides or facilitates appropriate spiritual or religious rituals.
 •  Provides liaison services to community spiritual resources.

Additional professionals who 
provide expertise to the 
palliative care team

 •  Anesthesia pain experts
 •  Pharmacists
 •  Rehabilitation therapists
 •  Psychiatrists

Data from the following resources:
National Association of Social Workers. The certified hospice and palliative social worker. Accessed June 20, 2013. <http://www.socialworkers.org/credentials/ 

credentials/chpsw.asp>
Hospice and Palliative Nurses Association. Accessed June 20, 2013. <http://www.hpna.org/DisplayPage.aspx?Title=Position Statements>
Board of chaplaincy certification. Palliative care specialty certfication competencies. Accessed June 20, 2013. <http://bcci.professionalchaplains.org/content.asp?a

dmin=Y&pl=45&sl=42&contentid=49>
Center to Advance Palliative Care. Accessed June 20, 2013. <http://www.capc.org>

Note: Roles and competencies may vary by region and training.
Southern U.S. hospitals have palliative teams.8 Patients 
admitted to the hospital are actively dying or often have 
symptoms that are difficult to manage, although only 
20% to 26% of U.S. cancer centers offer dedicated pal-
liative care inpatient beds.6,23 Palliative care clinics are 
increasingly available, although home palliative care for 
patients who do not meet hospice eligibility criteria is 
rare in the United States, likely attributable to the reim-
bursement model.6 Methods and locations of palliative 
care delivery are widely variable throughout the world, 
depending on the country’s infrastructure.

INPATIENT PALLIATIVE CARE TEAMS

Outcomes With Palliative Care Teams
Inpatient palliative care teams reduce hospital costs. A ret-
rospective study of six hospitals with well-established palli-
ative care teams showed a decrease of $1700 per admission 
for patients discharged alive and $5000 for patients who 
died.7 A study of Medicaid beneficiaries showed hospital 
costs decreased by an average of $6900 during an admis-
sion once palliative care teams became involved, with a 
reduced length of stay in the intensive care unit (ICU)24 and 
fewer deaths in the ICU25 (also see Chapters 101 and102).  
Making decisions about hospital length of stay is not 
clearcut.24,26 Inpatient palliative care teams increase patient 
quality of life27 and patient and caregiver satisfaction.27 
Data on symptom improvement is sparse but suggests 
improvement in some areas.28,29 Importantly, palliative 
care teams do not increase in-hospital mortality.24,30 This 
fact may be important for families and patients who incor-
rectly view palliative care as hastening death.
When to Consult Palliative Care Teams
A variety of indicators have been developed to help phy-
sicians decide when a palliative care assessment should be 
performed. Patients’ palliative care needs can be assessed 
by the treating physician, and a consultation with a pal-
liative medicine specialist should be made on the basis of 
that assessment. The first screening criterion is generally 
considered to be whether a patient has a condition that 
is potentially life-limiting or life-threatening.31 These 
terms, although open to interpretation, are not meant to 
include patients who routinely return to their baseline 
status, such as a previously healthy patient with com-
munity-acquired pneumonia.31 Rather, these terms are 
meant to describe patients with a condition known to be 
life-threatening (e.g., metastatic cancer, cirrhosis, chronic 
renal failure)31 or with conditions that have a high likeli-
hood of leading to death (e.g., multiorgan failure, major 
trauma, sepsis).31 Additionally, the patient should fit at 
least one additional criterion, including frequent hospital 
admissions for the same condition, functional decline, 
and an ICU stay of 7 days or longer. In general, consulta-
tion is often requested for assistance with symptoms that 
are difficult to control, complex decision making, and 
provider or family support.

Palliative Care in the Surgical Intensive  
Care Unit
The two main models of palliative care integration in 
the ICU are the consultative model and the integrative 
model.32 In the consultative model, a specialist palliative 
care team makes recommendations to the primary physi-
cian regarding the care of the patient; in the integrative 
model, the surgeon or intensivist identifies and addresses 

http://www.socialworkers.org/credentials/credentials/chpsw.asp
http://www.socialworkers.org/credentials/credentials/chpsw.asp
http://www.hpna.org/DisplayPage.aspx?Title=Position
http://bcci.professionalchaplains.org/content.asp?admin=Y%26pl=45%26sl=42%26contentid=49
http://bcci.professionalchaplains.org/content.asp?admin=Y%26pl=45%26sl=42%26contentid=49
http://www.capc.org
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issues related to palliative care without specialist input. 
The most effective model is not clear at this point and is 
often determined by hospital resources and culture (also 
see Chapters 101 and 102).

Although initial palliative care efforts and research 
have focused on medical intensive care units (MICUs), 
increased attention is being focused on providing pal-
liative care to appropriate patients in the surgical inten-
sive care unit (SICU) to improve symptom management, 
to communicate the goals of treatment, and to provide 
family support.32 One study of patients in a trauma ICU 
showed early assessment of patient and family prefer-
ences and interdisciplinary meetings led to unchanged 
mortality, do not resuscitate (DNR) orders, and the with-
drawal of life support; however, the DNR and withdrawal 
orders were completed early in the hospital stay, and the 
ICU length of stay decreased in patients who died.26

Trigger Criteria in the Surgical Intensive 
Care Unit
Identifying appropriate palliative care consultations early 
in the hospital course is increasingly the focus. Trigger cri-
teria, in which a predefined list of patient factors results 
in automatic notification of a member of the critical care 
or palliative care team, are sometimes used to identify 
ICU consultations earlier and have shown encouraging 
results.24 However, the most effective trigger criteria for 
surgical ICUs have not been defined.32 Many propos-
als include some combination of the lengths of stay in 
the ICU, the lack of improvement during the ICU stay, 
patient age, and the patient’s illness.32 One study, specifi-
cally in the SICU, used 10 triggers based on expert opin-
ion; these included multiorgan system failure, SICU stay 
longer than 1 month, greater than three SICU admissions 
during one hospitalization, and death expected during 
a current SICU admission, among other triggers.33 This 
study showed no benefit with palliative care, but its appli-
cability may have been limited. Only 6% of the patients 
in this study met the trigger criteria, and although the 
attending physician was notified when a patient met 
the criteria, a palliative care consultation was left to the 
judgment of the attending physician.33 A more inclusive 
screening process or a mandated palliative care referral, as 
observed in some of the successful medical ICU studies,24 
may have altered these results.

OUTPATIENT PALLIATIVE CARE

Increasingly, palliative care clinics exist that can follow 
patients after discharge or see patients for outpatient 
symptom management and psychosocial support.34 The 
providers, availability, and focus vary widely.34 A land-
mark study by Temel in 2010 randomized 151 patients 
with metastatic non–small-cell lung cancer to early out-
patient palliative care plus the standard oncologic care 
or standard oncologic care alone. Patients in the pallia-
tive care group had higher quality-of-life scores, as well 
as fewer symptoms of depression.35 Perhaps most surpris-
ingly to some, the patients in the palliative care group 
lived a median of 2.7 months longer than those with 
standard care, despite receiving less aggressive care.35 
These results and others have led to a recommendation 
by the American College of Chest Physicians that pallia-
tive care be introduced early in the course of disease for 
patients with stage IV lung cancer or a high symptom 
burden.36 Smaller studies have shown positive but vari-
able improvement in symptoms.37,38

DIFFERENCES BETWEEN HOSPICE CARE 
AND PALLIATIVE CARE

In contrast to palliative care, the definition of hospice 
care varies among countries as it applies to the type of 
patient, the involvement of the medical team, and the 
setting.39 In some countries, such as the United States, 
hospice care refers to a benefit provided by the govern-
mental health care system, whereas in other countries, 
hospice care and palliative care are interchangeably used. 
In general, hospice services tend to focus on later-stage 
illnesses. Despite the logistic differences, the philosophy 
of hospice care generally focuses on reducing suffering, 
enhancing the quality of life, and supporting the patient 
and family. The available services, as well as the concerns 
for the patients, caregivers, and physicians, may be differ-
ent, depending on the country’s health care framework 
and culture. In the United States, palliative services are 
provided on a continuum, whereas hospice care is only 
available to patients with a life expectancy of less than 6 
months (Fig. 65-3).

HOSPICE CARE IN THE UNITED STATES

In the United States, hospice is a per-diem capitated pay-
ment system for a defined set of services for patients with 
a life expectancy of 6 months or less, as agreed on by 
two physicians.40 Medicare pays for approximately 80% 
of hospice care in the United States, and many private 
insurers have established similar guidelines. These ser-
vices include visits to a patient’s residence by a nurse (the 
main provider of clinical care41), aide, social worker, and 
chaplain.40 Family members are also eligible to receive a 
year of bereavement counseling.40 Continuous care and 
short-term hospital admission are available for patients 
with uncontrolled symptoms. A core set of requirements 
for the hospice benefit exists (Fig. 65-4). However, beyond 
these requirements, each hospice unit can decide which 

Continuous Features

Palliative Care and Hospice Care

• Multidisciplinary team
• Symptom management:
 pain, dyspnea, psychosocial

• Focus on quality-oriented care
• Family support
• Attempts to minimize suffering

Early Palliative Care
• Appropriate at any stage of 

serious illness
• Often provided in hospitals or 

outpatient clinics
• Can be used in conjunction 

with “aggressive” care
• Free-for-service model

Hospice Care
• Prognosis <6 months (can be 

renewed every 60 days)
• Focus on home-based care
• Patient usually agrees to 

focus on comfort rather than 
life-prolonging treatments

• Throuh Medicare, billed on a 
per-diem rate

Figure 65-3. Features of palliative care and hospice care in the 
United States.
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treatments to cover, and this coverage can vary widely. 
For example, some hospice organizations may cover pal-
liative radiation treatments, whereas others may not. 
Patients who outlive their 6-month prognoses may have 
their benefits extended in 60-day increments after a face-
to-face visit with a physician, recertifying that the patient 
continues to meet hospice criteria.

Who Is Eligible for Hospice Care?
To qualify for hospice, an attending physician and a hos-
pice medical director must certify that the patient’s prog-
nosis is less than 6 months if the disease runs its normal 
course.40 Medicare has created guidelines that describe eli-
gibility criteria for hospice services, although the opportu-
nity for interpretation does exist. For example, the criteria 
for a patient with chronic lung disease include disabling 
dyspnea at rest, poor response to bronchodilators, hypox-
emia at rest, and repeated hospitalizations for emergency 
department visits.41 As a result of the subjectivity of some 
of the guidelines, some hospices may accept patients that 
other hospices deem ineligible. Patients are not required 
to have a DNR order to be enrolled in hospice.

Recipients of Hospice Care
Although patients with cancer were previously the pri-
mary recipients of hospice care, the proportion of patients 
receiving hospice care with noncancerous diagnoses such 
as dementia, chronic obstructive pulmonary disease 
(COPD), and congestive heart failure (CHF) has increased 
from 16% in 1990 to 69% in 2010.42 During this same 
period, the percentage of patients with Medicare who 
died while receiving hospice care increased from 5.5% to 
44%.42 This increase is particularly problematic, consid-
ering the lack of good prognostic criteria for a 6-month 
life expectancy in these disorders, which can complicate 
hospice referral timing.43 The median length of stay in 

Not covered:

• Custodial care
• Some treatments at 

the discretion of the hospice unit
• Medications, hospitalizations, and treatments not 

related to the hospice diagnosis

   Medicare
Hospice Benefits

Goods and services:
• Nursing support available on-call 24/7
• Access to short-term inpatient and continuous 

in-home care
• Bereavement support for 1 year after the 

patient’s death
• Medical equipment (e.g., bed, walker)

• Medical supplies (e.g., 
bandages, catheters)

Personnel:

• Physician 
of patient’s 
choice

• Nurse
• Aide
• Social worker
• Spiritual counselor
• Volunteers

Figure 65-4. Aspects of the Medicare hospice benefits.
hospice was 18 days in 2010,42 and approximately one 
third of all hospice patients live for less than 1 week after 
admission to hospice care.41 This trend toward late admis-
sion suggests that many patients are referred to hospice 
well after they are eligible.

Outcomes with Hospice Care
Hospice care decreases patient symptom burden44 and 
increases caregiver satisfaction, with 98% of family 
members recommending hospice care to others.41 A 
survey of over 1500 bereaved family members showed 
that 70% of respondents whose family member received 
hospice services considered the care “excellent” with less 
than 50% of those with decedents in hospitals, nursing 
homes, or home with home health services considering 
the care received at the same level.45 Studies related to 
cost-effectiveness vary in their conclusions. Yet, a few 
studies suggest that the length of hospice use is corre-
lated with cost savings.44,46 A 2007 study by Taylor sug-
gested cost savings only with a hospice stay of 53 to 107 
days,46 whereas a 2013 study by Kelley showed cost sav-
ings with shorter hospice stays as well.44

HOSPICE CARE AND ANESTHESIOLOGISTS

Surgical anesthesiologists, as well as pain and critical care 
medicine anesthesiologists, are likely to interact with 
patients who are enrolled in hospice care. Awareness of 
the goals of care in the hospice setting and what services 
are provided will help the anesthesiologist develop an 
appropriate plan based on the individual patient’s goals. 
Pain medicine physicians (also see Chapters 64 and 98) 
may be providing care as part of a hospice benefit. Criti-
cal care anesthesiologists are often called on to aid in the 
determination of hospice eligibility and to help families 
discuss care plans that may involve hospice (also see 
Chapters 101 and 102).

PEDIATRIC HOSPICE CARE AND  
PALLIATIVE CARE

Pediatric palliative care is appropriate for many children 
with chronic serious illnesses, and the WHO states that 
pediatric palliative care can be successfully delivered even 
in resource-limited settings.1 Pediatric hospice and pal-
liative care are similar to their adult counterparts, but the 
patient’s development stage is incorporated into the pedi-
atric care plan. Explanations of illness and death depend 
on the child’s developmental stage; a child younger than 2 
years of age has no concept of death, whereas a 10-year-old 
child may be interested in the details of the death process47 
(also see Chapters 93 and 95).

Characteristics of the Pediatric Palliative 
Care Population
The variety of diagnoses for patients in pediatric pallia-
tive care are wider than those for adults48 with the most 
common disorders being congenital and neuromuscular 
in origin.48 In the largest observational study to date, 
over one third of pediatric patients referred for palliative 
care consultation services were 1 to 9 years of age, one 
third were 10 to 18 years old, and less than 20% were 
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younger than 1 year of age.48 Children often have pro-
longed survival after the initial palliative care consulta-
tion, compared with adults.48 Some disorders, including 
chromosomal or severe developmental abnormalities, are 
rarely seen by adult palliative care physicians and pose 
additional difficulties for adult palliative care teams. The 
decision to forgo treatment with curative intent is gener-
ally difficult for families, and prognostication is similarly 
difficult for providers.47 Moreover, multiple legal issues 
related to declining medical treatment exist that differ 
from the regulations that concern adults.49

Symptom Management in Pediatric 
Palliative Care
Historically, symptoms in children with serious illnesses 
have been poorly managed. In a retrospective survey of 
parents of deceased children in 2000, parents noted that 
their children suffered “a lot” or “a great deal,” mostly 
from pain, fatigue, and dyspnea.49 In contrast to most 
studies of adults near the end of life, a 2011 study noted 
neurologic symptoms being more prevalent than pain in 
children,48 suggesting a need for a better understanding 
and treatment of these symptoms in the pediatric popu-
lation. Regional anesthesia has been reported as being of 
benefit to pediatric patients with pain that is difficult to 
manage with systemic treatment.50 Data on specific ther-
apies for children are limited, and many practitioners use 
medications based on adult studies.

PALLIATIVE SURGERY

Palliative surgery has been defined as “the deliberate use 
of a procedure in a patient with an incurable disease with 
the intention of relieving symptoms, minimizing patient 
distress, and improving the quality of life.”51 Although a 
diagnosis may not be specifically cancer, the few studies 
on palliative surgery focus on oncology patients. Palliative 
surgery for patients with cancer is most often for bowel 
obstruction, with wound management also common.52 A 
2004 study of over 1000 patients with advanced cancer 
showed a 30-day morbidity of 29% and mortality of 11%, 
with 80% of patients experiencing improved symptoms 
at 30 days. A similar study by the same author in 2011 of 
227 patients showed a morbidity of 20% and mortality of 
4%, with 90% experiencing symptom resolution, a sig-
nificant improvement from the similar study in 2004.51,53 
The study authors attribute at least some of this change to 
better patient selection through shared decision making 
with patients and families.51 Poor functional status was 
associated with decreased survival in both studies.

COMMUNICATION

ADVANCE CARE PLANNING

The Patient Self-Determination Act took effect in 1991 in 
the United States and requires health care providers and 
institutions to advise patients of their right to an advance 
directive and to develop institutional policies and educa-
tion regarding advance directives.54 However, since the 
introduction of advance directives, multiple issues have 
been identified, such as changing preferences as the ill-
ness changes and the inherent difficulty in predicting 
future desires as circumstances change.55-57 Because the 
outcomes of studies on advance directives have been dis-
appointing, many experts believe a patient discussing 
preferences with and naming a surrogate decision maker 
may be the most crucial part of the process,58,59 although 
the decisions made by the surrogate may not always be 
in accordance with the patient’s wishes.60 Understand-
ing a patient’s goals requires open communication with 
the patient and physician and sometimes repeated con-
versations to clarify and update the goals of treatment 
as the patient’s condition changes. More information on 
advance directives and decision-making surrogates can be 
found in Chapter 10.

OUTCOMES OF ADVANCE CARE PLANNING

The landmark 1995 Study to Understand Prognoses and 
Preferences for Outcomes and Risks of Treatments (SUP-
PORT) was a 2-year prospective observational study, fol-
lowed by a 2-year randomized trial of 9105 patients in 
five U.S. teaching hospitals, with the goal of improving 
end-of-life decision making.14 The study enrolled patients 
with advanced stages of nine illnesses and a 6-month 
mortality of 45% to 48%; patients with trauma were nota-
bly excluded.14 The observation period showed that 49% 
of patients who did not want cardiopulmonary resuscita-
tion (CPR) did not have a written DNR order, and that the 
physicians were often not aware of the patients’ wishes.14 
In the intervention, prognostic data were made avail-
able to physicians, and a nurse was available to facilitate 
information sharing, advance care planning, and pain 
assessment. In the intervention phase, no differences in 
physician communication, pain, use of hospital resources, 
or other measured outcomes were documented21 (also see 
Chapter 102).

Based on the data from the SUPPORT trial, a study 
that examined the rates of advance directive completion 
showed that although more advance directives were doc-
umented, only 14% of the patients spoke with a physi-
cian when completing their advance directive, and only 
approximately 25% of the physicians were aware of their 
patients’ advance directives a week after hospital admis-
sion.61 Similar studies did not demonstrate that advance 
directives influenced the types of care or the resources 
used.62,63

PHYSICIAN COMMUNICATION SKILLS 
TRAINING

How physicians communicate about difficult issues can 
affect how patients and families perceive illness, death, 
and treatment options. Many of these skills have not 
traditionally been taught as part of the medical school 
curriculum, and most physicians are less comfortable 
discussing code status than they are with other topics, 
such as consent for procedures64; between 40% and 75% 
of physicians, depending on their level of training, assess 
their own knowledge of delivering “bad news” as inad-
equate.65 In one survey of surgical residents, only 9% 
believed they “received adequate training in palliation” 
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during residency,66 and as many as 90% of internal medi-
cine residents expressed a desire for additional training in 
discussing topics such as DNR orders.67 Despite this lack 
of training, residents often talk about these issues with 
patients,68 highlighting the importance of education in 
this area.

PHYSICIAN COMMUNICATION SKILLS

Physicians often favorably rate themselves in terms of 
patient communication, but surveys of other practitioners 
and of patients suggest that physicians may not be able to 
self-assess accurately. One study in an ICU showed 90% 
of surgeons were satisfied with their communication skill 
concerning prognosis, but only 23% of intensivists and 
3% of nurses rated it as such.69 Similarly, patients’ percep-
tions of their cancer stage and prognosis were often incor-
rect in one study, although oncologists thought they were 
clear in their explanations of the illness.70 Recordings of 
physician discussions with patients and families show 
that physicians focus on technical detail, avoid emotional 
topics, and tend to dominate the conversations,71 despite 
increased family satisfaction when the family spoke more 
and physicians exhibited more supportive behaviors.71 
Even when a conversation takes place between a physician 
and patient, the physician and patient may not agree on 
the outcome. One study of patients with metastatic can-
cer showed that physicians misunderstood their patients’ 
preferences for CPR 30% of the time.72 Currently, no com-
parable studies regarding anesthesiologists have been con-
ducted. These findings highlight the importance of the 
anesthesiologist’s role in assessing a patient’s understand-
ing of his or her disease process before a procedure is per-
formed or during an ICU stay.

WHAT DO FAMILIES CONSIDER IMPORTANT 
IN END-OF-LIFE COMMUNICATION?

A majority of family members consider trust in the treat-
ing physician and truthful communication about the 
patient’s illness as two of the most important factors in 
receiving quality end-of-life care.73 In addition, families 
have greater satisfaction when a higher level of decision 
making is shared.74 Family satisfaction increases with the 
number of empathetic statements made by a physician 
during a meeting.75 A variety of patient and family pref-
erences are available that address how much information 
is desired and how to receive it. A combination of per-
sonal, cultural, and family reasons influence these pref-
erences, and physicians should not assume a preference 
based on a patient’s race or ethnicity.76 Many practitio-
ners use a question such as, “How much would you like 
to know?”77 although no studies of patient perceptions 
of that approach have been conducted. One study of 
patients with cancer indicated that some patients’ prefer-
ences for involvement in decision making changed over 
the course of the illness.78 A few studies have noted that 
caregivers wanted more information than the patients.79 
Some patients may indicate that they do not want to 
know about their condition and name a surrogate deci-
sion maker instead (also see Chapter 10). Sometimes 
these interactions do not work out well. Another type of 
conflict was nationally illustrated in Oakland, California, 
early in 2014. A patient in her teens had a postoperative 
hemorrhage after a tonsillectomy. She was resuscitated, 
but she did not have a return of brain function. The dis-
agreement between the parents and the medical estab-
lishment was substantial and has never been publically 
resolved.

SPIRITUALITY AT THE END OF LIFE

Serious illness and the prospect of death can bring a num-
ber of spiritual issues to the foreground for patients and 
families, from questioning the meaning of one’s life to 
a religion’s teaching on specific medical interventions.80 
Patients typically want physicians to ask about their spiri-
tual preferences81 but often describe their spiritual needs 
as frequently not being met.82 A simple screening ques-
tion such as, “Is religion or spirituality important in your 
life?” has been proposed and may help identify patients 
in whom a spiritual need remains unmet. Asking about 
religion and spirituality may provide a context for the 
health care team, since many patients and families make 
decisions based on their religious and spiritual beliefs.83 
Physician understanding of the reasoning behind their 
patients’ decisions is likely to improve end-of-life care. 
A spiritual counselor or chaplain can help patients and 
families with issues of spiritual suffering,84 as well as 
identify and facilitate specific rituals related to illness or 
burial.

COMMUNICATION FRAMEWORKS

The aforementioned studies, which demonstrate frequent 
misunderstandings and poor communication, empha-
size the need for an understanding of the importance 
of effective communication among physicians, patients, 
and families.85 A number of frameworks have been devel-
oped to aid physicians in discussions with patients and 
families.86-88 No study has compared their relative effec-
tiveness on patient or family outcomes, and very few are 
assessing the effect of a specific communication frame-
work on patient or family outcomes.77 Commonalities in 
the approaches include active listening, validating patient 
concerns, and assessing understanding.

Family Meetings
Family conferences in the ICU have increasingly been 
used to facilitate information sharing between families 
and providers. In the ICU setting, meetings held within 
72 hours of admission have shown decreased lengths of 
stay without increased mortality.89 One of the few studies 
that evaluated a standardized communication approach 
was a single-site study of families of patients who were 
seriously ill and randomized to either a standardized 
communication template with a bereavement brochure 
or the standard care.87 The communication intervention 
emphasized empathy, understanding of the patient as 
a person, and allowed family members to ask questions 
with the mnemonic of VALUE (value, acknowledge, lis-
ten, understand, elicit questions).87 Family members in 
the study arm had decreased symptoms of psychological 
distress in a survey 3 months later87 (Box 65-1).
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Many physicians struggle with how to begin family 
meetings. Although no study specifically addresses this 
concern, common approaches include introducing the 
family and team members; a brief summary is given by 
the physician that explains why he or she is holding the 
meeting; and the physician asks the family members 
to tell him or her what they understand. For example, 
“What have you been told about what’s going on with 
your dad?”

Breaking Bad News
The six-step SPIKES (setting, perception, invitation, 
knowledge, empathy, sequelae) protocol is a framework 
for breaking bad news. Several of the elements, such as 
finding a quiet meeting space, asking what the patient 
or family understands, and making a plan for the future, 
apply in many situations86 (Box 65-2).

Responding to Emotion
The NURSE (name, understand, respect, support, explore) 
protocol is a framework for responding to emotion, 
including anger. Patient and family anger directed toward 
health care providers is common in the setting of serious 
illness.90 Crucial concepts in responding to anger include 
not becoming defensive or personalizing the anger, 
respectfully listening, and setting appropriate boundar-
ies for safety.90 Although difficult to accomplish in the 
moment, viewing anger as a coping mechanism in the 
grieving process is often helpful91 (Box 65-3).

Requests for Nondisclosure
Family members may ask physicians to withhold a diag-
nosis from the patient. The cultural norms for disclosing 
a patient’s diagnosis may vary widely among cultures and 
countries. In the United States, the culture of disclosure 
has rapidly changed, and now most physicians expect 
to disclose the prognosis to the patient.92 No evidence is 
available that recommends how to deal with requests for 
nondisclosure, but expert opinions recommend empathet-
ically responding to the family member, trying to under-
stand the family’s concerns about disclosing the prognosis, 
and asking the patient how and if he wants to be involved. 

Value: Value and appreciate what the family member says. 
“Thank you for helping me understand how your husband’s 
condition has changed over the past year.”

Acknowledge: Acknowledge emotions. “This is often a sad 
time for families.”

Listen: Actively listen. Remember to be silent and to give the 
family member time to speak.

Understand: Gain an understanding of the patient. Ask who 
the patient is as a person. “Can you tell me about your father, 
what kind of person he is and what’s important to him?”

Elicit questions: Ask family members if they have questions. 
“We have discussed a lot of information. Do you have any ques-
tions?”

BOX 65-1 VALUE: Framework for End-of-Life 
Conferences

Data from Lautrette A, Darmon M, Megarbane B, et al: A communication 
strategy and brochure for relatives of patients dying in the ICU, N Engl J 
Med 356:469-478, 2007.
For example, “Some people want to be told about any 
health issues and make their own decisions, and yet others 
prefer for a family member to be told the medical informa-
tion and to make the decisions. What would you like?”93

Time-Limited Trials
In cases where the benefit of a clinical intervention is 
unclear for a specific patient, such as mechanical ventila-
tion for ischemic encephalopathy, a time-limited trial, in 
which the physician and patient or family agree to reeval-
uate the benefit after a specified period, may be helpful.94 
Time-limited trials give families a sense of when the 
health care team expects to know whether an interven-
tion is helping and creates the expectation that the issue 
will be readdressed.

RESUSCITATION STATUS

Outcomes of Cardiopulmonary 
Resuscitation
Resuscitation status is another conversation that some 
providers consider challenging64 and that anesthesi-
ologists may have with patients in the ICU or in the 

Setting: Arrange for a quiet, private space large enough for all 
participants.

Perception: Assess the participants’ understanding. “What 
have the doctors told you about your wife’s illness?”

Invitation: Ask how much information is desired. “Some 
people like all the details, others just like the big picture. What 
would you like?”

Knowledge: Tell the participants what is known, using 
language that is easy to understand and avoiding the use of 
complex medical phrases.

Empathy: Acknowledge emotions. “I wish things were 
 different.”

Sequelae: Agree on the next steps. “Let’s meet tomorrow 
afternoon so I can update you on her condition.”

BOX 65-2 SPIKES: Framework for Breaking 
Bad News

Data from Baile WF, Buckman R, Lenzi R, et al: SPIKES–A six-step protocol for 
delivering bad news: application to the patient with cancer, Oncologist 
5:302-311, 2000.

Name: State the emotion you believe the patient or caregiver is 
exhibiting. “It seems like you are angry.”

Understand: Empathize with and legitimize the emotion. “I 
can’t imagine how hard this must be for you.”

Respect: Praise the patient or caregiver for his or her strength. 
“You’ve done so much for your mother during this difficult 
time.”

Support: Show support. “I want to help.”
Explore: Ask the patient or caregiver to elaborate on the 

emotion. “Can you help me understand what was so frustrating 
today?”

BOX 65-3 NURSE: Framework for Dealing 
With Emotion

Data from Back AL, Arnold RM, Baile WF, et al: Approaching difficult commu-
nication tasks in oncology, CA Cancer J Clin 55:164-177, 2005.
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perioperative period. CPR was introduced around 1960, 
initially as a treatment for intraoperative events95 and 
then introduced outside the surgical unit. Outcomes of 
CPR have improved, with over one half of patients sur-
viving the initial resuscitation and nearly one quarter sur-
viving to discharge.96 In surgical patients, approximately 
85% of cardiac arrests occur postoperatively, and surgical 
patients may have a higher likelihood of survival than 
other groups of patients.97,98 In one large study of older 
patients who survived to discharge after in-hospital CPR, 
approximately one half had moderate-to-severe neuro-
logic defects99 and 60% were alive 1 year later99 (also see 
Chapters 101 and 102).

Resuscitation Status Discussions
Few studies examine the best way to approach discus-
sions regarding resuscitation.95 Ideally, the discussion 
about code status takes place in the context of a conver-
sation about the patient’s overall condition and goals. 
For example, one patient might decide on life prolonga-
tion as a goal, in which case a physician might recom-
mend resuscitation attempts even if unlikely to succeed, 
whereas another patient with the same illness might pri-
oritize physical independence as a goal, in which case 
the physician might recommend a DNR order to decrease 
the likelihood of prolonged ICU time or an unacceptable 
physical status. Some physicians advocate for making a 
recommendation about resuscitation status based on the 
patient’s goals. The impact of this approach is unknown; 
a small simulated study that played a standardized 
video of a code status discussion to patients with cancer 
showed no difference between asking the patient his or 
her desired resuscitation status or making a suggestion for 
DNR order.100

Perioperative Limitations on Treatment
The American Society of Anesthesiologists (ASA) has 
published guidelines related to orders for the limita-
tion of treatment in the perioperative setting.101 The 
ethics of perioperative DNR orders are discussed in 
Chapter 10.

WITHDRAWAL OF LIFE SUPPORT

Some patients or family members may wish to discon-
tinue ventilation or other forms of life support. With-
drawal of life support is ethically acceptable and respects 
patient autonomy (also see Chapter 10). Anesthesiolo-
gists can add expert skills in medication titration and the 
management of pain and anxiety to the withdrawal of 
ventilation. Multiple protocols for withdrawal of ven-
tilatory support are available in the ICU, most using a 
narcotic for pain or dyspnea and a benzodiazepine for 
agitation or anxiety that are rapidly titrated to patient 
comfort.102 Studies of the protocol use for the withdrawal 
of life support have not demonstrated an improvement 
in provider perception of the quality of death.103,104 Spe-
cific concerns include making arrangements for rituals 
and family support, preparing the family, and discon-
tinuing unnecessary tubes, treatments, and monitors.102 
Involving a spiritual advisor may be appropriate for some 
families.
Outcomes of Withdrawal of Life Support
One study of 74 medical patients in an ICU who were 
expected to die shortly after extubation showed a mean 
morphine dose of 5.3 mg/hr in the last hour of mechani-
cal ventilation, followed by 10.6 mg/hr during the hour 
before death.105 The average time to death was 153 min-
utes after extubation, with a range of 4 to 934 minutes. 
Somewhat surprisingly, each 1 mg/hr increase of mor-
phine corresponded to an 8-minute delay in death.105 
This response is similar to an earlier study that showed a 
13-minute increase in the time to death with each 1 mg/
hr increase of benzodiazepine.106

Paralytic Drugs in the Withdrawal of  
Life Support
As noted in Chapter 10, patients should not be paralyzed 
before extubation of the trachea; it obscures symptom 
assessment and may lead to patient suffering. Patients 
already on paralytic medications should await the return 
of neuromuscular function before extubation unless 
doing so causes undue burden on the patient.107

PROGNOSIS

Multiple studies have examined the ability of physicians 
to prognosticate survival for a given patient. In a meta-
analysis of eight studies in patients with a median sur-
vival of 4 weeks, physicians overestimated the prognosis 
by approximately 30%, with predictions more accurate 
in patients with poorer performance status.108 In a pro-
spective cohort study of 365 physicians and 504 patients 
receiving hospice care, the physicians overestimated sur-
vival by a factor of five, and 63% of their predictions were 
overestimates.109 The longer a physician knew a patient, 
the more difficult it was for that physician to prognosti-
cate.109 Physicians in the ICU tend to be overly pessimis-
tic; in a study of 851 patients on ventilation, only 71% of 
patients for whom a physician estimated a likelihood of 
survival of less than 10% at some point during their stay 
in the ICU died in the ICU.110 A meta-analysis suggested 
that physicians are more accurate than algorithmic scor-
ing systems (described in the Prognostic Tools section) 
in the first 24 hours after ICU admission; however, nei-
ther physicians nor scoring systems are reliably accurate 
for individual patients.111 Overall, physician estimates 
do correlate with survival.112 However, a study of 521 
patients in a medical ICU found that physicians and 
nurses were unable to predict satisfaction with the qual-
ity of life 6 months after admission. In general, nurses 
tended to be more pessimistic than physicians and sug-
gested withdrawal of therapy more often in patients who 
ultimately survived113 (Figs. 65-5 and 65-6).

Difficulty with prognostication has led some physi-
cians to avoid giving any kind of timeframe to eliminate 
the possibility of being wrong.114,115 However, 87% of 179 
surrogate decision makers wanted the physician to give a 
prognosis, even if it was uncertain.116 Most understood 
the inherent unpredictability of prognostication and pre-
ferred that physicians make the prognostic uncertainty 
clear during the discussion.116 Prognosis, even in the face 
of uncertainty, can help families prepare for bereavement 
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and make important decisions about coordinating work, 
visitors, and finances.116 Good data suggesting how 
to present prognoses to patients are not available. One 
approach to prognostication involves giving ranges such 
as hours to days, days to weeks, weeks to months, and 
months to years, with those categories roughly tracking 
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Figure 65-5. Answers of survivors 6 months after being discharged 
from the intensive care unit for whom treatment had been considered 
futile or questionable by nurses or physicians to improve survival. Dep., 
Dependent; Indep., independent. (From Frick S, Uehlinger DE, Zuercher 
Zenklusen RM: Medical futility: predicting outcome of intensive care unit 
patients by nurses and doctors—a prospective comparative study, Crit 
Care Med 31:456-461, 2003.)
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Figure 65-6. Answers of survivors 6 months after being discharged 
from the intensive care unit for whom treatment had been considered 
futile or questionable by nurses or physicians to improve the quality of 
life (QOL). Dep., Dependent; Indep., independent. (From Frick S, Ueh-
linger DE, Zuercher Zenklusen RM: Medical futility: predicting outcome of 
intensive care unit patients by nurses and doctors—a prospective com-
parative study, Crit Care Med 31:456-461, 2003.)
with functional status. These ranges, along with an expla-
nation from the physician about the difficulty of prog-
nosticating, can often give families sufficient guidance 
with which to make important decisions. However, inter-
pretation of a given prognosis may vary with the patient 
and family. One study that gave surrogate decision mak-
ers in the ICU hypothetical physician statements about 
prognosis and asked them to interpret them showed 
that surrogates tended to be optimistic, especially with 
worse prognoses.117 These findings are similar to a study 
of patients with cancer in phase I and II clinical trials.118

DISEASE TRAJECTORIES

Multiple disease trajectories exist, although most can be 
included in one of the following functional categories: 
sudden extreme disability or near death; a period of good 
functionality, followed by a rapid, steady decline; a wax-
ing and waning course with periods of decompensation 
followed by improvements; and a slow decline, starting 
at a low functional level119 (Fig. 65-7). These frameworks 
can be useful when discussing prognoses with patients, 
particularly in talking to patients with conditions that are 
difficult to predict such as COPD and CHF.

PROGNOSTIC TOOLS

Cancer
Multiple Web-based cancer prognostic tools exist but 
none that are useful for every type of cancer. An impor-
tant consideration is that the type of cancer is less impor-
tant than a variety of patient factors, such as functional 
status and laboratory values as the disease becomes more 
advanced120 (Fig. 65-8). In general, a patient with cancer 
who spends more than one half of the day in bed has a 
median survival of 6 months121 (Box 65-4).

Intensive Care Unit
Multiple tools have been proposed to help the clinician 
predict mortality in the ICU, which are covered in depth 
in Chapter 101.

Other Selected Conditions
Many conditions have courses that are difficult to pre-
dict. The tables give characteristics associated with 
patients with a median survival of 6 months or less,122 
although it should be noted that the prognostic accu-
racy of these factors is not known. Table 65-2 offers a 
general sense of where the patient might be in the illness 
trajectory.

Congestive Heart Failure. CHF often has a waxing and 
waning course. The Seattle Heart Failure Model esti-
mates mean 1- to 3-year survival but does not appear to 
be able to predict whether individual patients are in the 
last year of life.123 Factors associated with a poor prog-
nosis include hospitalization, tachycardia, hypotension, 
decreased ejection fraction, and increased creatinine 
level.124 In patients hospitalized for acute decompensa-
tion of heart failure, older age and COPD were associated 
with decreased 1-year survival.125
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Figure 65-7. Trajectories of 
dying. (From Lunney JR, Lynn J, 
Hogan C: Profiles of older Medi-
care decedents, J Am Geriatr Soc 
50:1108-1112, 2002.)
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Solid CanCerS in General

Any locally advanced or metastatic solid cancer with one or more 
of the following presentations:

 •  Patient spends more than one half of the day in bed
 •  Serum calcium >11.2 mg/dL
 •  Episode of extremity venous thromboembolism or pulmo-

nary embolism
 •  Two or more brain metastases plus intracranial metastases
 •  Spinal cord compression with decreased ability to walk
 •  Malignant pericardial effusion

CarCinoma of Unknown Primary oriGin

Any metastatic adenocarcinoma or undifferentiated carcinoma 
of unknown primary origin with one or more of the following 
presentations:

 •  Patient is ambulatory and can care for him or herself but 
cannot work

 •  Hepatic, bone, or adrenal metastases
 •  Recurrence of disease after chemotherapy
 •  Serum albumin <3.5 mg/dL or weight loss of ≥10% in  

6 months

BOX 65-4 Cancer Presentations With a 
Median Survival of 6 Months or Less

Modified from Salpeter SR, Malter DS, Luo EJ, et al: Systematic review of 
cancer presentations with a median survival of six months or less, J Palliat 
Med 15:175-185, 2012.
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TABLE 65-2 PRESENTATIONS OF NONCANCER DIAGNOSES WITH A MEDIAN SURVIVAL OF 6 MONTHS OR LESS 

Diagnosis Presentation

Heart failure
Hospitalization for moderate-to-severe symptomatic heart 

failure, NYHA Class III or IV, with three or more of the 
presentations listed.

 •  Age >70 years
 •  LVEF ≤20%
 •  Serum BNP >950 pg/mL
 •  Cardiac troponin I >0.4 ng/mL
 •  CRP >3.5 mg/L
 •  Fourth hospitalization for heart failure or repeat hospitalization within 2 

months
 •  Dependency for two or more activities of daily living or need for home 

care after hospital discharge
 •  Weight loss ≥2.3 kg within 2 months, or serum albumin <2.5 g/dL
 •  History of cardiogenic shock, ventricular or supraventricular arrhythmia, 

cardiac arrest, CPR, or mechanical ventilation
 •  Systolic blood pressure <110 mm Hg
 •  Serum creatinine >2 mg/dL or BUN >40 mg/dL
 •  Serum sodium <135 mEq/L
 •  Peripheral vascular disease or cerebrovascular disease
 •  Other comorbid illness, such as diabetes mellitus, dementia, COPD, 

cirrhosis, and cancer, among others

Dementia
Advanced dementia with dependency in all activities of daily 

living, bedbound status, urinary and bowel incontinence, 
decreased ability to communicate verbally, and admission 
to a hospital or skilled nursing facility with one or more of 
the presentations listed.

 •  BMI <18.5 kg/m2, decreased oral intake, or significant weight loss
 •  Presence of at least one pressure ulcer
 •  Evidence of at least one comorbid illness
 •  Male sex plus >90 years of age
 •  Placement of a feeding tube attributable to inability to eat or history of 

aspiration

Hepatic cirrhosis
Decompensated hepatic cirrhosis and one or more  

of the presentations listed.
 •  MELD score ≥21

Decompensated hepatic cirrhosis with hospitalization  
for an acute illness related to liver disease and one or  
more of the presentations listed.

 •  MELD score ≥18
 •  Hospitalization in an intensive care unit related to severe decompensation 

of liver disease with hypotension requiring the use of pressors, serum 
creatinine >1.5 mg/dL, or evidence of jaundice

 •  Evidence of hepatopulmonary syndrome or rapidly progressive 
hepatorenal syndrome

Chronic obstructive pulmonary disease
Hospitalization for a severe COPD exacerbation, with  

Pao2 ≤55 mm Hg, Paco2 ≥50 mm Hg, and supplemental 
oxygen dependence, with three or more of the 
presentations listed.

 •  Age >70 years
 •  Evidence of right-sided heart failure
 •  Repeat hospitalization for COPD within 2 months
 •  History of intubation and mechanical ventilation
 •  Required considerable assistance and frequent medical care and/

or dependence for three or more activities of daily living before 
hospitalization

 •  Need for home care after hospital discharge
 •  Malnutrition (weight loss of ≥2.3 kg, serum albumin <2.5 g/dL or BMI 

<18 kg/m2

 •  Serum creatinine >2 mg/dL

Modified from Salpeter SR, Luo EJ, Malter DS, Stuart B: Systematic review of noncancer presentations with a median survival of 6 months or less, Am J Med 
125:512 e1-6, 2012.

BMI, Body mass index; BNP, brain natriuretic peptide; BUN, blood urea nitrogen; COPD, chronic obstructive pulmonary disease; CPR, cardiopulmonary 
resuscitation; CRP, C-reactive protein; LVEF, left ventricular ejection fraction; MELD, Model for End-Stage Liver Disease; NYHA, New York Heart Associa-
tion; Paco2, partial arterial pressure of carbon dioxide; Pao2, partial arterial pressure of oxygen.
Dementia. The course of dementia is difficult to predict, 
and a patient’s 6-month mortality is higher once the patient 
develops the common problems of infection and an inabil-
ity to eat.126 Probability of death within 6 months increases 
with advancing age, shortness of breath, immobility, and 
insufficient oral intake, among other presentations.127

CHroniC obstruCtive Pulmonary Disease. The BODE Index 
measures body mass index (BMI), airflow obstruction,  
dyspnea, and exercise capacity and is used to predict the 
risk of death in COPD,128 although its use of a 6-minute 
exercise capacity test makes it impractical for the bedside 
anesthesiologist. More than 3 days of mechanical ventila-
tion and an inability to extubate the trachea successfully 
suggest a poor prognosis.129

liver Disease. In decompensated liver disease, the Model 
for End-Stage Liver Disease (MELD) score (see Chapter 101) 



PART V: Adult Subspecialty Management1932
is often used to predict a prognosis.130 Hepatic encepha-
lopathy and hepatorenal syndrome are also predictors of a 
poor prognosis.130,131

renal Disease. Patients with stage 5 chronic kidney dis-
ease (CKD; patients on dialysis) will live 16% to 33% as 
long as age- and sex-matched patients who are not on 
dialysis.132 For patients on dialysis who are older than 65 
years of age, their probability of survival at 10 years is 
3.1%.132 Poor functional and nutritional status, as well as 
comorbid conditions, suggest a poor prognosis.132 With-
drawal of dialysis makes up 20% of deaths in patients on 
dialysis each year, and the average patient lives 8 to 12 
days after dialysis withdrawal.133

DYING PROCESS

Most physicians have observed people die but may not 
have witnessed the dying process. Over 500,000 people 
die in the ICU every year in the United States alone, 
and more die after an ICU stay.134 Understanding the 
dying process is important because family members 
may ask physicians what the dying process will be like 
for the patient; anesthesiologists need to be able to rec-
ognize the signs that a patient is imminently dying. 
The individual variation in the timing with which a 
patient develops many symptoms is substantial, with 
84% of patients being drowsy or comatose 24 hours 
before death, and acrocyanosis and the loss of a radial 
pulse occurring a median of 1 hour before death135 
(Table 65-3).

SYMPTOM MANAGEMENT

Alternative Routes of Drug Delivery
Many patients near the end of life may be unable to 
swallow oral medications as a result of oral lesions, nau-
sea, the dying process, or other reasons. Many patients 
in palliative and hospice care have difficult intrave-
nous access as a result of frequent medical care, dehy-
dration, or other issues. To avoid multiple attempts 
at intravenous cannulation, many palliative medicine 
practitioners and most hospices use subcutaneous infu-
sions for the delivery of medications, especially opi-
oids.136,137 An assumption of safety is based, in part, 
on studies showing that many intramuscular injections 
are actually administered into the subcutaneous tis-
sue,138 although often off-label use. The subcutaneous 
administration of opioids is safe, although the optimal 
conversion ratio from one route to another is a sub-
ject of debate.139 Opioids can be subcutaneously given 
as boluses or continuous infusions. Notably, metha-
done can cause skin irritation when administered via 
this route.140 Other studies support the transmucosal, 
sublingual, and rectal administration of opioids,139 
with emerging literature supporting transnasal applica-
tion. This method of delivery has been used for other 
medications, including ketorolac, as well as ketamine 
and lidocaine infusions.141,142 Of note, other types 
of drugs such as benzodiazepines, some antiemetic 
medications, antibiotics, neuroleptics, and even fluids 
are subcutaneously administered in the palliative care 
setting.136,137,143

Pain
Management of pain in patients who are seriously ill can 
be quite different from other patients with pain. Some of 
these patients have pain that is best managed by a pain 
expert (also see Chapter 64), and some patients will need 
adjuvant medications (Table 65-4). Major differences in 
the care of patients with life-limiting diseases are dis-
cussed in this text.

Of those patients with cancer, 15% to 90% with solid 
tumors have pain, depending on the type and stage of can-
cer, as well as the age, race, and sex of the patient.144 Most 
cancer pain is due to the cancer itself, whereas approxi-
mately one fifth of patients develop pain related to the 
cancer treatment.145 The majority of cancer pain can be 
managed with the WHO “Cancer Pain Stepladder.”146 
Zech published a prospective study of 2118 patients with 
cancer in 1995 during which 76% of the patients received 
pain relief146 with minimal side effects with this approach. 
Psychological issues may also contribute to pain in this 
population.147 Palliative chemotherapy is a treatment that 
is not expected to cure the patient, but it may improve 
symptoms, especially pain related to tumor burden; some-
times palliative chemotherapy may prolong life and may 
be a useful option for pain control in carefully selected 
patients.

Bone Pain
Breast, lung, kidney, and prostate cancers frequently 
metastasize to the bones.148 These metastases may have 
osteolytic or osteoblastic components, and many patients 
have both osteoblastic and osteolytic bony lesions.149 
Multiple targets for bone pain are possible, but no clear 
consensus has been reached on the best treatment meth-
ods.150 Sometimes the pain is extremely intense. Hormonal 
therapy is effective in breast, prostate, and endometrial 
cancers. Interventional techniques such as intrathecal 
catheters may be appropriate in some patients151 (also 
see Chapter 64). Palliative radiotherapy can be helpful 
for patients with bone metastases, although pain relief 
may take several weeks.152 According to guidelines from 
the American Society for Radiation Oncology, pain relief 
from single-fraction radiotherapy for bone metastases is 
as effective as multifraction radiation and has the benefit 
of decreased visits for the patient. However, the retreat-
ment rate is 20% for single-fraction radiation versus 
8% for multifraction dosing.153 Dexamethasone orally, 
subcutaneously, or intravenously is commonly recom-
mended for bone pain by expert consensus, although 
only a few, small studies support its use.154 Bone-modify-
ing agents, such as zoledronic acid or pamidronate have 
shown benefit for bony pain in some cancers and should 
be initiated when pain begins or when appropriate from 
an oncology standpoint.148,155 Nonsteroidal antiinflam-
matory drugs (NSAIDs) are helpful in alleviating cancer 
pain, although their advantage when combined with opi-
oids is less clear.156 More advanced interventions such as 
vertebroplasty or surgery may be indicated in some bony 
metastases.
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TABLE 65-3 CHANGES DURING THE DYING PROCESS 

Changes Exhibited Signs

Fatigue, weakness Decreasing function
Decreasing attention to hygiene
Inability to move around the bed
Inability to lift head off the pillow

Cutaneous ischemia Erythema over bony prominences
Skin breakdown
Wounds

Pain Facial grimacing
Tension in forehead and between eyebrows

Decreasing food intake, wasting Anorexia
Poor intake
Aspiration, asphyxiation
Weight loss, muscle and fat loss notable in temples

Loss of ability to close eyes Eyelids not closed
Whites of eyes show (with or without pupils visible)

Decreasing fluid intake, dehydration Poor intake
Aspiration
Peripheral edema attributable to hypoalbuminemia
Dehydration, dry mucous membranes or conjunctivae

Cardiac dysfunction, renal failure Tachycardia
Hypertension followed by hypotension
Peripheral cooling
Peripheral and central cyanosis (bluing of extremities)
Mottling of the skin (livedo reticularis)
Venous pooling along dependent skin surfaces
Dark urine
Oliguria, anuria

Neurologic dysfunction, including: 
Decreased level of consciousness Increased drowsiness

Difficulty awakening
Nonresponsive to verbal or tactile stimuli

Decreased ability to communicate Difficulty finding words
Monosyllabic words, short sentences
Delayed or inappropriate responses
Not verbally responsive

Respiratory dysfunction Change in ventilatory rate—increasing first, then slowing
Decreasing tidal volume
Abnormal breathing patterns—apnea, Cheyne-Stokes respirations,  

agonal breaths
Loss of ability to swallow
Dysphagia
Coughing, choking
Loss of gag reflex
Buildup of oral and tracheal secretions
Gurgling

Loss of sphincter control Incontinence of urine or bowels
Maceration of skin
Perineal candidiasis
Terminal delirium
Early signs of cognitive failure, (e.g., day-night reversal)
Agitation, restlessness
Purposeless, repetitious movements
Moaning, groaning

Rare, unexpected events Bursts of energy just before death occurs, the “golden glow”
Aspiration, asphyxiation

From Ferris FD: Last hours of living, Clin Geriatr Med 20:641-667, vi, 2004.
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TABLE 65-4 ADJUVANT ANALGESICS IN THE MANAGEMENT OF CANCER PAIN 

Examples Comment

Multipurpose analgesics
Glucocorticoids Dexamethasone, prednisone Are used for bone pain, neuropathic pain, lymphedema pain, 

headache, and bowel obstruction.
Antidepressants

TCAs Desipramine, amitriptyline Are used for opioid-refractory neuropathic pain; often used with 
comorbid depression; secondary amine compounds (e.g., 
desipramine) have fewer side effects and might be preferred.

SNRIs Duloxetine, milnacipran Good evidence exists for their use in some conditions but are overall 
less effective than TCAs; better side-effect profile than TCAs and are 
often tried first.

SSRIs Paroxetine, citalopram Evidence for their use is scarce; if pain is the target, then other 
subclasses are preferred.

Other Bupropion Little evidence exists for its effectiveness but less sedating than other 
antidepressants; is often tried early when fatigue or somnolence is a 
problem.

α2-Adrenergic agonists Tizanidine, clonidine Are seldom used systemically because of side effects, but tizanidine is 
preferred for a trial; clonidine is used in neuraxial analgesia.

Cannabinoid THC/cannabidiol, nabilone, THC Good evidence exists for THC/cannabidiol when used in cancer pain; 
evidence is scarce for other commercially available compounds.

Topical agents
Anesthetic Lidocaine patch, local anesthetic 

creams
Sometimes used in localized pain.

Capsaicin 8% patch; 0.25%-0.75% creams High concentration patch is indicated for postherpetic neuralgia.
NSAIDs Diclofenac and others Evidence exists for their use in focal musculoskeletal pains.
TCA Doxepin cream Is used in treating itching; can be tried for pain.
Others Compounding creams with various drugs have been empirically tried, 

but no evidence exists for effectiveness.

Used for neuropathic pain
Multipurpose drugs As above As above

Anticonvulsants
Gabapentinoids Gabapentin, pregabalin Are used first for opioid-refractory neuropathic pain unless comorbid 

depression; may have multipurpose uses in view of the evidence in 
postsurgical pain; both drugs act as N-type calcium channel blockers 
in the CNS, but individuals vary in response to one or the other.

Others Oxcarbazepine, lamotrigine, 
topiramate, lacosamide, 
valproate, carbamazepine, 
phenytoin

Evidence is scarce for all drugs listed; newer drugs are preferred 
because of reduced side-effect liability, but individual variation is 
great; all drugs are considered for opioid-refractory neuropathic pain 
if antidepressants and gabapentinoids are ineffective.

Sodium-channel drugs
Sodium-channel blockers Mexiletine, intravenous lidocaine Good evidence exists for intravenous lidocaine.
Sodium-channel modulator Lacosamide New anticonvulsant with very scarce evidence of analgesic effects.

GABA agonists
GABAA agonist Clonazepam Evidence is scarce but used for neuropathic pain with anxiety.
GABAB agonist Baclofen Evidence for the treatment of trigeminal neuralgia is the basis for trials 

in other types of neuropathic pain.
N-methyl-d-aspartate 

inhibitors
Ketamine, memantine, and 

others
Evidence is scarce for ketamine, but experience is positive with 

intravenous use in advanced illness or pain crisis; little evidence 
exists for oral drugs.

Used for bone pain
Bisphosphonates Pamidronate, ibandronate, 

clodronate
Good evidence exists for its use; similar to NSAIDs or glucocorticoids, 

usually considered first-line treatment; also reduces other adverse 
skeletal-related events; concern about osteonecrosis of the jaw and 
renal insuffciency might restrict its use.

Calcitonin Evidence is scarce but is usually well tolerated.
Radiopharmaceuticals Strontium-89, samarium-153 Evidence is good, but its use is restricted because of bone-marrow 

effects and the need for expertise.

Used for bowel obstruction
Anticholinergic drugs Hyoscine compounds, 

glycopyrronium
Along with a glucocorticoid, are considered first-line adjuvant 

treatments for nonsurgical bowel obstruction.
Somatostatin analog Octreotide Along with a glucocorticoid, is considered a first-line adjuvant 

treatment for nonsurgical bowel obstruction.

Modified from Portenoy RK: Treatment of cancer pain, Lancet 377:2236-2247, 2011.
CNS, Central nervous system; GABA, gamma-aminobutyric acid; NSAID, nonsteroidal antiinflammatory drug; SNRIs, selective noradrenaline reuptake 

inhibitors; SSRIs, selective serotonin reuptake inhibitors; TCAs, tricyclic antidepressants; THC, tetrahydrocannabinol.
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Figure 65-9. Causes of nausea and 
vomiting. GABA, Gamma-aminobutyric 
acid. (From Gupta M, Davis M, LeGrand 
S, et al: Nausea and vomiting in advanced 
cancer: the Cleveland Clinic protocol,  
J Support Oncol 11:8-13, 2013.)
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Neuropathic Pain
Between 17% and 28% of patients with advanced cancer 
have neuropathic pain.157 More information on neuro-
pathic pain, the use of lidocaine and ketamine, and other 
adjuvant medications is available in Chapters 32 and 64. 
As always, a patient’s life expectancy should be consid-
ered; some medications may be difficult to titrate in a 
short period. More information on neurolytic techniques 
is available in Chapter 64.

Pain in the Intensive Care Unit
In the ICU, pain is also common and attributable to many 
factors such as surgical or traumatic wounds, placement of 
invasive monitoring devices, and immobility.158 In addi-
tion, pain can be difficult to assess because the trachea is 
intubated or otherwise the patient is unable to speak. The 
Behavioral Pain Scale159 and the Critical Care Pain Obser-
vation Tool160 are validated methods of assessing pain in 
the ICU population.161 Commonalities among the tools 
include assessment of facial expression, body movement, 
and compliance with ventilation. In the SUPPORT trial, 
pain was also poorly controlled among those who died 
in the hospital, with one half of the surrogates indicat-
ing that their family member had moderate-to-severe 
pain for at least one half of the time in the 3 days before 
death.14 However, a more recent study has demonstrated 
improvement in pain assessment and treatment in the 
ICU162 (also see Chapter 101).

OPIOID USE

Opioid use at the end of life is common, although con-
sumption dramatically varies throughout the world.19 In 
a 2012 study of 1068 patients at six U.S. medical centers, 
70% of patients received an opioid in the last week of 
life, and 47% received opioids in the last 24 hours.163 
Some physicians are hesitant to use opioids at the end 
of life for fear of hastening a patient’s death. A study 
by Morita in 2001 retrospectively analyzed opioid and 
sedative consumption of 209 patients in the 48 hours 
before death and found no difference in survival based 
on opiate or sedative dose.164 A small study on the rate 
of increase of opioids found no correlation with time to 
death, although total morphine doses were relatively 
low.165 A larger study by Portenoy in 2006 showed a 
weak association with absolute narcotic dose and time 
to death, but this association appeared to account for 
less than 10% of the variance even when combined with 
other variables.166 Narcotics should be titrated based 
on the clinician’s assessment of the pain. Most experts 
believe that appropriately administered opiates do not 
hasten death, can be safely used, and generally do not 
require invoking the doctrine of double effect167 (also 
see Chapter 10). Some authors have urged caution with 
the use of opioids in patients with cancer and uncertain 
prognoses to decrease the risk of narcotic dependence 
and abuse in patients with the possibility of a long life 
after treatment.168

NAUSEA AND VOMITING

Nausea and vomiting are common complaints in the pal-
liative care and hospice populations and cause significant 
distress for patients and families.169 Many techniques and 
medications used in the treatment of nausea and vomit-
ing in the patient who is seriously ill are similar to those 
used in the patient after surgery. As with every patient, 
the first step in treating nausea and vomiting is a thor-
ough evaluation of possible causes (Fig. 65-9). This sec-
tion highlights issues specific to patients with life-limiting 
diseases (also see Chapter 97).

Nausea and Vomiting Related to 
Chemotherapy and Radiation Therapy
Many patients undergoing chemotherapy experience 
anticipatory nausea and vomiting, and the 2011 Ameri-
can Society of Clinical Oncology Practice Guidelines for 
chemotherapy and radiation therapy include the pre-
scription of a 5-hydroxytryptamine-3 antagonist, such 
as ondansetron, often with dexamethasone, and the 
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addition of a neurokinin-1 antagonist, such as aprepitant, 
for the most emetogenic chemotherapy regimens.170 For 
nonchemotherapy-related or radiation therapy–related 
nausea and vomiting, no Level 1a or 1b evidence is cur-
rently available to guide decisions on the choice of an 
antiemetic agent in the palliative care population.

BOWEL OBSTRUCTION

Some patients with abdominal tumors may develop par-
tial or complete bowel obstruction. First-line therapy 
consists of medical management, often with steroids and 
octreotide.171 Surgical outcomes for patients with bowel 
obstruction and a life expectancy of less than 2 months 
are poor,172 and gastrointestinal stents should be consid-
ered. Placement of a nasogastric tube should be consid-
ered for immediate relief while other options are sought. 
A venting gastrostomy tube is an option in patients who 
are refractory to treatment and can allow the patients to 
enjoy the taste of food while allowing the stomach con-
tents to be drained.

ARTIFICIAL HYDRATION AND NUTRITION

Many patients receiving palliative care are unable to take 
in food or fluids because of nausea, dysphagia, or obstruc-
tion. The decision of whether to administer artificial 
hydration and nutrition is often a difficult one for patients 
and physicians. Both parties may hold strong cultural or 
religious views, and many describe a fear of “starving” 
the patient.173 Symptoms of hunger are less common in 
advanced disease, and thirst can be treated with ice chips 
or mouth swabs.174 The administration of artificial hydra-
tion and nutrition is associated with risks of fluid over-
load leading to choking or edema, as well as diarrhea and 
nausea.175 Additional risks associated with the gastros-
tomy tube, such as dislodgement and the increased need 
for restraints attributable to agitation, are present.175 The 
administration of enteral or parenteral nutrition and 
hydration is considered a medical intervention, and, 
as such, the risks and benefits should be discussed with 
patients and families.173 The benefit of artificial hydration 
and nutrition has been established for patients in a per-
sistent vegetative state or those with acute stroke or head 
injury, short-term critical illness, oropharyngeal can-
cers, and possibly bulbar amyotrophic lateral sclerosis.176 
Additionally, artificial hydration may improve symptoms 
of delirium in patients with cancer, although it does not 
influence survival in most advanced cancers.177 The use 
of percutaneous feeding tubes in patients with advanced 
dementia does not prevent pneumonia or improve sur-
vival and is not recommended.178,179 For some patients, a 
time-limited trial of artificial hydration or nutrition may 
be appropriate to evaluate for benefit, such as improve-
ment in delirium, while monitoring for side effects, such 
as dyspnea from pulmonary edema.

DYSPNEA

Dyspnea is “a subjective experience of breathing dis-
comfort that consists of qualitatively distinct sensa-
tions that vary in intensity,”180 as differentiated from 
breathing that appears labored or fast to an observer. 
Dyspnea in patients receiving palliative care has many 
causes, including dyspnea of physical and psychologi-
cal origins.181 Dyspnea is common in patients with a 
high risk of death182,183 and was identified as the most 
distressing symptom by patients who could self-report 
in the ICU, regardless of their mechanical ventilation 
status.184 Dyspnea increases closer to the time of death, 
even in patients without known cardiopulmonary dis-
ease.185 Treatment is either aimed at reversing the cause 
of dyspnea, for example with a thoracentesis for an effu-
sion, or at symptomatic management. Nonpharmaco-
logic therapy such as a fan or pulmonary rehabilitation 
may be helpful.186 Studies of low-dose opioids in refrac-
tory dyspnea in this population support their safety and 
efficacy.187,188 In a randomized, double-blind, crossover 
study of 48 mostly older patients with COPD who were 
taking 20 mg of sustained-release morphine daily, a sig-
nificant improvement in dyspnea was observed with 
minimal side effects.189 Studies of the effect of benzodi-
azepines with and without opioids for dyspnea are small 
and mixed, with a trend toward possible benefit as a sec-
ond- or third-line treatment.190-192 Forced air through a 
nasal cannula generally gives the same benefit as oxygen 
unless the patient is hypoxic.193

NOISY BREATHING AT THE END OF LIFE

Approximately one half of patients experience noisy 
breathing, sometimes referred to as the death rattle, usu-
ally 1 to 2 days before death.194,195 Terminal secretions 
are thought be secretions from the airway or oropharynx 
that cannot be cleared because of the inability to cough 
or swallow.195 Despite widespread clinical use of anti-
muscarinic drugs for terminal secretions, strikingly few 
studies support this practice. A large study comparing 
atropine, hyoscine butylbromide, and scopolamine infu-
sions showed improvement in symptoms and no differ-
ence among those agents, but this study lacked a placebo 
arm. A study of a one-time dose of sublingual atropine 
versus placebo showed no difference.196 Of note, many 
of these earlier, small studies have multiple methodo-
logic limitations. Family members differ in their inter-
pretations of the sound, with some but not all finding it 
unsettling.197 Many clinicians believe the noisy breath-
ing, itself, is not bothersome to patients because most are 
generally unconscious, although evidence to support this 
view is lacking.

DEPRESSION AND ANXIETY IN THE 
PATIENT RECEIVING PALLIATIVE CARE

Depression and anxiety are common at the end of life, 
with estimates ranging from 5% to 30% and 7% to 13%, 
respectively.198 Many factors contribute to psychologi-
cal distress, including social, economic, spiritual, and 
physical stressors associated with serious illness.199 A 
screening test for depression consisting of two parts, 
“Are you depressed?” and “Have you experienced a 
loss of interest in things or activities you would nor-
mally enjoy?” has a sensitivity of 91% and a specificity 
of 68% and has been validated in the palliative care 
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TABLE 65-5 DISTINGUISHING CHARACTERISTICS OF GRIEF AND DEPRESSION IN PATIENTS WHO ARE 
TERMINALLY ILL 

Characteristic Normal Grief Depression

Nature of response Adaptive Maladaptive
Focus of distress In response to a particular loss; not affecting all 

aspects of life
Pervasive; affecting all aspects of life

Symptom fluctuations Symptoms coming in waves, generally improving 
with time

Constant

Mood Sadness and dysphoria Protracted and constant depression or flat affect
Interests and capacity for 

pleasure
Interests and capacity for pleasure remaining intact; 

diminishing engagement in activities because of 
functional decline

Anhedonia with significant diminished interest or 
pleasure in all activities

Hope Episodic and focal loss of hope; hopes possibly 
changing over time; giving positive orientation 
toward the future

Persistent and pervasive hopelessness

Self-worth Maintaining self-worth, although with feelings of 
helplessness

Worthlessness with the belief that one’s life has no 
value

Guilt Regrets and guilt over specific events Excessive feelings of guilt
Suicidal ideation Passive and fleeting desire for a hastened death Preoccupation with a desire to die

From Widera EW, Block SD: Managing grief and depression at the end of life, Am Fam Physician 86:259-264, 2012.
population.200 Referral should be made to a psychiatrist 
or other experienced provider for patients who screen 
positive or for patients who have suicidal or homi-
cidal ideations. Depression must be distinguished from 
delirium and normal grief, which can be a difficult dis-
tinction200,201 (Table 65-5). For the anesthesiologist, rec-
ognizing depression and making appropriate referrals 
is important; depression may affect pain management, 
quality of life, and treatment decisions. Treatments for 
depression vary by life expectancy. Selective serotonin 
reuptake inhibitors (SSRIs) and monoamine oxidase 
inhibitors (MAOIs) may be appropriate for patients with 
a longer life expectancy; the time to onset of action is 
1 to 2 months. For patients with a life expectancy of 
weeks to a few months, methylphenidate has been well 
studied in the cancer population. The onset of action is 
1 to 3 days and is generally effective and well-tolerated 
for depression and fatigue.202,203

DELIRIUM AT THE END OF LIFE

Delirium is covered in depth in Chapter 80. It affects 28% 
to 88% of patients who are terminally ill, with incidence 
increasing closer to the time of death.204,205 The Confu-
sion Assessment Method has been validated in the pal-
liative care population206,207 (also see Chapter 80). Some 
patients may have more than one possible cause of delir-
ium (Box 65-5). Delirium can have a major impact on a 
patient’s ability to make a well-informed decision about 
treatment options, including surgery, which may have 
ethical and legal implications. Most patients who recover 
remember being delirious, and those who do find it very 
distressing.208

As much as one half of delirium near the end of life 
may be reversible.205 Knowing which cases of delirium 
could be reversible can be difficult, although a younger 
age, less severe impairment, and lack of organ failure 
appear to correspond to a greater likelihood of revers-
ibility.209 Patients with true terminal delirium have a 
very short life expectancy.204 The pursuit of the work-
up should be based on the patient’s goals of care (Box 
65-6). For example, the family of a patient with cancer 
who develops delirium but previously had an acceptable 
quality of life may desire a workup for potential causes 

Metabolic disturbance
Hypercalcemia
Hyponatremia
Hypernatremia
Dehydration
Glycemic derangements

Organ failure
Renal failure
Liver failure
Respiratory failure

Medications
Opioids
Benzodiazepines
Anticholinergic agents
Steroids

Sepsis
Pneumonia
Urinary tract infection

Brain pathologic conditions
Tumor
Metastases
Leptomeningeal disease
Nonconvulsive status epilepticus

Hypoxia
Withdrawal

Alcohol
Benzodiazepines

Hematologic conditions
Disseminated intravascular coagulation
Anemia

BOX 65-5 Causes of Delirium

From LeGrand SB: Delirium in palliative medicine: a review, J Pain Symptom 
Manage 44:583-594, 2012.
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including a urinalysis and chest x-ray study, whereas 
the family of a patient who had previously been nearly 
comatose and expected to die in hours to days may not 
want to subject their family member to a bladder cath-
eterization for a urinalysis.

Although delirium is often associated with agitation, 
hypoactive delirium, during which a patient may have 
decreased interaction with the environment and exhibit 
inattention, is likely more common than most clinicians 
appreciate.210 Hypoactive delirium is considered disturb-
ing by patients who experience it, but no consensus has 
been reached on whether or how to treat hypoactive 
delirium.211

Determining the goals of care
Reviewing medications
Considering the possibility of withdrawal
Identifying any hematologic or metabolic abnormalities or organ 

failure
Complete metabolic panel
Complete blood count

Evaluating oxygen levels
Oxygen saturation

Identifying infections
Urine culture
Blood cultures
Chest x-ray imaging

Performing specialized testing, if appropriate
Electroencephalogram
Arterial blood gas
Tests for disseminated intravascular coagulation
Test for thyroid-stimulating hormone
Computed tomography scan or magnetic resonance imaging 

scan of the brain
Lumbar puncture

BOX 65-6 Evaluation of Delirium

From LeGrand SB: Delirium in palliative medicine: a review, J Pain Symptom 
Manage 44:583-594, 2012.
BLEEDING IN THE PATIENT RECEIVING 
PALLIATIVE CARE

Bleeding can be caused by a number of pathologic con-
ditions, including coagulation disorders and cancers. In 
addition to dressings and radiation therapy, fibrinolytic 
inhibitors such as tranexamic acid, interventional radio-
logic procedures such as embolization, and surgery have 
been suggested for patients with compatible goals and life 
expectancy.212 Exsanguination in patients receiving palli-
ative care is uncommon but can be upsetting to patients, 
families, and providers. No randomized trials of best treat-
ments have been conducted. Some practical suggestions 
include the use of dark towels, suction, using pressure, 
and staying with the patient. Medications are frequently 
suggested during exsanguination to provide sedation and 
amnesia. The use of medications varies, but often ben-
zodiazepines, opioids, and sometimes ketamine are used, 
with midazolam 5 to 10 mg being the most common213 
(also see Chapter 62).

ANESTHETIC CONCERNS IN THE PATIENT 
RECEIVING PALLIATIVE CARE

PREOPERATIVE CONSIDERATIONS

A patient’s decisional capacity may change during hos-
pitalization or over time and should be assessed before 
seeking consent from the patient for anesthesia. As noted 
in Chapter 10, patients awaiting surgery with a standing 
DNR order should prompt a discussion of the patient’s 
goals and the creation of a plan for intraoperative and 
postoperative management that meets a patient’s goals. 
In the case of the reversal of a DNR order, a plan for when 
that order would be reinstituted should be developed.101 
The anesthesiologist should also discuss the patient’s 
preferences with the surgeon and nurse as appropriate.
TABLE 65-6 ANESTHETIC DRUGS AND HOST DEFENSES 

Drug Potential Effect on Antitumor Host Defenses

Ketamine Reduces natural killer (NK) cell activity and the number in animal models.
Thiopental Reduces NK cell activity and the number in animal models.
Propofol Reduces NK cell number in animal models.
Volatile agents Inhibits interferon stimulation of NK cell cytotoxicity in animal models.

Reduces NK cell number in humans; is associated with worse outcomes when compared with 
local anesthesia for melanoma excision.

Nitrous oxide Associated with acceleration in the development of lung and liver metastases in animal models.
No effect on cancer outcomes after surgery for colorectal carcinoma in humans.
Inhibits the formation of hematopoietic cells that may be important for tumor cells.

Local anesthetic drugs Lidocaine inhibits epidermal growth factor (EGF) receptor and tumor cell proliferation in vitro; 
ropivacaine inhibits growth of cancer cells.

Morphine Inhibits cellular immunity including NK cell activity in animal models
Inhibits NK cell activity in humans.

Fentanyl Inhibits NK cell activity in humans.
Tramadol Stimulates NK cell activity in animal models.

Stimulates NK cell activity in humans.
Cyclooxygenase-2 (COX-2) inhibitors Display antiangiogenesis and antitumor effects in animal models

From Snyder GL, Greenberg S: Effect of anaesthetic technique and other perioperative factors on cancer recurrence, Br J Anaesth 105:106-115, 2010.
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PreoPerative ConSiderationS

Review the chart for advance directive or documentation of code 
status.

If a Do Not Resuscitate (DNR) order or other limits on treatment 
are listed, then clarify the patient’s desires based on the Ameri-
can Society of Anesthesiologists (ASA) guidelines.101

 •  Full attempt at resuscitation is defined.
 •  Limited attempt at resuscitation is defined with regard to specific 

procedures.
 •  Patient or surrogate decision maker should be informed 

about which procedures are essential to providing anesthe-
sia (e.g., endotracheal tube) and which are not (e.g., chest 
compressions).

 •  Example: Patient with extensive rib metastases declines chest 
compressions but desires other medications and procedures as 
appropriate

 •  Limited attempt at resuscitation is defined with regard to the 
patient’s goals and values.

 •  Patient or surrogate decision maker allows the medical team to 
decide which procedures are appropriate.

 •  Example: Patient wants to have treatments that seem easily 
reversible (e.g., respiratory depression in the postanesthesia 
care unit [PACU] after accidental narcotic overdose) but 
does not want treatment that may to lead to neurologic 
compromise (e.g., prolonged cardiopulmonary resuscitation 
[CPR])

 •  Clearly document any changes in treatment limitation in the 
chart.

 •  Include the people present during the discussion.
 •  Document when the original advance directive will be 

reinstated.

 •  Per ASA guidelines, “…when the patient leaves the postanes-
thesia care unit or when the patient has recovered from the 
acute effects of anesthesia and surgery.”

 •  Discuss any changes in treatment limitation with the surgeon, 
nurse, or other appropriate health care providers.

 •  Ensure that the patient preoperatively receives any scheduled 
pain medications.

 •  Consider involving spiritual care to perform appropriate rituals if 
the risk of death is high.

 •  Review past medications for agents such as adriamycin and 
bleomycin.

 •  Review records for sites of metastases including the lung or brain 
that may affect the physiologic mechanisms.

 •  Assess decision-making ability of the patient with brain metasta-
ses or suspected cognitive impairment.

 •  Consider preoperative epidural placement for the appropriate 
patient.

 •  Assess baseline functional status and general prognosis.

intraoPerative ConSiderationS

 •  Take special care in positioning patients with cachexia and those 
with poor skin integrity.

 •  Consider postoperative nausea and vomiting (PONV) prophylaxis 
for at-risk patients.

 •  Communicate any limitations in treatment to on-coming 
providers.

PoStoPerative ConSiderationS

 •  Consider possibly increased postoperative pain requirements in 
the context of baseline opioid use.

 •  Ensure the availability of a rescue antiemetic therapy for at-risk 
patients.

 •  Communicate any limitations in treatment to PACU providers.

BOX 65-7 Perioperative Considerations in the Patient in Palliative Care

Data from Ethical Guidelines for the Anesthesia Care of Patients with Do-Not-Resuscitate Orders or Other Directives that Limit Treatment, 2008. Accessed June 
20, 2013. <http://www.asahq.org/For-Members/Standards-Guidelines-and-Statements.aspx>
A thorough preoperative evaluation of the patient’s 
disease should also take place with attention to the 
patient’s cognitive status, recent medications (includ-
ing chemotherapy), presence of metastases, and wounds. 
Knowledge of the patient’s preoperative functional sta-
tus and prognosis may impact the anesthetic plan, in 
addition to giving the patient an accurate assessment of 
risks and benefits. Details on special considerations in 
specific disease states such as cancer, COPD, and others 
are included in Chapter 39. Considering the number of 
patients receiving palliative care who will be given be 
given pain medication perioperatively, anesthesiologists 
are advised to follow the guidelines in Chapter 64 regard-
ing perioperative pain management.

INTRAOPERATIVE CONCERNS

Resuscitation status should be communicated to any pro-
viders caring for the patient intraoperatively or postop-
eratively. Consideration should be given to postoperative 
nausea and vomiting (PONV) prophylaxis (also see Chap-
ter 97), and the care of fragile skin in this population.
ANESTHETIC CHOICE AND CANCER

Recent studies have attempted to clarify the role of anes-
thesia in cancer progression and recurrence. Studies of 
the effect of regional anesthesia on those with cancer are 
mixed but suggest a possible benefit; additional discussion 
is available in Chapter 56. Studies that examine the choice 
of specific systemic anesthetics on cancer are mostly 
in vivo or in vitro but also suggest differences in responses 
to tumor cells among the different drugs214 (Table 65-6).

POSTOPERATIVE COURSE

Standard postoperative care is sufficient for most patients in 
palliative care. Risks for postoperative pain, delirium, and 
nausea and vomiting may be increased, depending on the 
individual patient. Some patients may need increased dos-
ages of pain medication, depending on baseline use. Provid-
ers should communicate any limitations in care and when 
limitations revert to their preoperative status (Box 65-7).

Complete references available online at expertconsult.com
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Anesthesia for Thoracic Surgery
PETER D. SLINGER • JAVIER H. CAMPOS

K e y  P o i n t s

 •  Patients undergoing pulmonary resection should have a preoperative assessment 
(see Chapter 38) of their respiratory function in three areas: lung mechanical 
function, pulmonary parenchymal function, and cardiopulmonary reserve (the 
“three-legged stool” of respiratory assessment).

 •  Patients with underlying lung disease have a decreased risk of respiratory 
complications when pulmonary resections are performed with video-assisted 
thoracoscopic surgery (VATS).

 •  After lung resection surgery and proper weaning, the trachea can usually be 
extubated in patients who had adequate predicted postoperative respiratory 
function in the operating room. In addition, they must be “AWaC” (alert, warm, 
and comfortable).

 •  Interventions that decrease the incidence of respiratory complications in high-risk 
patients undergoing thoracic surgery include cessation of smoking, physiotherapy, 
and thoracic epidural analgesia.

 •  Geriatric patients (see Chapter 80) are at high risk for cardiac complications, 
particularly cardiac arrhythmias (see Chapter 47), after large pulmonary resections. 
Preoperative exercise capacity is the best predictor of post thoracotomy outcome 
in the elderly.

 •  The ability to perform fiberoptic bronchoscopy and a detailed knowledge of 
bronchial anatomy are required for providing reliable lung isolation.

 •  The use of double-lumen endobronchial tubes (DLTs) is the standard method for 
providing lung isolation in adults. Bronchial blockers are a reasonable alternative 
for lung isolation in patients with abnormal upper or lower airways.

 •  With the use of intravenous anesthetic techniques or volatile anesthetics at less 
than or equal to 1-MAC doses, hypoxemia usually does not occur during one-
lung ventilation (OLV). The use of continuous positive airway pressure (CPAP) or 
positive end-expiratory pressure (PEEP) as treatment for hypoxemia during OLV 
should be guided by the individual patient’s lung mechanics.

 •  The use of large tidal volumes during OLV (e.g., 10 mL/kg) can contribute to 
acute lung injury, particularly in patients at increased respiratory risk, such as after 
pneumonectomy.

 •  The underlying principle of management of a patient with a bronchopleural fistula 
is to secure lung isolation before positive pressure ventilation or to reposition the 
patient for surgery.

 •  Anesthetic management of a patient with an anterior or superior mediastinal 
mass should be guided by the patient’s symptoms, the preoperative computed 
tomography (CT) scan, and the echocardiography findings. The fundamental 
principle of anesthetic management for these patients is noli ponti ignii consumere 
(“don’t burn your bridges”).

 •  Continuous paravertebral local anesthetic blockade combined with multimodal 
analgesia is a reasonable alternative to epidural analgesia for thoracic surgery, with 
fewer side effects.
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Thoracic anesthesia encompasses a wide variety of diag-
nostic and therapeutic procedures involving the lungs, 
airways, and other intrathoracic structures. As the patient 
population presenting for noncardiac thoracic surgery 
has evolved, so have the anesthetic techniques to man-
age these patients. At the beginning of the last century, 
thoracic surgery was primarily done to treat infectious 
indications (e.g., lung abscess, bronchiectasis, empyema). 
Although these cases still present for surgery in the post-
antibiotic era, now the most common indications are 
related to malignancies (i.e., pulmonary, esophageal, and 
mediastinal). In addition, the past 2 decades have seen 
the beginning of surgical therapy for end-stage lung 
diseases with procedures such as lung transplantation and 
lung volume reduction. Fundamental to anesthetic man-
agement for the majority of thoracic procedures are two 
techniques: (1) lung isolation to facilitate surgical access 
within the thorax and (2) management of one-lung anes-
thesia. In this chapter, we initially discuss preanesthetic 
assessment for thoracic surgery, outline intraoperative 
management principles common to most thoracic surgical 
procedures, discuss specific anesthetic considerations in 
common and less common surgical operations, and we 
finally finish with a description of postoperative manage-
ment issues in thoracic surgical patients.

PREOPERATIVE EVALUATION OF  
THE THORACIC SURGERY PATIENT  
(See Chapter 38)

Preoperative anesthetic assessment before chest surgery is 
a continually evolving science and art. Recent advances 
in anesthetic management, surgical techniques, and 
perioperative care have expanded the realm of patients 
now considered to be “operable.”1 This discussion focuses 
primarily on preanesthetic assessment for pulmonary 
resection surgery in cancer patients. However, the basic 
principles described apply to all other types of nonmalig-
nant pulmonary resections and to other chest surgeries.

Although 87% of patients with lung cancer will die of 
their disease, the 13% cure rate represents approximately 
26,000 survivors per year in North America. Surgical 
resection is responsible for essentially all of these cures. 
A patient with “resectable” lung cancer has a disease that 
is still local or locoregional in scope and can be encom-
passed in a plausible surgical procedure. An operable 
patient is someone who can tolerate the proposed resection 
with acceptable risk.

The patient is commonly assessed initially as an 
outpatient, often not by anesthesia personnel. Yet it is 
necessary to organize and standardize the approach to 
preoperative evaluation for these patients into two tem-
porally disjointed phases: the initial (clinic) assessment 
and the final (day of admission) assessment. Elements 
vital to each assessment are described.

Increasingly, thoracic surgeons are performing lung-
sparing resections such as sleeve-lobectomies or segmen-
tectomies, and resections with minimally invasive 
techniques such as video-assisted thoracoscopic surgery 
(VATS) or robotic surgery. The postoperative preservation 
of respiratory function is proportional to the amount 
of functioning lung parenchyma preserved. To assess 
patients with limited pulmonary function, these newer 
surgical options need to be understood in addition to the 
conventional open lobectomy or pneumonectomy.

Preoperative assessment should identify patients at 
increased risk and that risk assessment should stratify  
the perioperative management and focus resources on the 
high-risk patients to improve their outcome. This is the 
primary function of the preanesthetic assessment. There 
are occasions when the anesthesiologist should contri-
bute his or her opinion about whether a specific high-risk 
patient will tolerate a specific surgical procedure. This 
may occur preoperatively but also occurs intraoperatively 
when the surgical findings suggest that a planned pro-
cedure, such as a lobectomy, may require a larger resec-
tion, such as a pneumonectomy. For these reasons, it is 
necessary that the anesthesiologist have a complete pre-
operative knowledge of the patient’s medical status and 
the pathophysiology of lung resection surgery, which 
are needed for a proper anesthetic to be given. Pretho-
racotomy assessment naturally involves all of the factors 
of a complete anesthetic assessment: past history, aller-
gies, medications, upper airway, and so on. This section 
concentrates on the additional information, beyond a 
standard anesthetic assessment, that the anesthesiolo-
gist needs to manage a patient undergoing a pulmonary 
resection.

PERIOPERATIVE COMPLICATIONS

The major cause of perioperative morbidity and mortality 
in the thoracic surgical population is respiratory complica-
tions. Major respiratory complications—atelectasis, pneu-
monia, and respiratory failure—occur in 15% to 20% of 
patients and account for the majority of the expected 3% 
to 4% mortality rate.2 For other types of surgery, cardiac 
and vascular complications are the leading cause of early 
perioperative morbidity and mortality. Cardiac complica-
tions such as arrhythmia and ischemia occur in 10% to 
15% of the thoracic population.

ASSESSMENT OF RESPIRATORY FUNCTION 
(See Chapter 19)

The best assessment of respiratory function comes from 
a detailed history of the patient’s quality of life. All 
patients undergoing a pulmonary resection should have 
baseline simple spirometry done preoperatively.3 Objec-
tive measures of pulmonary function are required to 
guide anesthetic management and to have this informa-
tion in a format that can be easily transmitted between 
members of the health care team. Respiratory function 
can be divided into three related but somewhat indepen-
dent areas: respiratory mechanics, gas exchange, and  
cardiorespiratory interaction. The basic functional units 
of extracellular respiration are to move the oxygen: (1) 
into the alveoli, (2) into the blood, and (3) into the tissues 
(the process is reversed for carbon dioxide removal).

Respiratory Mechanics
Many tests of respiratory mechanics and volumes show 
correlation with postthoracotomy outcome: forced 
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expiratory volume in one second (FEV1), forced vital 
capacity (FVC), maximal voluntary ventilation (MVV), 
residual volume/total lung capacity ratio (RV/TLC), and 
so on (see Chapter 19 on pulmonary function testing). 
It is useful to express these as a percent of predicted vol-
umes corrected for age, sex, and height (e.g., FEV1 %). 
Of these, the most valid single test for postthoracotomy 
respiratory complications is the predicted postoperative 
FEV1 (ppoFEV1 %),4 which is calculated as:

 ppoFEV1 %= preoperative FEV1 %×
(1 −% functional lung tissue removed/100)

 

One method of estimating the percent of functional 
lung tissue is based on a calculation of the number of 
functioning subsegments of the lung removed (Fig. 66-1). 
Patients with a ppoFEV1 greater than 40% are at low risk 
for postresection respiratory complications. The risk of 
major respiratory complications is increased in the sub-
group with a ppoFEV1 less than 40% (although not all 
patients in this subgroup develop respiratory complica-
tions), and patients with a ppoFEV1 less than 30% are at 
high risk.

Lung Parenchymal Function
As important to the process of respiration as the mechani-
cal delivery of air to the distal airways is the subsequent 
ability of the lung to exchange oxygen and carbon diox-
ide between the pulmonary vascular bed and the alveoli. 
Traditionally, arterial blood gas data such as partial pressure 
of oxygen in the blood (PaO2) less than 60 mm Hg or 
partial pressure of carbon dioxide in the blood (Paco2) 
greater than 45 mm Hg have been used as cutoff values 
for pulmonary resection. Cancer resections have now 
been successfully performed singly or even combined 
with volume reduction in patients who do not meet 
these criteria, although they remain useful as warning 
indicators of increased risk. The most useful test of the 
gas exchange capacity of the lung is the diffusing capacity 
for carbon monoxide (DLco). The DLco correlates with 
the total functioning surface area of alveolar-capillary 

Lung segments

Total subsegments = 42

Example: Right lower lobectomy
Postoperative FEV1 decrease = 12/42 (29%)
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Figure 66-1. The number of subsegments of each lobe is used to calcu-
late the predicted postoperative (ppo) pulmonary function (e.g., after a 
right lower lobectomy, a patient with a preoperative FEV1 [or DLco] 70% 
of normal would be expected to have a ppoFEV1 of 70% × ( 1 − 29/100) 
= 50%. (Reproduced with permission from Slinger P: Principles and practice 
of anesthesia for thoracic surgery. New York, Springer, 2011.)
interface. The corrected DLco can be used to calculate a 
postresection (ppo) value using the same calculation as 
for the FEV1 (see Fig. 66-1). A ppoDLco less than 40% 
predicted correlates with both increased respiratory and 
cardiac complications and is usually independent of the 
FEV1.5 The DLco, but not the FEV1, is negatively affected 
by preoperative chemotherapy and may be the most 
important predictor of complications in this subgroup of 
patients. Some authors feel a higher cutoff risk-threshold 
for ppoDLco of less than 50% may be more appropriate.6 
The National Emphysema Treatment Trial has shown 
that patients with a preoperative FEV1 or DLco less than 
20% had an unacceptably frequent perioperative mortality 
rate.7 These can be considered as the absolute minimal 
values compatible with a successful outcome.

Cardiopulmonary Interaction
The final and perhaps most important assessment of 
respiratory function is an assessment of the cardiopul-
monary interaction. Formal laboratory exercise testing is 
currently the gold standard for assessment of cardiopul-
monary function,8 and the maximal oxygen consumption 
(VO2max) is the most useful predictor of postthoracotomy 
outcome. The risk of morbidity and mortality is increased 
if the preoperative VO2max is less than 15 mL/kg/min 
and is considered very high if it is less than 10 mL/kg/
min.9 Few patients with a VO2max greater than 20 mL/kg/
min have respiratory complications (for comparison, the 
highest VO2max recorded is 85 mL/kg/min by the American 
cyclist Lance Armstrong in 200510). Complete laboratory 
exercise testing is expensive. Several alternatives have 
been demonstrated to be valid surrogate tests for pretho-
racotomy assessment.

The distance that a patient with chronic obstructive 
pulmonary disease (COPD) can walk during a 6-minute  
test shows an excellent correlation with VO2max and 
requires little or no laboratory equipment.11 VO2max 
can be estimated from the 6-minute walk test distance 
in meters divided by 30 (i.e., 6-minute walk text of 450 
m: estimated VO2max = 450/30 = 15 mL/kg/min). Patients 
with a decrease of oxygen saturation (SpO2) greater than 
4% during exercise12 are also at increased risk. The tradi-
tional exercise test in ambulatory patients is stair climb-
ing. The ability to climb five flights of stairs correlates 
with a VO2max more than 20 mL/kg/min, and climbing 
two flights corresponds to a VO2max of 12 mL/kg/min.

After pulmonary resection, right ventricular dysfunction 
appears to be in proportion to the amount of function-
ing pulmonary vascular bed that has been removed. The 
exact etiology and duration of this dysfunction remains 
unknown. Clinical evidence of this hemodynamic prob-
lem is minimal when the patient is at rest but is dramatic 
when the patient exercises, leading to elevation of pul-
monary vascular pressures, limitation of cardiac output, 
and absence of the normal decrease in pulmonary vascular 
resistance usually seen with exertion.13

Ventilation-Perfusion Scintigraphy
Prediction of postresection pulmonary function can be 
further refined by assessment of the preoperative contri-
bution of the lung or lobe to be resected using ventilation-
perfusion (V̇/Q̇ ) lung scanning. If the lung region to be 
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resected is nonfunctioning or minimally functioning, 
the prediction of postoperative function can be modified 
accordingly. This is particularly useful in pneumonec-
tomy patients14 and V̇/Q̇  scanning should be considered 
for any pneumonectomy patient who has a preoperative 
FEV1 and/or DLco less than 80%. However, V̇/Q̇  scanning 
is of limited usefulness to predict postlobectomy function.

Combination of Tests
No single test of respiratory function has shown adequate 
validity as a sole preoperative assessment. Before surgery, 
an estimate of respiratory function in all three areas—lung 
mechanics, parenchymal function, and cardiopulmonary 
interaction—should be made for each patient. These 
three aspects of pulmonary function form the “three-
legged stool” that is the foundation of prethoracotomy 
respiratory assessment (Fig. 66-2) that can be used to plan 
intraoperative and postoperative management (Fig. 66-3). 
These plans and intraoperative surgical factors sometimes 
necessitate that a resection becomes more extensive than 
was foreseen. If a patient has a ppoFEV1 greater than 40%, 
the trachea usually can be extubated in the operating 
room at the conclusion of surgery assuming the patient is 
alert, warm, and comfortable (“AWaC”). If the ppoFEV1 is 
greater than 30% and exercise tolerance and lung paren-
chymal function exceed the increased-risk thresholds, 

The “three-legged” stool of prethoracotomy
respiratory assessment

Cardiopulmonary
reserve

VO2max*
( > 15 mL/kg/min)

Stair climb > two flights,
6 min walk,
Exercise SpO2 < 4%

Lung parenchymal
function

DLCO*
(ppo > 40%)

PaO2 > 60
PaCO2 < 45

Respiratory
mechanics

FEV1*
(ppo > 40%)

MVV, RV/TLC,
FVC

Figure 66-2. The “3-legged” stool of prethoracotomy respiratory 
assessment. *Most valid test (see text). (Reproduced with permission 
from Slinger P: Principles and practice of anesthesia for thoracic sur-
gery, New York, Springer, 2011.)

Predicted postoperative FEV1 (ppoFEV1%)

Postthoracotomy anesthetic management:

>40%

Extubate in operating
room if:
   patient AWaC 
   (alert, warm, and
   comfortable)

30%–40%

Consider extubation
based on:
   Exercise tolerance
   DLCO

   V/Q scan
   Associated
      diseases

<30%

Staged weaning 
from mech. ventilation
Consider extubation if
>20% plus:
   Thoracic epidural
   analgesia

· ·

Figure 66-3. Anesthetic management guided by preoperative assess-
ment and the amount of functioning lung tissue removed during sur-
gery. (Reproduced with permission from Slinger P: Principles and practice 
of anesthesia for thoracic surgery, New York, Springer, 2011.)
then tracheal extubation can be done in the operating 
room depending on the status of associated medical 
conditions. Patients in this subgroup who do not meet 
the minimal criteria for cardiopulmonary and parenchy-
mal function should be considered for staged weaning 
from mechanical ventilation postoperatively (see Chap-
ter 103). Patients with a ppoFEV1 of 20% to 30% and 
favorable predicted cardiorespiratory and parenchymal 
function can be considered for early tracheal extubation 
if thoracic epidural analgesia is used or if the resection 
is performed with VATS. In the increased-risk group, the 
presence of several associated factors and diseases should 
be documented during the preoperative assessment  
(see Chapter 3) and will enter into the consideration for 
postoperative management (discussed later).

CONCOMITANT MEDICAL CONDITIONS

CARDIAC DISEASE (See Chapter 39)

Cardiac complications are the second most common 
cause of perioperative morbidity and mortality in the 
thoracic surgical population.

Ischemia
Because the majority of pulmonary resection patients 
have a smoking history, they already have one risk fac-
tor for coronary artery disease. Elective pulmonary resec-
tion surgery is regarded as an intermediate-risk procedure 
in terms of perioperative cardiac ischemia.15 The overall 
documented incidence of postthoracotomy ischemia is 
5% and peaks on days 2 to 3 postoperatively. Beyond the 
standard history, physical, and electrocardiogram, routine 
screening testing for cardiac disease does not appear to be 
cost-effective for all prethoracotomy patients. Noninva-
sive testing is indicated in patients with major (i.e., unstable 
ischemia, recent infarction, severe valvular disease, sig-
nificant arrhythmia) or intermediate (i.e., stable angina, 
remote infarction, previous congestive failure, diabetes) 
clinical predictors of myocardial risk. Therapeutic options 
to be considered in patients with significant coronary 
artery disease are optimization of medical therapy, coro-
nary angioplasty, or coronary artery bypass, either before 
or at the time of lung resection. Timing of lung resection 
surgery after a myocardial infarction is always a difficult 
decision to make. Limiting the delay to 4 to 6 weeks in 
a medically stable and fully investigated and optimized 
patient seems acceptable after myocardial infarction. The 
appropriate delay after coronary stenting is convention-
ally 4 to 6 weeks after bare metal stents and 12 months 
after drug-eluting stents.16 Surgery should be delayed 
until it is safe to temporarily discontinue major antiplate-
let drugs (except aspirin). A recent study upholds the 
6-week delay after bare metal stents but suggests that the 
risks after drug-eluting stents are minimal after 6 months 
(Fig. 66-4).17

Arrhythmia
Dysrhythmias (see Chapter 47) are a common complica-
tion of pulmonary resection surgery, and it occurs is 30% 
to 50% of patients within the first week postoperatively, 
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when Holter monitoring is used.18 Of these arrhythmias, 
60% to 70% are atrial fibrillation. Several factors correlate 
with an increased incidence of arrhythmias, including 
extent of lung resection (pneumonectomy 60% versus 
lobectomy 40% versus nonresection thoracotomy 30%), 
intrapericardial dissection, intraoperative blood loss, and 
age of the patient. Extrapleural pneumonectomy patients 
are a particularly high-risk group.19

Two factors in the early postthoracotomy period 
interact to produce atrial arrythmias: (1) increased flow 
resistance through the pulmonary vascular bed because 
of permanent (lung resection) or transient (atelectasis, 
hypoxemia) causes, with attendant strain on the right 
side of the heart; and (2) increased sympathetic stimuli 
and oxygen requirements, which are maximal on the sec-
ond postoperative day as patients become more mobile.

In some patients undergoing a pneumonectomy, the 
right heart may not be able to increase its output ade-
quately to meet the usual postoperative stress. Trans-
thoracic echocardiographic studies have shown that 
pneumonectomy patients develop an increase in right 
ventricular systolic pressure as measured by the tricuspid 
regurgitation jet on postoperative day 2 but not on post-
operative day 1. An increase in tricuspid regurgitation jet 
velocity is associated with postthoracotomy supraven-
tricular tachyarrhythmias.20 Preoperative exercise testing, 
which assesses the cardiopulmonary interaction, can pre-
dict postthoracotomy arrhythmias. Patients with COPD 
are more resistant to pharmacologic-induced heart rate 
control when they develop postthoracotomy atrial fibril-
lation and often require multiple drugs.21

Many antiarrhythmics are used to decrease the inci-
dence of atrial arrhythmias after lung surgery, of which 
digoxin preparations are the most common. Digoxin 
does not prevent arrhythmias after pneumonectomy or 
other intrathoracic procedures. Other antiarrhythmics 
that have been used to prevent postthoracotomy arrhyth-
mias include β-adrenergic blockers, verapamil, and amio-
darone. Although all of these drugs decrease arrhythmias 
in thoracic patients, their side effects preclude their 
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Figure 66-4. Risk of major 30-day postoperative cardiac event after 
elective noncardiac surgery in more than 2000 patients after coronary 
artery stents. DE, drug eluting; BM, bare metal. The risks after stent 
become minimal after 6 weeks for BM stents and after 6 months for DE 
stents. (Based on data from Wijeysundera ND, Wijeysundera HC, Wasow-
icz M, et al: Risk of elective major non-cardiac surgery after coronary stent 
insertion, Anesth Analg 113:s62, 2012).
widespread application in this surgical population. At 
present, diltiazem is the most useful drug for posttho-
racotomy arrhythmia prophylaxis.19 It seems that atrial 
arrhythmias are a sign of a dysfunctional right heart, for 
which prevention does not solve the underlying problem.

AGE-RELATED FACTORS (See Chapter 80)

There is no maximum age that is a cutoff for pulmonary 
resection.4 The operative mortality in a group of patients 
80 to 92 years of age was 3%, a very respectable figure, in 
one series.22 However, the rate of respiratory complications 
(40%) was double that expected in a younger population, 
and the rate of cardiac complications (40%), particularly 
arrhythmias, was nearly triple that which would be seen in 
younger patients. In older patients, thoracotomy should be 
considered a high-risk procedure for cardiac complications, 
and cardiopulmonary function is the most important part 
of the preoperative assessment. An algorithm for the car-
diac assessment of the older patient for thoracic surgery 
is presented in Figure 66-5. Although the mortality result-
ing from lobectomy among the older patients is accept-
able, the mortality from pneumonectomy, particularly 
right pneumonectomy, is excessive.23 Quality of life after 
pneumonectomy is significantly worse than it is after lesser 
pulmonary resections.24 For these reasons, lung-sparing 
pulmonary resections are performed whenever possible. 
As a proportion of all lung cancer resections, pneumo-
nectomy has decreased to approximately one third of its 
share of 15 years ago.25 Exercise tolerance seems to be the 
primary determinant of outcome in older patients (see 
 Chapter 80). Older patients should have, as a minimum 
cardiac investigation, a transthoracic echocardiogram to 
rule out pulmonary hypertension.

RENAL DYSFUNCTION

Renal dysfunction after pulmonary resection surgery was 
previously associated with a high mortality rate. Gollege 
and Goldstraw26 reported a perioperative mortality of 
19% (6/31) in patients in whom a significant elevation 
of serum creatinine developed in the postthoracotomy 
period, compared with 0% (0/99) in those who did not 
show any renal dysfunction. More recently, postthoracot-
omy renal dysfunction, as assessed by significant increases 
in serum creatinine levels, has been found to be associa-
ted with prolonged length of stay but not increased mor-
tality.27 Predictive factors for renal dysfunction include 
preoperative hypertension, angiotensin II receptor block-
ers, use of hydoxyethel starch, and open thoracotomies.

CHRONIC OBSTRUCTIVE PULMONARY 
DISEASE

The most common concurrent illness in the thoracic sur-
gical population is COPD, which incorporates three disor-
ders: emphysema, peripheral airways disease, and chronic 
bronchitis (see Chapter 39). Any individual patient may 
have one or all of these conditions, but the dominant 
clinical feature is impairment of expiratory airflow.28 
Assessment of the severity of COPD is made on the basis 
of the FEV1% of predicted values. The American Thoracic 



Chapter 66: Anesthesia for Thoracic Surgery 1947
Figure 66-5. Algorithm for the pre-
operative cardiac assessment of older 
patients for thoracic (noncardiac) 
surgery.

Older patient (age >70 years)

Transthoracic Echocardiography
Rule out pulmonary hypertension

(major increase in risk for pneumonectomy 
with pulmonary hypertension)

Moderate/poor exercise tolerance
or history of coronary artery disease

or diabetes or congestive failure

Excellent exercise tolerance and no 
history of coronary artery disease
or diabetes or congestive failure

Lung resection surgerylow risk

Increased risk

Coronary angiography

Candidate for
surgical revascularization Cardiac surgery not indicated

Case-specific 
management

Myocardial perfusion imaging:
dobutamine–stress echo or
persantine–thallium scan
Society categorizes stage I as greater than 50% predicted, 
stage II as 35% to 50%, and stage III as less than 35%. 
Stage I patients should not have significant dyspnea, 
hypoxemia, or hypercarbia, and other causes should be 
considered if these are present.

Respiratory Drive
Many patients with stage II or III COPD have an elevated 
Paco2 at rest. It is not possible to differentiate these “CO2 
retainers” from nonretainers on the basis of history, 
physical examination, or spirometric pulmonary func-
tion testing.29 CO2 retention is related more to an inabil-
ity to maintain the increased work of respiration required 
to keep the Paco2 normal in patients with mechanically 
inefficient pulmonary function and not primarily result-
ing from an alteration of respiratory control mechanisms. 
It was previously thought that chronically hypoxemic/
hypercapnic patients relied on a hypoxic stimulus for 
ventilatory drive and became insensitive to Paco2. This 
explained the clinical observation that COPD patients in 
incipient respiratory failure could be put into a hypercap-
nic coma by the administration of a high concentration 
of oxygen (FiO2). In actuality, only a minor fraction of the 
increase in Paco2 in such patients is caused by a diminished 
respiratory drive, because minute ventilation is basically 
unchanged.30 The Paco2 rises because a high FiO2 causes 
a relative decrease in alveolar ventilation and an increase 
in alveolar dead space and shunt by the redistribution of 
perfusion away from lung areas of relatively normal V̇/Q̇  
matching to areas of very low V̇/Q̇  ratio because regional 
hypoxic pulmonary vasoconstriction (HPV) is decreased31 
and also as a result of the Haldane effect.32 However, sup-
plemental oxygen must be administered to these patients 
postoperatively to prevent hypoxemia associated with the 
unavoidable fall in functional residual capacity (FRC). The 
attendant rise in Paco2 should be anticipated and moni-
tored. To identify these patients preoperatively, all stage II 
and III COPD patients need an arterial blood gas analysis.

Nocturnal Hypoxemia
COPD patients have decreases in blood oxygen saturation 
more frequently and severely than normal patients during 
sleep.33 This is because of the rapid/shallow breathing pat-
tern that occurs in all patients during rapid-eye-movement 
sleep. In COPD patients breathing air, this causes a signifi-
cant increase in the respiratory dead space/tidal volume 
(VD/VT) ratio and a fall in alveolar oxygen tension (PAO2) 
and PaO2. This is not the sleep apnea–hypoventilation syn-
drome (SAHS). There is no increased incidence of SAHS in 
COPD.

Right Ventricular Dysfunction
Right ventricular (RV) dysfunction occurs in as many as 
50% of COPD patients. The dysfunctional right ventricle 
is poorly tolerant of sudden increases in afterload,34 such 
as the change from spontaneous to controlled ventila-
tion.35 RV function becomes critical in maintaining cardiac 
output as the pulmonary artery pressure rises. The RV 
ejection fraction does not increase with exercise in COPD 
patients as it does in normal patients. Chronic recurrent 
hypoxemia is the cause of the RV dysfunction and the sub-
sequent progression to cor pulmonale. Patients who have 
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episodic hypoxemia in spite of normal lungs (e.g., cen-
tral alveolar hypoventilation, SAHS)36 develop the same 
secondary cardiac problems as COPD patients. The only 
therapy that improves long-term survival and decreases 
right-sided heart strain in COPD is administration of 
increasing concentrations of oxygen. COPD patients who 
have a resting PaO2 less than 55 mm Hg, as well as those 
who have decreases to less than 44 mm Hg with exercise, 
should receive supplemental oxygen at home. The goal 
of supplemental oxygen is to maintain a PaO2 of 60 to  
65 mm Hg. Compared with patients with chronic bron-
chitis, emphysematous COPD patients tend to have a 
decreased cardiac output and mixed venous oxygen ten-
sion while maintaining lower pulmonary artery pressures.

Bullae
Many patients with moderate or severe COPD develop 
cystic air spaces in the lung parenchyma known as bullae. 
These bullae are often asymptomatic unless they occupy 
more than 50% of the hemithorax, in which case the 
patient presents with findings of restrictive respiratory 
disease in addition to their obstructive disease. A bulla is 
a localized area of loss of structural support tissue in the 
lung with elastic recoil of surrounding parenchyma (Fig. 
66-6). The pressure in a bulla is actually the mean pressure 
in the surrounding alveoli averaged over the respiratory 
cycle. This means that during normal spontaneous ven-
tilation, the intrabulla pressure is actually slightly nega-
tive in comparison with the surrounding parenchyma.37 
However, whenever positive-pressure ventilation is used, 
the pressure in a bulla becomes positive in relation to 
the adjacent lung tissue, and the bulla expands with the 
attendant risk of rupture, tension pneumothorax, and 
bronchopleural fistula. Positive-pressure ventilation can 
be used safely in patients with bullae provided the airway 
pressures are kept low and there is adequate expertise and 
equipment immediately available to insert a chest drain 
and obtain lung isolation if necessary. Management of 
patients for bullectomy is discussed later.

Flow Limitation
Patients with severe COPD are often “flow-limited” even 
during tidal volume expiration at rest.38 Flow limita-
tion is present in normal patients only during a forced 
expiratory maneuver. Flow limitation occurs when an 
equal pressure point develops in the intrathoracic airways 
during expiration. During quiet expiration in the normal 
patient, the pressure in the lumen of the airways always 
exceeds the intrapleural pressure because of the upstream 
elastic recoil pressure that is transmitted from the alveoli. 
The effect of this elastic recoil pressure diminishes as air 
flows downstream in the airway. With a forced expira-
tion, the intrapleural pressure may equal the intralumi-
nal pressure at a certain point, the equal pressure point, 
which then limits the expiratory flow. Then, any increase 
in expiratory effort will not produce an increase in flow at 
that given lung volume.39

Flow limitation occurs particularly in emphysema-
tous patients who primarily have a problem with loss of 
lung elastic recoil and have marked dyspnea on exertion. 
Flow limitation causes dyspnea because of stimulation 
of mechanoreceptors in the muscles of respiration, the 
thoracic cage, and the airway distal to the equal pressure 
point. Any increase in the work of respiration leads to 
increased dyspnea. This variable mechanical compression 
of airways by overinflated alveoli is the primary cause of 
the airflow obstruction in emphysema.

Severely flow-limited patients are at risk for hemody-
namic collapse with the application of positive-pressure 
ventilation because of dynamic hyperinflation of the 
lungs. Even the modest positive airway pressures associ-
ated with manual ventilation with a bag/mask at induc-
tion can lead to hypotension because these patients 
have no increased resistance to inspiration but a marked 
obstruction of expiration. In some of these patients, this 
has contributed to the “Lazarus” syndrome, in which 
patients have recovered from a cardiac arrest only after 
resuscitation and positive-pressure ventilation were 
discontinued.40

Auto-PEEP
Patients with severe COPD often breathe in a pattern 
that interrupts expiration before the alveolar pressure 
has fallen to atmospheric pressure. This incomplete 
expiration is caused by a combination of factors that 
include flow limitation, increased work of respiration, 
and increased airway resistance. This interruption leads 
to an elevation of the end-expiratory lung volume above 
A B

Figure 66-6. A, A spider’s web as a lung model to demonstrate the pathophysiology of bullae. B, Breaking one septum of the spider’s web 
causes a bulla to appear as elastic recoil pulls the web away from the area where structural support has been lost. Although the cells surround-
ing the bulla appear compressed, this is only because of redistribution of elastic forces. It is not positive pressure inside the bulla that causes this 
appearance of surrounding compression. (Reproduced with permission from Slinger P: Principles and practice of anesthesia for thoracic surgery, 
New York, Springer, 2011.)
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the FRC. This positive end-expiratory pressure (PEEP) in 
the alveoli at rest has been termed auto-PEEP or intrinsic 
PEEP. During spontaneous respiration, the intrapleural 
pressure has to be decreased to a level that counteracts 
auto-PEEP before inspiratory flow can begin. Thus COPD 
patients can have an increased inspiratory load added to 
their already increased expiratory load.

Auto-PEEP becomes even more important during 
mechanical ventilation. It is directly proportional to tidal 
volume and inversely proportional to expiratory time. 
The presence of auto-PEEP is not detected by the manom-
eter of standard anesthesia ventilators. It can be measured 
by end-expiratory flow interruption, a feature available 
on most intensive care ventilators. Auto-PEEP has been 
found to develop in most COPD patients during one-lung 
anesthesia.41

PREOPERATIVE THERAPY OF COPD

There are four treatable complications of COPD that must 
be actively sought and therapy begun at the time of the 
initial prethoracotomy assessment: atelectasis, broncho-
spasm, respiratory tract infections, and pulmonary edema 
(Table 66-1). Atelectasis impairs local lung lymphocyte 
and macrophage function, predisposing to infection. 
Pulmonary edema can be very difficult to diagnose by 
auscultation in the presence of COPD and may present 
very abnormal radiologic distributions (e.g., unilateral, 
upper lobes). Bronchial hyperreactivity may be a symp-
tom of congestive failure or may represent an exacerba-
tion of reversible airways obstruction. All COPD patients 
should receive maximal bronchodilator therapy as guided 
by their symptoms. Only 20% to 25% of COPD patients 
respond to corticosteroids. In a patient who is poorly con-
trolled on sympathomimetic and anticholinergic bron-
chodilators, a trial of corticosteroids may be beneficial.

PHYSIOTHERAPY

Patients with COPD have fewer postoperative pulmonary 
complications when a perioperative program of intensive 
chest physiotherapy is initiated preoperatively.42 Among 
the different modalities available (cough and deep breath-
ing, incentive spirometry, PEEP, continuous positive air-
way pressure [CPAP]), there is no clearly proven superior 
method. Family members or nonphysiotherapy hospital 
staff can easily be trained to perform effective preopera-
tive chest physiotherapy, and this should be arranged 
at the time of the initial preoperative assessment. Even 
in patients with the most severe COPD, exercise toler-
ance with a physiotherapy program will improve. Little 

TABLE 66-1 CONCURRENT PROBLEMS THAT 
SHOULD BE TREATED PRIOR TO ANESTHESIA IN 
COPD PATIENTS

Problem Method of Diagnosis

Bronchospasm Auscultation
Atelectasis Chest radiograph
Infection History, sputum analysis
Pulmonary edema Auscultation, chest radiograph
improvement is seen before 1 month. Among COPD 
patients, those with excessive sputum benefit the most 
from chest physiotherapy.

A comprehensive program of pulmonary rehabilita-
tion involving physiotherapy, exercise, nutrition, and 
education can improve functional capacity for patients 
with severe COPD.43 These programs are usually of sev-
eral months duration and are generally not an option in 
resections for malignancy, although for nonmalignant 
resections in severe COPD patients, rehabilitation should 
be considered. The benefits of short-duration rehabilita-
tion programs before malignancy resection have not been 
fully assessed.

SMOKING

Pulmonary complications are decreased in thoracic surgi-
cal patients who cease smoking for more than 4 weeks 
before surgery.44 Carboxyhemoglobin concentrations 
decrease if smoking is stopped more than 12 hours.45 It is 
extremely important for patients to avoid smoking post-
operatively. Smoking leads to a prolonged period of tissue 
hypoxemia. Wound tissue oxygen tension correlates with 
wound healing and resistance to infection. There is no 
rebound increase in pulmonary complications if patients 
stop for shorter (<8 weeks) periods before surgery.46 
Intensive smoking-cessation interventions are the most 
successful.47

PRIMARY THORACIC TUMORS

The majority of patients presenting for major pulmonary 
surgery will have some type of malignancy. Because the 
different types of thoracic malignancies have varying 
implications for both surgery and anesthesia, it is impor-
tant for the anesthesiologist to have some knowledge 
of the presentation and biology of these cancers. By far 
the most common tumor is lung cancer. There are more 
than 200,000 new cases of lung cancer diagnosed per 
year in North America and more than 1.2 million diag-
nosed in the world. Lung cancer is currently the leading 
cause of cancer deaths in both genders in North Amer-
ica subsequent to the peak incidence of smoking in the 
period 1940 to 1970.48 Worldwide, lung cancer inci-
dence is more than double in men than in women (rate  
ratio 2.5:1.0).49

Lung cancer is broadly divided into small-cell lung 
cancer (SCLC) and non–small-cell lung cancer (NSCLC), 
with approximately 75% to 80% of these tumors diag-
nosed as NSCLC. Other less common and less aggressive 
tumors of the lung include the carcinoid tumors (typical 
and atypical) and adenoid cystic carcinoma. Compared 
with lung cancer, primary pleural tumors are rare. They 
include the localized fibrous tumors of pleura (previously 
referred to as benign mesotheliomas) and malignant pleu-
ral mesothelioma. Asbestos exposure is implicated in as 
many as 80% of malignant pleural mesotheliomas. A 
dose-response relationship is not always apparent, and 
even brief exposures can lead to the disease. An expo-
sure history is often difficult to obtain because the latent 
period before clinical manifestation of the tumor may be 
as long as 40 to 50 years.
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Tobacco smoke is responsible for approximately 90% 
of all lung cancers, and the epidemiology of lung cancer  
follows the epidemiology of cigarette smoking with 
approximately a 3-decade lag time.50 Other environmen-
tal causes include asbestos and radon gas (a decay product 
of naturally occurring uranium), which act as co-car-
cinogens with tobacco smoke. For a pack-a-day cigarette 
smoker, the lifetime risk of lung cancer is approximately 
1 in 14. Assuming that current mortality patterns con-
tinue, cancer will pass heart disease as the leading cause 
of death in North America in this decade.

Non–Small-Cell Lung Cancer
This pathologically heterogeneous group of tumors 
includes squamous cell, adenocarcinoma, and large-cell  
carcinoma. Overall 5-year survival with surgery 
approaches 40%. This seemingly low figure must be 
viewed in the light of an estimated 5-year survival with-
out surgery of less than 10%. Although it is not always 
possible to be certain of the pathology of a given lung 
tumor preoperatively, many patients will have a known 
tissue diagnosis at the time of preanesthetic assessment 
based on prior cytology, bronchoscopy, mediastinoscopy, 
or transthoracic needle aspiration. This is useful informa-
tion for the anesthesiologist to obtain preoperatively. 
Specific anesthetic implications of the different types of 
lung cancer are listed in Table 66-2.

Squamous Cell Carcinoma
This subgroup of NSCLC is strongly linked to cigarette 
smoking. The tumors tend to grow to a large size and 
metastasize later than others. They tend to cause symp-
toms related to local effects of a large tumor mass with 
a dominant endobronchial component, such as cavita-
tion, hemoptysis, obstructive pneumonia, superior vena 

TABLE 66-2 ANESTHETIC CONSIDERATIONS FOR 
DIFFERENT TYPES OF LUNG CANCER

Type Considerations

Squamous cell Central lesions (predominantly)
Often with endobronchial tumor
Mass effects: obstruction, cavitation
Hypercalcemia

Adenocarcinoma Peripheral lesions
Extrapulmonary invasion common
Most Pancoast tumors
Growth hormone, corticotropin
Hypertrophic osteoarthropathy

Large cell Large, cavitating peripheral tumors
Similar to adenocarcinoma

Small cell Central lesions (predominantly)
Surgery usually not indicated
Paraneoplastic syndromes
Lambert-Eaton syndrome
Fast growth rate
Early metastases

Carcinoid Proximal, endobronchial
Bronchial obstruction with distal pneumonia
Highly vascular
Benign (predominantly)
No association with smoking
Carcinoid syndrome (rarely)
cava syndrome, and involvement of mainstem bronchus, 
trachea, carina, and main pulmonary arteries. Hypocal-
cemia may be associated with this cell type because of 
elaboration of a parathyroid-like factor and not as a result 
of bone metastases.

Adenocarcinoma
Adenocarinoma is currently the most common NSCLC 
in both sexes. These tumors tend to be peripheral and 
often metastasize early in their course, particularly to 
brain, bones, liver, and adrenals. They often invade 
extrapulmonary structures, including the chest wall, 
diaphragm, and pericardium. Almost all Pancoast tumors 
are adenocarcinomas. A variety of paraneoplastic meta-
bolic factors can be secreted by adenocarcinomas, such 
as growth hormone and corticotropin. Hypertrophic pul-
monary osteoarthropathy is particularly associated with 
adenocarcinoma.

Bronchioloalveolar carcinoma is a subtype of adeno-
carcinoma that is not related to cigarette smoking. In its 
early stages, it lines the alveolar membrane with a thin 
layer of tumor cells without destroying the alveolar archi-
tecture. Because of its low potential to spread outside of 
the lungs, multifocal bronchioloalveolar carcinoma can 
be treated by lung transplantation.51

Large-Cell Undifferentiated Carcinoma
This is the least common of the NSCLCs. It tends to present 
as a large, often cavitating peripheral tumor. The rapid 
growth rate may lead to widespread metastases, similar to 
adenocarcinoma.

Small-Cell Lung Cancer
This tumor of neuroendocrine origin is considered meta-
static on presentation and is usually regarded as a medi-
cal, not a surgical, disease. Surgery is only very rarely 
indicated. The staging system differs from NSCLC and 
is divided simply into a limited stage and an extensive 
stage. Treatment of limited-stage SCLC with combination 
chemotherapy (etoposide/cisplatin or cyclophospha-
mide/doxorubicin/vincristine) gives objective response 
rates in more than 80% of patients. In addition, these 
patients typically receive aggressive radiotherapy to the 
primary lung tumor and prophylactic cranial irradiation. 
Despite this initial response, the tumor invariably recurs 
and is quite resistant to further treatment. The overall 
survival rate is no more than 10%. Extensive-stage disease 
is treated with chemotherapy and palliative radiation as 
needed.

SCLC causes a variety of paraneoplastic syndromes 
owing to the production of peptide hormones and anti-
bodies. The most common of these is hyponatremia, 
usually as a result of an inappropriate production of 
antidiuretic hormone. Cushing syndrome and hypercor-
tisolism through ectopic production of adrenocortico-
tropic hormone are also commonly seen.

A rare neurologic paraneoplastic syndrome associated 
with small-cell lung tumors is the Lambert-Eaton (also 
called Eaton-Lambert) myasthenic syndrome caused by 
impaired release of acetylcholine from nerve terminals. 
This typically presents as proximal lower limb weakness and 
fatigability that may temporarily improve with exercise. 
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The diagnosis is confirmed by electromyography showing 
increasing amplitude of unusual action potentials with 
high-frequency stimulation. Similar to those with true 
myasthenia gravis, paitents with myasthenic syndrome 
are extremely sensitive to nondepolarizing muscle relaxants 
(see Chapter 18). However, they respond poorly to acetyl-
cholinesterase inhibitors such as neostigmine.52 Of clinical 
importance, subclinical involvement of the diaphragm 
and muscles of respiration may exist. Thoracic epidural 
analgesia has been used after thoracotomy in these 
patients without complication. Neuromuscular function 
may improve after resection of the lung cancer.

Carcinoid Tumors
These are part of a continuum of neuroendocrine tumors 
that form a spectrum of diseases from SCLC as the most 
malignant to typical carcinoid as the most benign. Five-year 
survival after resection for typical carcinoid exceeds 90%. 
Systemic metastasis is rare, as is the carcinoid syndrome, 
which is caused by the ectopic synthesis of vasoactive 
mediators, and is usually seen with carcinoid tumors of 
gut origin that have metastasized to the liver. Atypical 
carcinoid tumors are more aggressive and may metas-
tasize. Carcinoid tumors can precipitate an intraopera-
tive hemodynamic crisis or coronary artery spasm, even 
during bronchoscopic resection.53 The anesthesiologist 
should be prepared to deal with severe hypotension that 
may not respond to the usual vasoconstrictors and will 
require the use of the specific antagonists octreotide or 
somatostatin.54

Pleural Tumors
Localized fibrous tumors of the pleura are usually large, 
space-occupying masses that are attached to visceral or 
parietal pleura. They can be either benign or malignant.

Malignant pleural mesotheliomas are strongly associa-
ted with exposure to asbestos fibers. Their incidence in 
Canada has almost doubled in the past 15 years. With 
the phasing out of asbestos-containing products and the  
long latent period between exposure and diagnosis, the 
peak incidence is not predicted for another 10 years.  
The tumor initially proliferates within the visceral and 
parietal pleura, typically forming a bloody effusion. Most 
patients present with shortness of breath or dyspnea on 
exertion from this pleural effusion. Thoracentesis often 
relieves the symptoms but rarely provides a diagnosis. 
Pleural biopsy by VATS is the most efficient method to 
secure a diagnosis, and talc pleurodesis is performed dur-
ing the same anesthetic period to treat the effusion.

Malignant pleural mesotheliomas respond poorly to 
therapy, and the median survival is less than 1 year. In 
patients with early disease, extrapleural pneumonectomy 
may be considered but it is difficult to know whether sur-
vival is improved. Recently, several groups have reported 
improved results with combinations of radiation, chemo-
therapy, and surgery. Extrapleural pneumonectomy is an 
extensive procedure that is rife with potential complica-
tions, both intraoperative and postoperative.55 Blood loss 
from the denuded chest wall or major vascular structures 
is always a risk. Complications related to resection of the 
diaphragm and pericardium are additional risks to those 
of pneumonectomy.
ASSESSMENT OF THE PATIENT WITH 
LUNG CANCER (See Chapter 38)

At the time of initial assessment, cancer patients should 
be assessed for the “4 Ms” associated with malignancy 
(Box 66-1): mass effects, metabolic abnormalities, metas-
tases, and medications. The prior use of medications that 
can exacerbate oxygen-induced pulmonary toxicity, such 
as bleomycin, should be considered.56 Bleomycin is not 
used to treat primary lung cancers, but patients presenting 
for excision of lung metastases from germ-cell tumors 
often have received prior bleomycin therapy. Although 
the association between previous bleomycin therapy and 
pulmonary toxicity from high inspired oxygen concen-
trations is well documented, none of the details of the 
association are understood (i.e., safe doses of oxygen or 
safe period after bleomycin exposure). The safest anes-
thetic management is to use the lowest FiO2 consistent 
with patient safety and to closely monitor oximetry in 
any patient who has received bleomycin. We have seen 
lung cancer patients who received preoperative chemo-
therapy with cisplatin and then developed an elevation 
of serum creatinine when they received nonsteroidal 
antiinflammatory drugs (NSAIDs) postoperatively. For 
this reason, we do not routinely administer NSAIDs to 
patients who have been treated recently with cisplatin.

PLANNING POSTOPERATIVE ANALGESIA

The strategy for postoperative analgesia (see Chapter 98) 
should be developed and discussed with the patient dur-
ing the initial preoperative assessment. A discussion of 
postoperative analgesia is presented at the end of this 
chapter. Many techniques are superior to the use of 
on-demand parenteral (intramuscular or intravenous) 
opioids alone in terms of pain control. These include the 
addition of neuraxial blockade, paravertebral blocks, and 
antiinflammatories to narcotic-based analgesia. However, 
only epidural techniques can decrease postthoracotomy 
respiratory complications in high-risk patients.2 As well, 
continuous paravertebral blockade may offer comparable 
analgesia with a less frequent rate of block failure and 
fewer side effects.57

At the time of initial preanesthetic assessment, the risks 
and benefits of the various forms of postthoracotomy 
analgesia should be explained to the patient. Potential 
contraindications to specific methods of analgesia should 

 1.  Mass effects: Obstructive pneumonia, lung abscess, SVC 
syndrome, tracheobronchial distortion, Pancoast syndrome, 
recurrent laryngeal nerve or phrenic nerve paresis, chest wall 
or mediastinal extension

 2.  Metabolic effects: Lambert-Eaton syndrome, hypercalcemia, 
hyponatremia, Cushing syndrome

 3.  Metastases: Particularly to brain, bone, liver, adrenal
 4.  Medications: Chemotherapy agents, pulmonary toxicity 

(bleomycin, mitomycin), cardiac toxicity (doxorubicin), renal 
toxicity (cisplatin)

BOX 66-1 Anesthetic Considerations in Lung 
Cancer Patients (the “4 Ms”)
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be determined, such as coagulation problems, sepsis, or 
neurologic disorders. If the patient is to receive prophylac-
tic anticoagulants and it has been elected to use epidural 
analgesia, appropriate timing of anticoagulant admin-
istration and neuraxial catheter placement need to be 
arranged. American Society of Regional Anesthesia guide-
lines suggest an interval of 2 to 4 hours before or 1 hour 
after catheter placement for prophylactic heparin admin-
istration.58 Low-molecular-weight heparin (LMWH) rec-
ommendations and precautions are: (1) a minimal interval 
of 12 hours after low-dose LMWH and (2) 24 hours after 
higher-dose LMWH before catheter placement.

PREMEDICATION

We do not routinely order preoperative sedation or anal-
gesia for pulmonary resection patients. Mild sedation 
such as an intravenous short-acting benzodiazepine is 
often given immediately before placement of invasive 
monitoring lines and catheters. In patients with copious 
secretions, an antisialogogue (e.g., glycopyrrolate) is useful 
to facilitate fiberoptic bronchoscopy for positioning of 
a double-lumen endobronchial tube (DLT) or bronchial 
blocker. To avoid an intramuscular injection, this can be 
given orally or intravenously immediately after place-
ment of the intravenous catheter. It is a common practice 
to use short-term intravenous antibacterial prophylaxis 
such as a cephalosporin in thoracic surgical patients. If 
it is the local practice to administer these drugs before 
admission to the operating room, they will have to be 
ordered preoperatively. Consideration for patients allergic 
to cephalosporins or penicillin should be made at the 
time of the initial preoperative visit.

SUMMARY OF THE INITIAL PREOPERATIVE 
ASSESSMENT

The anesthetic considerations that should be addressed 
at the time of the initial preoperative assessment are 
summarized in Box 66-2. Patients need to be specifically 
assessed for risk factors associated with respiratory 
complications, which are the major cause of morbidity 
and mortality afte thoracic surgery.

FINAL PREOPERATIVE ASSESSMENT

The final preoperative anesthetic assessment for the 
majority of thoracic surgical patients is carried out 

 1.  All patients: Assess exercise tolerance, estimate ppoFEV1%, 
discuss postoperative analgesia, discontinue smoking

 2.  Patients with ppoFEV1 < 40%: DLco, V̇/Q̇  scan, VO2max

 3.  Cancer patients: consider the four Ms: mass effects, metabolic 
effects, metastases, medications

 4.  COPD patients: arterial blood gas, physiotherapy, 
bronchodilators

 5.  Increased renal risk: measure creatinine and blood urea nitro-
gen levels

BOX 66-2 Initial Preanesthetic Assessment 
for Thoracic Surgery
immediately before admission of the patient to the 
opera ting room. At this time, it is important to review 
the data from the initial prethoracotomy assessment and 
the results of tests ordered at that time. In addition, two 
other specific areas affecting thoracic anesthesia need to 
be assessed: (1) the potential for difficult lung isolation 
and (2) the risk of desaturation during one-lung ventila-
tion (OLV) (Box 66-3).

DIFFICULT ENDOBRONCHIAL INTUBATION

The most useful predictor of difficult endobronchial intu-
bation is the plain chest radiograph (Fig. 66-7).

The anesthesiologist should view the chest imaging 
before induction of anesthesia because neither the 
radiologist’s nor the surgeon’s report of the imaging is 
made with the specific consideration of lung isolation 
in mind. Distal airway problems not detectable on the 
plain chest film can sometimes be visualized on the com-
puted tomography (CT) scan: a side-to-side compression 
of the distal trachea, the so-called saber-sheath trachea 

 1.  Review initial assessment and test results
 2.  Assess difficulty of lung isolation: examine chest radiograph 

and computed tomographic scan
 3.  Assess risk of hypoxemia during one-lung ventilation

BOX 66-3 Final Preanesthetic Assessment for 
Thoracic Surgery

Figure 66-7. Preoperative chest radiograph of a 50-year-old 
woman with a history of previous tuberculosis, right upper lobec-
tomy, and recent hemoptysis presenting for right thoracotomy 
and possible completion pneumonectomy. The potential problems 
positioning a left-sided double-lumen tube (DLT) in this patient 
are easily appreciated by viewing the radiograph but are not men-
tioned in the radiologist’s report. The anesthesiologist must solely 
examine the chest imaging preoperatively to anticipate problems 
in lung isolation. (Reproduced with permission from Slinger P: Principles 
and practice of anesthesia for thoracic surgery, New York, Springer, 
2011.)
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can cause obstruction of the tracheal lumen of a left-
sided DLT during ventilation of the dependent lung for 
a left thoracotomy.59 Similarly, extrinsic compression or 
intraluminal obstruction of a mainstem bronchus that 
can interfere with endobronchial tube placement may 
only be evident on the CT scan. The major factors in 
successful lower airway management are anticipation 
and preparation based on the preoperative assessment. 
Management of lung isolation in patients with diffi-
cult upper and lower airways is discussed later in this 
chapter.

PREDICTION OF DESATURATION DURING 
ONE-LUNG VENTILATION

In the vast majority of cases, it is possible to determine 
the patients who are most at risk of desaturation dur-
ing OLV for thoracic surgery. The factors that correlate 
with desaturation during OLV are listed in Box 66-4. In 
patients at high-risk of desaturation, prophylactic mea-
sures can be used during OLV to decrease this risk. The 
most useful prophylactic measures are the use of CPAP 
(2 to 5 cm H2O of oxygen) to the nonventilated lung or 
PEEP to the dependent lung (see Treatment of Hypox-
emia During OLV) (also see Chapter 19 regarding more 
detailed physiology.).

The most important predictor of PaO2 during OLV 
is the PaO2 during two-lung ventilation (TLV), specifi-
cally the intraoperative PaO2 during TLV in the lateral 
position before OLV.60 The proportion of perfusion or 
ventilation to the nonoperated lung on preoperative 
V̇/Q̇  scans also correlates with the PaO2 during OLV.61 
If the operative lung has little perfusion preoperatively 
because of unilateral disease, the patient is unlikely to 
desaturate during OLV. The side of the thoracotomy 
has an effect on PaO2 during OLV. Because the left lung 
is 10% smaller than the right lung, there is less shunt 
when the left lung is collapsed. In a series of patients, the 
mean PaO2 during left thoracotomy was approximately 
70 mm Hg higher than during right thoracotomy.62 
Finally, the degree of obstructive lung disease correlates 
in an inverse fashion with PaO2 during OLV. Other fac-
tors being equal, patients with more severe airflow limi-
tation on preoperative spirometry tend to have a better 
PaO2 during OLV than patients with normal spirometry 
(this is discussed later in Anesthetic Management).63

 1.  High percentage of ventilation or perfusion to the operative 
lung on preoperative V̇/Q̇  scan

 2.  Poor PaO2 during two-lung ventilation, particularly in the 
lateral position intraoperatively

 3.  Right-sided thoracotomy
 4.  Normal preoperative spirometry (FEV1 or FVC) or restrictive 

lung disease
 5.  Supine position during one-lung ventilation

BOX 66-4 Factors That Correlate with  
an Increased Risk of Desaturation During  
One-Lung Ventilation
ASSESSMENT FOR REPEAT THORACIC 
SURGERY

Patients who survive lung cancer surgery form a high-
risk cohort to have a recurrence of the original tumor 
or to develop a second primary tumor. The incidence of 
developing second primary lung tumors is estimated at 
2% per year. The use of routine screening low-dose spiral 
CT scans probably increases the rate of early detection.64 
Patients who present for repeat thoracotomy should be 
assessed using the same framework as those who present 
for surgery the first time. Predicted values for postopera-
tive respiratory function based on the preoperative lung 
mechanics, parenchymal function, exercise tolerance, and 
the amount of functioning lung tissue resected should be 
calculated and used to identify patients at increased risk.

INTRAOPERATIVE MONITORING  
(See Chapters 44 and 51)

A few points specific to intraoperative monitoring of 
the thoracic surgical patient should be emphasized. The 
majority of these operations are major procedures of mod-
erate duration (2 to 4 hours) and are performed with the 
patient in the lateral position and the hemithorax open. 
Thus consideration for monitoring and maintenance of 
body temperature and fluid volume should be given to 
all of these cases. Because surgery is usually performed 
with the patient in the lateral position, monitors are ini-
tially placed with the patient in the supine position and 
have to be rechecked and repositioned after the patient is 
turned. It is difficult to add additional monitoring, par-
ticularly invasive vascular monitoring, after the case is 
started if complications arise. Thus, the risk-benefit ratio 
often tends to favor being overly invasive at the outset. 
Choice of monitoring should be guided by a knowledge 
of which complications are likely to occur (Table 66-3).

OXYGENATION

Significant desaturation (SpO2 <90%) during OLV occurs 
in 1% to 10% of the surgical population despite a high 

TABLE 66-3 INTRAOPERATIVE COMPLICATIONS 
THAT OCCUR WITH INCREASED FREQUENCY 
DURING THORACOTOMY

Complication Etiology

Hypoxemia Intrapulmonary shunt during one-lung 
ventilation

Sudden severe 
hypotension

Surgical compression of the heart or 
great vessels

Sudden changes in 
ventilating pressure 
or volume

Movement of endobronchial tube/
blocker, air leak

Arrhythmias Direct mechanical irritation of the heart
Bronchospasm Direct airway stimulation, increased 

frequency of reactive airways disease
Massive hemorrhage Surgical blood loss from great vessels 

or inflamed pleura
Hypothermia Heat loss from the open hemithorax
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FiO2 (1.0) (see Management of OLV later in the chapter). 
Pulse oximetry (SpO2) has not negated the need for direct 
measurement of arterial PaO2 via intermittent blood 
gases in the majority of thoracotomy patients. The PaO2 
value offers a more useful estimate of the margin of safety 
above desaturation than the SpO2. A patient with a TLV 
PaO2 greater than 400 mm Hg with an FiO2 of 1.0 (or an 
equivalent PaO2/FiO2 ratio) is unlikely to desaturate dur-
ing OLV, whereas a patient with a PaO2 of 200 mm Hg is 
prone to desaturate during OLV, although both may have 
SpO2 values of 99% to 100%.

CAPNOMETRY

The end-tidal CO2 (PetCO2) is a less reliable indicator of the 
Paco2 during OLV than during TLV, and the Paco2-PetCO2 
gradient tends to increase during OLV. Although the PetCO2 
is less directly correlated with alveolar minute ventilation 
during OLV, because the PetCO2 also reflects lung perfu-
sion and cardiac output, it gives an indication of the relative 
changes in perfusion of the two lungs independently during 
position changes and during OLV.65 As the patient is turned 
to the lateral position, the PetCO2 of the nondependent lung 
will fall relative to the dependent lung, reflecting increased 
perfusion of the dependent lung and increased dead space of 
the nondependent lung. However, the fractional excretion 
of CO2 will be higher from the nondependent lung in most 
patients because of the increased fractional ventilation of 
this lung. At the onset of OLV, the PetCO2 of the dependent 
lung will usually fall transiently as all of the minute ventila-
tion is transferred to this lung. The PetCO2 will then rise as 
the fractional perfusion is increased to this dependent lung 
by collapse and pulmonary vasoconstriction of the nonven-
tilated lung. If there is no correction of minute ventilation, 
the net result will be both an increased baseline Paco2 and 
PetCO2 with an increased gradient. Severe (>5 mm Hg) or 
prolonged decreases in PetCO2 can indicate a maldistribu-
tion of perfusion between ventilated and nonventilated 
lungs and may be an early warning sign of a patient who 
will subsequently desaturate during OLV.

INVASIVE HEMODYNAMIC MONITORING 
(See Chapter 45)

ARTERIAL LINE

Transient severe hypotension from surgical compression 
of the heart or great vessels can occur during intratho-
racic procedures. For this reason, in addition to the utility 
of intermittent arterial blood gas sampling, it is useful to 
have beat-to-beat assessment of systemic blood pressure 
during the majority of thoracic surgery cases. Naturally, 
exceptions occur during limited procedures, such as thora-
coscopic resections in younger and healthier patients. For 
most thoracotomies, placement of a radial artery catheter 
can be in either the dependent or nondependent arm.

CENTRAL VENOUS PRESSURES

It is a common impression that central venous pressure 
(CVP) readings in the lateral position with the chest open 
are not reliable as a monitor of volume status. The CVP 
may be a useful monitor postoperatively, particularly for 
cases in which fluid management is critical (e.g., pneu-
monectomies). A CVP may be required in some cases for 
vascular access or for vasopressor/inotrope infusions. It is 
our practice to routinely place CVP lines in pneumonec-
tomy cases, complex procedures, or redo thoracotomies, 
but not for lesser resections unless there is significant 
other concurrent illness. Our choice is to use the right 
internal jugular vein to minimize the risk of pneumo-
thorax for CVP access unless there is a contraindication. 
Internal jugular CVP data are not reliable in patients with 
superior vena cava obstruction.

PULMONARY ARTERY CATHETERS

Similar to CVP data, intraoperative pulmonary artery 
pressure may be a less accurate indicator of true left-
heart preload in the lateral position with the chest open 
than in other clinical situations. This is partly because 
it is often initially not known whether the catheter tip 
lies in the dependent or nondependent lung. In addi-
tion, it is possible that thermodilution cardiac output 
data may be unreliable if there are significant transient 
unilateral differences in perfusion between the lungs, 
as can occur during OLV. There is no consensus on the 
reliability of thermodilution cardiac output data during 
OLV.66

FIBEROPTIC BRONCHOSCOPY

Placement of DLTs and bronchial blockers is discussed 
later in the section “Lung Isolation.” Significant malpo-
sitions of DLTs and blockers that can lead to desatura-
tion during OLV are often not detected by auscultation 
or other traditional methods of confirming placement.67 
Placement of DLTs or blockers should be performed with 
fiberoptic bronchoscopic guidance and should be recon-
firmed after placing the patient in the surgical position, 
because a large number of these tubes/blockers migrate 
during repositioning of the patient.68

CONTINUOUS SPIROMETRY

The development of side-stream spirometry has made it 
possible to continuously monitor inspiratory and expi-
ratory volumes, pressures, and flow interactions during 
one-lung anesthesia. This monitoring is particularly 
useful during pulmonary resection surgery. The breath-
by-breath monitoring of inspired and expired tidal vol-
umes gives early warning of accidental changes in the 
intraoperative position of a DLT, with loss of lung iso-
lation if the expired volume suddenly decreases (there 
is normally a 20- to 30-mL/breath difference caused in 
part by the uptake of inspired oxygen). The develop-
ment of a persistent end-expiratory flow during OLV, 
which correlates with the development of auto-PEEP, 
can be seen on the flow-volume loop.69 Also the abil-
ity to accurately measure differences in inspiratory and 
expiratory tidal volumes is extremely useful in assess-
ing and managing air leaks during and after pulmonary 
resections.
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TRANSESOPHAGEAL ECHOCARDIOGRAPHY

Transesophageal echocardiography (TEE) allows the anes-
thesiologist to view a continuous real-time monitor of 
myocardial function and cardiac preload (see Chapter 46). 
This information is difficult to estimate intraoperatively 
in the lateral position from other hemodynamic moni-
tors.70 Potential indications for intraoperative TEE that 
apply to thoracic surgery include hemodynamic instabil-
ity (Fig. 66-8), pericardial effusions, cardiac involvement 
by tumor, air emboli, pulmonary thromboendarterec-
tomy, thoracic trauma, lung transplantation, and pleuro-
pulmonary disease. A rare cause of hypoxemia associated 
with thoracic surgery is reversal of shunt flow through 
an undiagnosed patient foramen ovale. When PEEP  
(to 15 cm H2O) was applied during controlled ventilation 
for nonthoracic surgery, 9% of the patients developed a 
right-to-left intracardiac shunt.71 TEE should be capable 
of detecting situations in patients who might intraopera-
tively develop a right-to-left interatrial shunt during or 
after thoracic surgery.

OTHER NEW MONITORING TECHNOLOGY

Cerebral oximetry (SctO2) has been reported for intra-
operative monitoring during OLV.72 Older, debilitated 
patients are more likely to have falls in SctO2 during 
OLV, and these are associated with decreases in SpO2 and 
postoperative cognitive dysfunction. However, it has not 
been shown whether any treatment for decreases in SctO2 
affects outcomes. Goal-directed fluid therapy using indirect 
monitors of cardiac output or venous oxygen saturation 
seems to improve fluid management in abdominal sur-
gery.73 This is currently a much needed area of research 
in thoracic anesthesia.

LUNG ISOLATION

Lung isolation techniques are primarily designed to facili-
tate OLV in patients undergoing cardiac, thoracic, medi-
astinal, vascular, esophageal, or orthopedic procedures 
involving the chest cavity.74 Lung isolation is also used to 
protect the lung from soiling by the contralateral lung in 
such cases as bronchopleural fistula, pulmonary hemor-
rhage, and whole-lung lavage. In addition, lung isolation 
can be used to provide differential patterns of ventilation 
in cases of unilateral reperfusion injury (after lung trans-
plantation or pulmonary thromboendarterectomy) or in 
unilateral lung trauma.

Lung isolation can be achieved by three different 
methods: DLTs, bronchial blockers, or single-lumen tubes 
(SLTs) (Table 66-4). The most common technique is with 
a DLT. The DLT is a bifurcated tube with both an endo-
tracheal and an endobronchial lumen and can be used 
to achieve isolation of either the right or the left lung. 
The second method involves blockade of a mainstem 
bronchus to allow lung collapse distal to the occlusion. 
These bronchial blockers can be used with a standard 
endotracheal tube or contained within a separate chan-
nel inside a modified SLT such as the Univent tube (LMA 
North America, San Diego, Calif). The final option for 
lung isolation is to use either an SLT or an endobronchial 
tube that is advanced into the contralateral mainstem 
bronchus, protecting this lung while allowing collapse 
of the lung on the side of surgery (Fig. 66-9). This tech-
nique is rarely used today in adult practice (except in 
some cases of difficult airways, carinal resection, or after 
a pneumonectomy), owing to the limited access to the 
nonventilated lung and the difficulty in positioning a 
standard SLT in the bronchus. This technique is still used 
when needed in infants and small children: an uncuffed 
uncut pediatric-size endotracheal tube is advanced into 
the mainstem bronchus under direct guidance with an 
infant bronchoscope.

DOUBLE-LUMEN ENDOTRACHEAL TUBES

The design of the Carlens DLT for lung surgery in 1950 
was a landmark in the development of thoracic anesthe-
sia because it allowed anesthesiologists to obtain reliable 
lung isolation in a majority of patients using only laryn-
goscopy and auscultation. However, the Carlens tube 
had a high flow resistance owing to the narrow lumina 
and the carinal hook was difficult to pass through the 
glottis in some patients. In the 1960s, Robertshaw intro-
duced design modifications for separate left- and right-
sided DLTs, removing the carinal hook and using larger 
lumina. In the 1980s, manufacturers introduced disposable 
DLTs made of polyvinyl chloride based on the design of 
the Robertshaw DLT. Among other subsequent improve-
ments is the inclusion of radiographic markers near the 
endotracheal and endobronchial cuffs and a radiographic 
marker surrounding the ventilation slot for the right 
upper lobe bronchus for the right-sided DLT version. 
Bright blue, low-volume, low-pressure endobronchial 
cuffs are incorporated for easier visualization during fiber-
optic bronchoscopy. Table 66-5 lists the sizes of DLTs, the 

LA

RV

Pericardial
Effusion

Figure 66-8. Midesophageal TEE view of a patient with metastatic 
breast cancer who had a hemodynamic collapse after induction of 
general anesthesia for video-assisted thoracoscopic drainage of a left 
pleural effusion. TEE was performed for diagnosis of hemodynamic 
instability and revealed a previously undiagnosed large pericardial 
effusion. The “Pericardial Effusion” label shows complete collapse of 
the right atrium during systole as a result of the effusion, consistent 
with tamponade. The procedure was modified to include creation of a 
pericardial window. LA, Left atrium; RV, right ventricle.
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TABLE 66-4 OPTIONS FOR LUNG ISOLATION

Options Advantages Disadvantages

Double-lumen tube
 1.  Direct laryngoscopy
 2.  Via tube exchanger
 3.  Fiberoptically

Easy to place successfully
Repositioning rarely required
Bronchoscopy to isolated lung
Suction to isolated lung
CPAP easily added
Can alternate one-lung ventilation to either lung 

easily
Placement still possible if bronchoscopy not 

available
Best device for absolute lung isolation

Size selection more difficult
Difficult to place in patients with difficult airways or 

abnormal tracheas
Not optimal for postoperative ventilation
Potential laryngeal trauma
Potential bronchial trauma

Bronchial blockers (BB)
 1.  Arndt
 2.  Cohen
 3.  Fuji
 4.  EZ Blocker

Size selection rarely an issue
Easily added to regular ETT
Allows ventilation during placement
Easier placement in patients with difficult airways 

and in children
Postoperative two-lung ventilation by 

withdrawing blocker
Selective lobar lung isolation possible
CPAP to isolated lung possible

More time needed for positioning
Repositioning needed more often
Bronchoscope essential for positioning
Limited right lung isolation due to RUL anatomy
Bronchoscopy to isolated lung impossible
Minimal suction to isolated lung
Difficult to alternate one-lung ventilation to either lung

Univent tube Same as BBs
Less repositioning compared with BBs
Rarely used

Same as for BBs
ETT portion has higher air flow resistance than regular ETT
ETT portion has larger diameter than regular ETT

Endobronchial tube Like regular ETTs, easier placement in patients 
with difficult airways

Longer than regular ETT
Short cuff designed for lung isolation

Bronchoscopy necessary for placement
Does not allow for bronchoscopy, suctioning, or CPAP to 

isolated lung
Difficult one-lung ventilation (right lung)

Endotracheal tube 
advanced into 
bronchus

Easier placement in patients with difficult airways Does not allow for bronchoscopy, suctioning, or CPAP to 
isolated lung

Cuff not designed for lung isolation
Extremely difficult right one-lung ventilation

CPAP, continuous positive airway pressure; ETT, endotracheal tube; RUL, right upper lobe.

Figure 66-9. Photographs of a 
standard single-lumen endotracheal 
tube (SLT) (upper left) and a spe-
cifically designed SLT (lower left and 
right). The endobronchial tube is 
longer and has a shorter cuff. It can 
be used as an endotracheal tube and 
advanced into a mainstem bron-
chus with fiberoptic guidance when 
needed for lung isolation. (Courtesy 
Phycon, Fuji Systems, Tokyo, Japan.)
appropriate fiberoptic bronchoscope sizes to be used, and 
the comparable diameters of SLTs.

Size Selection
A properly sized, left-sided DLT should have a bronchial 
tip 1 to 2 mm smaller than the patient’s left bronchus 
diameter to allow for the space occupied by the deflated 
bronchial cuff. A study by Eberle and associates75 used a 
three-dimensional image reconstruction of tracheobron-
chial anatomy from the spiral CT scans combined with 
superimposed transparencies of DLTs to predict proper 
size for a right- or left-sided DLT. Chest radiographs and 
CT scans are valuable tools for selection of proper DLT 
size in addition to their proven value in assessment of 
abnormal tracheobronchial anatomy and should be 
reviewed before the placement of the DLT (Fig. 66-10). 
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TABLE 66-5 COMPARATIVE DIAMETERS OF SINGLE- AND DOUBLE-LUMEN TUBES

Single-Lumen Tubes Double-Lumen Tubes

ID (mm) ED (mm) French Size (Fr) Double-Lumen ED (mm) Bronchial Lumen ID (mm) FOB size (mm)

6.5 8.9 26 8.7 3.2 2.4

7.0 9.5 28 9.3 3.4 2.4

8.0 10.8 32 10.7 3.5 2.4

8.5 11.4 35 11.7 4.3 ≥3.5

9.0 12.1 37 12.3 4.5 ≥3.5

9.5 12.8 39 13.0 4.9 ≥3.5

10.0 13.5 41 13.7 5.4 ≥3.5

ED, external diameter; FOB, fiberoptic bronchoscope; ID, internal diameter.
Double-lumen ED is equal to the approximate external diameter of the double-lumen portion of the tube. FOB size is equal to the maximal diameter of 

fiberoptic bronchoscope that will pass through both lumina of a given size of double-lumen tube.

Figure 66-10. A, The mul-
tidetector CT scan and also 
three- dimensional view of tracheo-
bronchial anatomy in a healthy 
volunteer. B, Abnormal tracheo-
bronchial anatomy in a 60-year-old 
smoker. The arrows show enlarged 
aorta (left) and the deviation of the 
trachea to the right caused by the 
enlarged aorta (right).

A Male Tracheobronchial Tree via MDCT
Healthy 25 yr old

Normal tracheobronchial anatomy

Male Tracheobronchial Tree with MDCT
60 yr old Smoker

Abnormal tracheobronchial anatomy. The
enlarged aorta produced a tracheal deviation

to the right

B

A multidetector CT scan (MDCT) of the chest allows 
appreciation of any abnormal tracheobronchial anatomy 
before placement of a DLT. A simplified method of selec-
tion of DLT size is given in Table 66-6. It is important to 
appreciate that compared with SLTs, DLTs have a large 
external diameter (Fig. 66-11) and they should not be 
advanced against significant resistance.

Methods of Insertion
Two techniques are commonly used when inserting and 
placing a DLT. One is the blind technique: the DLT is 
passed by direct laryngoscopy and then turned 90 degrees 

TABLE 66-6 SELECTION OF DOUBLE-LUMEN TUBE 
SIZE BASED ON ADULT PATIENT’S SEX AND 
HEIGHT

Sex Height (cm)
Size of Double-
Lumen Tube (Fr)

Female <160 (63 in)* 35
Female >160 37
Male <170 (67 in)† 39
Male >170 41

*For females of short stature (<152 cm or 60 in), examine the bronchial 
diameter on computed tomographic scan, consider 32-Fr double-
lumen tube.

†For males of short stature (<160 cm) consider 37-Fr double-lumen tube.
counterclockwise (for a left-sided DLT placement) after 
the endobronchial cuff has passed beyond the vocal 
cords. The DLT should pass the glottis without any resis-
tance. Seymour76 showed that the mean diameter of the 
cricoid ring is approximately the same as that of the left 
mainstem bronchus. The optimal depth of insertion for 
a left-sided DLT is correlated with the patient’s height 
in average-sized adults. In adults, depth, measured at 
the teeth for a properly positioned DLT, will be approxi-
mately 12 + (patient height/10) cm.77 In patients of Asian 

Figure 66-11. Photograph of the cut cross sections of several SLTs 
and DLTs. The external diameter of a 35-Fr DLT is larger than that of 
an 8.0-mm (internal diameter) SLT, and a 41-Fr DLT is larger than a 
10-mm SLT. (Courtesy Dr. J. Klafta.)
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Figure 66-12. Blind method for placement of a left-sided DLT. A, The DLT is passed with direct laryngoscopy beyond the vocal cords. B, The 
DLT is rotated 90 degrees to the left (counter-clockwise). C, The DLT is advanced to an appropriate depth (in general 27-29 cm marking at the 
level of the teeth). (Reproduced with permission from Slinger P: Principles and practice of anesthesia for thoracic surgery, New York, Springer, 2011.)
descent, many of whom are of shorter stature (<155 cm), 
patient height is not a good predictor of depth of inser-
tion of a DLT.78 An inadvertently deep insertion of a DLT 
can lead to serious complications, including rupture of 
the left mainstem bronchus. Figure 66-12 depicts the 
blind method technique for insertion of a left-sided DLT.

The direct vision technique uses bronchoscopic guid-
ance, in which the tip of the endobronchial lumen is 
guided into the correct bronchus after the DLT passes the 
vocal cords using direct vision with a flexible fiberoptic 
bronchoscope. A study by Boucek and associates79 com-
paring the blind technique versus fiberoptic bronchos-
copy-guided technique showed that of the 32 patients 
who underwent the blind technique approach, primary 
success occurred in 27 patients and eventual success 
occurred in 30 patients. In contrast, in the 27 patients 
using the bronchoscopy-guided technique, primary success 
was achieved only in 21 patients and eventual success in 
25 patients. Although both methods resulted in successful 
left mainstem bronchus placement in all patients, more 
time was required when the fiberoptic bronchoscopy 
guidance technique was used (181 versus 88 seconds).

RIGHT-SIDED DOUBLE-LUMEN 
ENDOBRONCHIAL TUBES

Although a left-sided DLT is used more commonly for 
most elective thoracic procedures,80 there are specific 
clinical situations in which the use of a right-sided DLT is 
indicated (Box 66-5). The anatomic differences between 
the right and the left mainstem bronchus are reflected 
in the fundamentally different designs of the right-sided 
and left-sided DLTs. Because the right mainstem bronchus 
is shorter than the left bronchus, and because the right 
upper lobe bronchus originates at a distance of 1.5 to 
2 cm from the carina, techniques using right endobron-
chial intubation must take into account the location and 
potential for obstruction of the orifice of the right upper 

 •  Distorted anatomy of the entrance of left mainstem bronchus
 •  External or intraluminal tumor compression
 •  Descending thoracic aortic aneurysm
 •  Site of surgery involving the left mainstem bronchus
 •  Left lung transplantation
 •  Left-sided tracheobronchial disruption
 •  Left-sided pneumonectomy†

 •  Left-sided sleeve resection

BOX 66-5 Indications for a Right-Sided 
Double-Lumen Tube*

*This is a common clinical practice pattern for using right-sided double-lumen tubes 
(DLTs) and assumes normal tracheobronchial anatomy, specifically a normal posi-
tion of the orifice of the right upper lobe; however, some clinicians prefer to use 
right DLTs for all left-sided surgeries.

†It is possible to manage a left pneumonectomy with a left-sided DLT or bronchial 
blocker; however, the DLT or blocker will have to be withdrawn before stapling the 
left mainstem bronchus.
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Figure 66-13. Fiberoptic bronchoscopic examination of a Rusch right-sided DLT. A, Slot of the bronchial lumen properly aligned within the 
entrance of the right upper lobe bronchus. B, Part of the bronchus intermedius when the bronchoscope is advanced through the distal portion of 
the bronchial lumen. C, The edge of the bronchial cuff at the entrance of the right mainstem bronchus when the bronchoscope is passed through 
the tracheal lumen. (Reproduced with permission from Slinger P: Principles and practice of anesthesia for thoracic surgery, New York, Springer, 2011.)
lobe bronchus. The right-sided DLT incorporates a modi-
fied cuff and slot on the endobronchial lumen that allows 
ventilation for the right upper lobe (Fig. 66-13).81

Positioning of Double-Lumen Tubes
Auscultation alone is unreliable for confirmation of proper 
DLT placement. Auscultation (Fig. 66-14) and bronchos-
copy should both be used each time a DLT is placed and 
again when the patient is repositioned. Fiberoptic bron-
choscopy is performed first through the tracheal lumen to 
ensure that the endobronchial portion of the DLT is in the 
left bronchus and that there is no bronchial cuff herniation 
over the carina after inflation. Through the tracheal view, 
the blue endobronchial cuff ideally should be seen approx-
imately 5 mm below the tracheal carina in the left bronchus. 
It is crucial to identify the takeoff of the right upper lobe 
bronchus through the tracheal view. Going inside this right 
upper lobe with the bronchoscope should reveal three ori-
fices (apical, anterior, posterior). This is the only structure 
in the tracheobronchial tree that has three orifices. In the 
supine patient, the takeoff of the right upper lobe is normally 
on the lateral wall of the right mainstem bronchus at the  
3- to 4-o’clock position in relation to the main carina. Bron-
cho-Cath tubes from Mallinckrodt (St. Louis, Mo) have a 
radiopaque line encircling the tube. This line is proximal 
to the bronchial cuff and can be useful while positioning 
a left-sided DLT. The radiopaque marker is 4 cm from the 
distal tip of the endobronchial lumen. This marker reflects 
white during fiberoptic visualization and, when positioned 
slightly above the tracheal carina, should provide the nec-
essary margin of safety for positioning into the left main-
stem bronchus.82 The next observation with the fiberoptic 
bronchoscope is made through the endobronchial lumen 
to check for patency of the tube and determination of the 
margin of safety. The orifices of both the left upper and 
lower lobes must be identified to avoid distal impaction in 
the left lower lobe and occlusion of the left upper lobe (Fig. 
66-15). Figure 66-16 displays the tracheobronchial anat-
omy along with fiberoptic bronchoscopy findings from the 
endotracheal or endobronchial lumen for a left-sided DLT.

Problems Related to Double-Lumen Tubes
The most common problems and complications associ-
ated with the use of a DLT are malpositioning and airway 
trauma. A malpositioned DLT will fail to allow collapse 
of the lung, causing gas trapping during positive-pressure 
ventilation, or it may partially collapse the ventilated or 
dependent lung, producing hypoxemia. A common cause 
of malpositioning is dislodgment of the endobronchial 
cuff because of overinflation, surgical manipulation of the 
bronchus, or extension of the head and neck during or 
after patient positioning. Fiberoptic bronchoscopy is the 
recommended method to diagnose and correct intraopera-
tive malpositioning of DLTs, along with proper recognition 
of tracheobronchial anatomy. If a DLT is malpositioned 
with the patient in the supine or lateral decubitus position, 
there is a greater likelihood of hypoxemia during OLV. If 
a DLT is in the optimal position, but lung deflation is not 
completely achieved, a suction catheter should be passed 
to the side where lung collapse is supposed to occur. This 
suction will expedite lung deflation. The suction catheter 
must then be removed to avoid including it in a suture line.

Airway trauma and rupture of the membranous part of 
the trachea or the bronchus is a potential complication 
with the use of DLTs.83 Airway trauma can occur from an 
oversized DLT or when an undersized DLT migrates dis-
tally into the lobar bronchus and the main (i.e., tracheal) 
body of the DLT comes into the bronchus, producing 
lacerations or rupture of the airway. Airway damage dur-
ing the use of DLTs can present an unexpected air leak, 
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Figure 66-14. A “3-step” method to confirm position of a left DLT by auscultation. Step 1, During bilateral ventilation, the tracheal cuff is inflated 
to the minimal volume that seals the air leak at the glottis. Auscultate to confirm bilateral ventilation. Step 2, The tracheal lumen of the DLT is 
clamped proximally (“clamp the short side short”) and the port distal to the clamp is opened. During ventilation via the bronchial lumen, the 
bronchial cuff is inflated to the minimal volume that seals the air leak from the open tracheal lumen port. Auscultate to confirm correct unilateral 
ventilation. Step 3, The tracheal lumen clamp is released and the port is closed. Auscultate to confirm resumption of bilateral breath sounds. (From 
Youngberg, JA: Cardiac, vascular, and thoracic anesthesia. Philadelphia, Churchill Livingstone, 2000.)
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Figure 66-15. The view from the distal bronchial lumen of a well-
positioned left-sided DLT. Both the orifices of the left upper lobe 
(LUL) and left lower lobe (LLL) can be identified. Note the longitu-
dinal elastic bundles (LEB, arrow). These extend down the posterior 
membranous walls of the trachea and mainstem bronchi. They are 
useful landmarks to orient the bronchoscopist to anterior-posterior 
directions. In the left mainstem bronchus, they extend into the left 
lower lobe and are a useful landmark to distinguish the lower from 
the upper lobe.
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Figure 66-16. Fiberoptic bronchoscopic examination of a Mallinck-
rodt left-sided DLT. A, The edge of the endobronchial cuff around the 
entrance of the left mainstem bronchus when the bronchoscope is 
passed through the tracheal lumen. A white line marker is seen above 
the tracheal carina. B, A clear view of the bronchial bifurcation (left 
upper and left lower bronchi) when the left-sided DLT is in the optimal 
position and the fiberoptic bronchoscope is being advanced through 
the endobronchial lumen. C, Clear view of the right upper lobe bron-
chus and its three orifices: apical, anterior, and posterior segments. 
(Reproduced with permission from Slinger P: Principles and practice of 
anesthesia for thoracic surgery, New York, Springer, 2011.)
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subcutaneous emphysema, massive airway bleeding into 
the lumen of the DLT, or protrusion of the endotracheal 
or endobronchial cuffs into the surgical field, with visu-
alization of this by the surgeon. If any of the aforemen-
tioned problems occur, a bronchoscopic examination 
and surgical repair should be performed. Another poten-
tial problem is the development of a tension pneumo-
thorax in the dependent, ventilated lung during OLV.84

BRONCHIAL BLOCKERS

An alternative method to achieve lung separation 
involves blockade of a mainstem bronchus to allow lung 
collapse distal to the occlusion (Fig. 66-17). Bronchial 
blockers also can be used selectively to achieve lobar 
collapse if necessary. Currently, there are several differ-
ent bronchial blockers available to facilitate lung separa-
tion. These devices are either within a modified SLT as 
an enclosed bronchial blocker (Torque Control Blocker 
Univent; Vitaid, Lewinston, N.Y.) or are used indepen-
dently with a conventional SLT, the Arndt wire-guided 
endobronchial blocker (Cook Critical Care, Bloomington, 
Ind), the Cohen tip-deflecting endobronchial blocker 
(Cook Critical Care), the Fuji Uniblocker (Vitaid), or the 
EZ Blocker (Teleflex, Dresden, Germany).

There are specific conditions in which a bronchial 
blocker may be preferred to a DLT, such as patients with 
previous oral or neck surgery who present with a challeng-
ing airway and require lung separation for intrathoracic 
surgery. In these cases, the use of an SLT during an awake 
nasotracheal or orotracheal intubation or via tracheos-
tomy secures the airway, and thereafter an independent 
bronchial blocker can be placed to achieve lung separation. 
Another group of patients who may benefit from the 
use of bronchial blockers are cancer patients who have 
undergone a previous contralateral pulmonary resection. 
In such cases, selective lobar blockade with a bronchial 
blocker in the ipsilateral side improves oxygenation and 
facilitates surgical exposure. Blockers can be advanced 
over a guidewire placed with a fiberoptic bronchoscope 
into the required lobar bronchus. Bronchial blockers are 
most commonly used intraluminally (coaxially) with the 
SLT. The Cohen and Fuji Uniblockers can also be placed 
separately through the glottis or tracheostomy exterior 
to the SLT. This allows the use of a smaller SLT and is 
often an option in pediatrics. Another advantage of the 
bronchial blockers is when postoperative mechanical 
ventilation is being considered after prolonged thoracic 
or esophageal surgery. In many instances, these patients 
have an edematous upper airway at the end of the pro-
cedure. If a bronchial blocker is used, there is no need to 
change the SLT and there is no compromise of the airway 
if mechanical ventilation is needed in the postoperative 
period. Table 66-7 describes the characteristics of current 
Figure 66-17. Placement of a 
bronchial blocker. Correct posi-
tioning of a blocker in the right 
(A) and left (B) mainstem bron-
chi as seen through a fiberoptic 
bronchoscope just above the 
carina in the trachea. (Reproduced 
with permission from Slinger P: 
Principles and practice of anesthe-
sia for thoracic surgery, New York, 
Springer, 2011.)
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TABLE 66-7 CHARACTERISTICS OF THE COHEN, ARNDT, FUJI, AND EZ BRONCHIAL BLOCKERS 

Cohen Blocker Arndt Blocker Fuji Uniblocker EZ Blocker

Size 9 Fr 5 Fr, 7 Fr, 9 Fr 5 Fr, 9 Fr 7 Fr
Balloon shape Spherical Spherical or elliptical Spherical Spherical × 2
Guidance mechanism Wheel device to deflect 

the tip
Nylon wire loop that 

is coupled with the 
fiberoptic bronchoscope

None, preshaped tip None

Smallest recommended 
ETT for coaxial use

9 Fr (8.0 ETT) 5 Fr (4.5 ETT), 7 Fr (7.0 
ETT), 9 Fr (8.0 ETT)

9 Fr (8.0 ETT) 7.5

Murphy eye Present Present in 9 Fr Not present No
Center channel 1.6 mm ID 1.4 mm ID 2.0 mm ID 1.4 mm ID

ETT, endotracheal tube; ID, internal diameter.
Modified with permission from Campos JH: Which device should be considered the best for lung isolation: double-lumen endotracheal tube versus bronchial block-

ers, Curr Opin Anaesthesiol 20:30,2007.
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bronchial blockers. The smallest internal diameter (ID) of 
an endotracheal tube that will allow passage of both a 
bronchial blocker and a fiberoptic bronchoscope depends 
on the diameters of the bronchoscope and blocker. For 
standard adult 9-Fr blockers, an endotracheal tube greater 
than or equal to 7.0 mm ID can be used with a broncho-
scope less than 4.0 mm in diameter. Larger bronchoscopes 
will require an endotracheal tube greater than 7.5 mm ID. 
All blockers need to be well lubricated before placement.

Wire-Guided Endobronchial Blocker (Arndt 
Blocker)
Figure 66-18, A, displays the Arndt blockers. The Arndt 
blocker has a retractable loop that is placed over the 
fiberoptic bronchoscope, which is then used to guide the 
blocker into place. The Arndt blockers usually advance 
easily into the right mainstem bronchus without the 
loop. The original Arndt design was an elliptical blocker, 
but a spherical blocker is now available that may function 
better in the short, right mainstem bronchus.

Cohen Endobronchial Blocker
The Cohen blocker (see Fig. 66-18, B, left) uses a wheel 
located in the most proximal part of the unit that deflects 
the tip of the distal part of the blocker into the desired 
bronchus. This blocker has been preangled at the distal 
tip to facilitate insertion into a target bronchus. On the 
distal shaft above the balloon, there is an arrow that, 
when seen with the fiberoptic bronchoscope, indicates in 
which direction the tip deflects. To position the Cohen 
blocker, the arrow is aligned with the bronchus to be 
intubated, the proximal wheel is turned to deflect the tip 
toward the desired side, and then the blocker is advanced 
with fiberoptic guidance.

Fuji Uniblocker
The Fuji Uniblocker (see Fig. 66-18, B, right) is an inde-
pendent blocker that is made of silicone material and has 
a simple, fixed distal hockey-stick (ice hockey) angulation 
to facilitate insertion. The blocker is simply rotated to 
the left or right as needed under fiberoptic bronchoscope 
guidance for placement in the required bronchus.
EZ Blocker
The EZ blocker is a recently introduced 7-Fr, 4-lumen 
catheter with a Y-shaped bifurcation. Each distal end 
has a balloon that can be guided into the right and left 
main bronchus. This device comes with its own multiport 
adapter and is used through an 8.0 SLT. The end of the 
Y sits in the tracheal carina. Each distal end is positioned 
into the right and left bronchus, and the bronchial balloon 
is inflated in the operative side for lung isolation.

Complications Related to the  
Bronchial Blockers
Failure to achieve lung separation because of abnormal 
anatomy or lack of a seal within the bronchus has been 
reported.85 Inclusion of the bronchial blocker or the distal 
wire loop of an Arndt blocker into the stapling line has 
been reported during a lobectomy86 and required surgical 
reexploration after unsuccessful removal of the bronchial 
blocker after extubation. To avoid these mishaps, com-
munication with the surgical team regarding the pres-
ence of a bronchial blocker in the surgical side is crucial. 
Clearly, the bronchial blocker needs to be withdrawn a 
few centimeters before stapling.

Another potentially dangerous complication with all 
bronchial blockers is that the inflated balloon can move 
and lodge above the carina or be accidentally inflated in 
the trachea. This leads to an inability to ventilate and pos-
sibly the development of hypoxia and potentially cardio-
respiratory arrest unless quickly recognized and the blocker 
deflated.87 There is a report of more malpositions with the 
use of bronchial blockers when compared with DLTs.88

DIFFICULT AIRWAYS AND ONE-LUNG 
VENTILATION

Some patients requiring OLV are identified during preop-
erative evaluation to have a potentially difficult airway. 
Others present with unexpected difficulty to intubate 
after induction of anesthesia. Between 5% and 8% of 
patients with primary lung carcinoma also have a car-
cinoma of the pharynx, usually in the epiglottic area.89 
Figure 66-18. A, The original  
elliptical (left) and the newer 
spherical (right) Arndt designs of 
bronchial blocker (Cook Critical 
Care, Bloomington, Ind) (see text 
for details). B, The Cohen (left) 
(Cook Critical Care) and Fuji Uni-
blocker (right) (Vitaid, Lewinston, 
NY) bronchial blockers.
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Many of these patients have had previous radiation 
therapy on the neck or previous airway surgery, such as 
hemimandibulectomy or hemiglossectomy, making intu-
bation and achievement of OLV difficult because of dis-
torted upper airway anatomy. In addition, a patient who 
requires OLV may have distorted anatomy at or beyond 
the tracheal carina, such as a descending thoracic aortic 
aneurysm compressing the entrance of the left mainstem 
bronchus or an intraluminal or extraluminal tumor near 
the tracheobronchial bifurcation that makes the inser-
tion of a left-sided DLT relatively difficult or impossible. 
Such anomalies can be detected by reviewing the chest 
radiographs and CT scans of the chest. A flexible fiber-
optic bronchoscopic examination is necessary to assess a 
distorted area of the airway before selection of a specific 
tube or blocker to achieve OLV.

In patients who require OLV and present with a difficult 
airway, the primary goal is to establish an airway with 
an SLT placed orally with the aid of a flexible fiberop-
tic bronchoscope, after appropriate airway anesthesia is 
achieved. In selected patients who seem easy to ventilate, 
this may be performed after induction of anesthesia with 
a bronchoscope or with a videolaryngoscope.90 Once 
the SLT is in place, an independent bronchial blocker 
can be passed. If the patient requires OLV and cannot be 
intubated orally, an awake nasotracheal intubation can 
be performed with an SLT and, once the airway is estab-
lished, then a bronchial blocker can be used.

An alternative to achieve OLV in a patient with a dif-
ficult airway is to intubate the patient’s trachea with an 
SLT; then a DLT-SLT tube-exchange catheter can be used 
to replace the existing SLT with a DLT after general anes-
thesia is induced. For a DLT, the exchange catheter should 
be at least 83 cm. A 14-Fr exchange catheter can be used 
for 41-Fr and 39-Fr DLTs; for 37-Fr or 35-Fr DLTs, an 11-Fr 
exchange catheter is used. Specially designed exchange 
catheters for DLTs are available with a softer distal tip to 

Figure 66-19. A DLT is placed over a tube-exchange catheter using 
a video laryngoscope for guidance. The green SLT-DLT tube-exchange 
catheter (Cook Critical Care, Bloomington, Ind) was passed initially 
through the SLT, which has been withdrawn (before the photo was 
taken) and the catheter then passed retrograde through the bron-
chial lumen of a DLT, which is advanced under direct vision through 
the glottis. The DLT in this picture (Fuji, Phycon, Vitaid, Lewinston, 
NY) has a bevel on the distal bronchial orifice and a flexible bronchial 
lumen that facilitates this procedure.
try to decrease the risk of distal airway trauma (e.g., Cook 
Exchange Catheter, Cook Critical Care).

The exchange catheter, SLT, and the DLT combina-
tion should be tested in vitro before the exchange. A 
sniffing position facilitates tube exchange. After the 
exchange catheter is lubricated, it is advanced through 
the SLT. The catheter should not be inserted deeper than 
24 cm at the lips to avoid accidental rupture or lacera-
tion of the trachea or bronchi. After cuff deflation, the 
SLT is withdrawn. Then the endobronchial lumen of the 
DLT is advanced over the exchange catheter. It is opti-
mal to use a videolaryngoscope during the tube exchange 
to guide the DLT through the glottis under direct vision 
(Fig. 66-19). If a videolaryngoscope is not available, hav-
ing an assistant perform standard laryngoscopy during 
tube exchange partially straightens out the alignment of 
the oropharynx and glottis and facilitates the exchange. 
Proper final position of the DLT is then achieved with 
auscultation and bronchoscopy.

LUNG ISOLATION TECHNIQUES IN 
PATIENTS WITH A TRACHEOSTOMY  
IN PLACE

Placement of a DLT through a tracheostomy stoma may 
be prone to malpositioning because the upper airway has 
been shortened and the conventional DLT may be too 
long. Before placing any lung isolation devices through a 
tracheostomy stoma, it is important to consider whether it 
is a fresh stoma (i.e., a few days old, when the airway can 
be lost immediately on decannulation) versus a chronic 
tracheostomy. The alternatives to achieve OLV in a trache-
ostomized patient include (1) insertion of an SLT followed 
by an independent bronchial blocker passed coaxially or 
external to the SLT91; (2) the use of a disposable cuffed 
tracheostomy cannula with an independent bronchial 
blocker; (3) replacement of the tracheostomy cannula 
with a specially designed short DLT such as the Naruke 
DLT, which is made for use in tracheostomized patients92; 
(4) placement of a small DLT through the tracheostomy 
stoma; or (5) if possible, oral access to the airway for stan-
dard placement of a DLT or blocker (this is occasionally an 
option in patients on prolonged mechanical ventilation 
for respiratory failure or postoperative complications).

In summary, the optimal method of lung isolation 
depends on a number of factors, including the patient’s 
airway anatomy, the indication for lung isolation, the 
available equipment, and the training of the anesthesi-
ologist. Suggested methods for lung isolation in specific 
clinical situations are listed in Table 66-8. Whichever 
method of lung isolation is used, the “ABCs” of lung iso-
lation are:
  

Anatomy: Know the tracheobronchial anatomy. One 
of the major problems that many anesthesiologists 
have in achieving satisfactory lung isolation is a lack 
of familiarity with distal airway anatomy (Fig. 66-20).

Bronchoscopy: Whenever possible, use a fiberoptic 
bronchoscope to position endobronchial tubes and 
blockers. The ability to perform fiberoptic bronchoscopy 
is now a fundamental skill needed by all anesthesiologists 
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TABLE 66-8 SUGGESTED METHODS OF LUNG 
ISOLATION FOR SPECIFIC INDICATIONS

Indication for Lung Isolation
Preferred 
Methods

Possible 
Alternatives

Pulmonary resection right side Left DLT BB/Left EBT
Pulmonary resection left side
 Pneumonectomy unlikely Left DLT BB/Right DLT
 Pneumonectomy Right DLT Left DLT/BB
Thoracoscopy (either side) Left DLT BB/Right DLT
Pulmonary hemorrhage Left DLT BB/contralateral 

EBT
Bronchopleural fistula
 Left mainstem bronchus Right DLT EBT
 All other sites Left DLT Right DLT/BB/EBT
Purulent secretions
(e.g., abscess, cyst)

Left DLT Right DLT/BB/EBT

Bullae, blebs Left DLT Right DLT/BB
Nonpulmonary surgery
(e.g., thoracic aorta, 

esophagus)

Left DLT/
BB

Right DLT/EBT

Bronchial surgery (e.g., tumor, 
trauma)

 Left side Right DLT EBT
 Right side Left DLT EBT
Upper airway abnormalities BB Left DLT/EBT
Lung transplantation
 Bilateral Left DLT BB/EBT
 Single right lung Left DLT BB/EBT
 Single left lung Right DLT BB/Left DLT/EBT
Whole lung lavage Left DLT —
Independent lung ventilation Left DLT Right DLT

DLT, Double-lumen tube; BB, ipsilateral bronchial blocker; EBT, contralat-
eral single-lumen endobronchial tube.
providing anesthesia for thoracic surgery. An online 
bronchoscopy simulator has been developed to help 
train anesthesiologists in positioning DLTs and blockers. 
This simulator, which uses real-time video, is available 
without cost at www.thoracicanesthesia.com.

Chest imaging: The anesthesiologist should always 
consult the chest imaging before placement of a DLT or 
blocker. Abnormalities of the lower airway can often be 
identified in advance, and this will affect the selection 
of the optimal method of lung isolation for a specific 
case (see Figs. 66-7 and 66-10).

  

POSITIONING

The majority of thoracic procedures are performed in the 
lateral position, most often the lateral decubitus posi-
tion, but depending on the surgical technique, a supine, 
semisupine, or semiprone lateral position may be used. 
These lateral positions have specific implications for the 
anesthesiologist.

Position Change (See Chapter 41)
It is awkward to induce anesthesia with the patient in the 
lateral position. Thus monitors will be placed and anes-
thesia will usually be induced in the supine position and 
the anesthetized patient will then be repositioned for sur-
gery. It is possible to induce anesthesia in the lateral posi-
tion, and this may rarely be indicated with unilateral lung 
diseases such as bronchiectasis or hemoptysis until lung 
isolation can be achieved. However, even these patients 
will then have to be repositioned and the diseased lung 
turned to the nondependent side.

Because of the loss of venous vascular tone in the anes-
thetized patient, it is not uncommon to observe hypoten-
sion in the patient when turning them to or from the 
Figure 66-20. Diagram of the 
tracheobronchial tree. Mean 
lengths and diameters are shown 
in millimeters. Note that the right 
middle lobe bronchus exits directly 
anteriorly and the superior seg-
ments (some authors refer to these 
as the “apical” segments) of the 
lower lobes exit directly posteri-
orly. Using the apical designation, 
on the right side the segmen-
tal bronchi in a rostral to caudal 
sequence give the mnemonic “A 
PALM A MAPL.” (From Youngberg, 
JA: Cardiac, vascular, and thoracic 
anesthesia. Philadelphia, Churchill 
Livingstone, 2000.)
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lateral position. All lines and monitors will have to be 
secured during positioning changes and their function 
reassessed after repositioning. The anesthesiologist should 
take responsibility for the head, neck, and airway during 
position changes and must be in charge of the operat-
ing team to direct repositioning. It is useful to make an 
initial “head-to-toe” survey of the patient after induction 
and intubation to check oxygenation, ventilation, hemo-
dynamics, lines, monitors, and potential nerve injuries. 
This survey then must be repeated after repositioning. It 
is nearly impossible to avoid some movement of a DLT 
or bronchial blocker during repositioning. Certainly the 
patient’s head, neck, and endobronchial tube should be 
turned “en-bloc” with the patient’s thoracolumbar spine. 
However, the margin of error in positioning endobron-
chial tubes or blockers is often so narrow that even very 
small movements can have significant clinical implica-
tions. The carina and mediastinum may shift indepen-
dently with repositioning and this can lead to proximal 
misplacement of a previously well-positioned tube. Endo-
bronchial tube/blocker position and the adequacy of ven-
tilation must be rechecked by auscultation and fiberoptic 
bronchoscopy after patient repositioning.

Neurovascular Complications
There are a specific set of nerve and vascular injuries 
related to the lateral position that must be appreciated. 
The brachial plexus is the site of the majority of intra-
operative nerve injuries related to the lateral position.93 
These are basically of two varieties: the majority are com-
pression injuries of the brachial plexus of the dependent 
arm, but there is also a significant risk of stretch injuries 
to the brachial plexus of the nondependent arm. The 
brachial plexus is fixed at two points: proximally by the 
transverse process of the cervical vertebrae and distally 
by the axillary fascia. This two-point fixation, plus the 
extreme mobility of neighboring skeletal and muscular 
structures, makes the brachial plexus extremely liable to 
injury (Box 66-6). The patient should be positioned with 
padding under the dependent thorax (Fig. 66-21) to keep 
the weight of the upper body off the dependent arm bra-
chial plexus. However, this padding will exacerbate the 
pressure on the brachial plexus if it migrates superiorly 
into the axilla.

 •  Dependent arm (compression injuries)
 •  Arm directly under thorax
 •  Pressure on clavicle into retroclavicular space
 •  Cervical rib
 •  Cranial migration of thorax padding into the axilla*

 •  Nondependent arm (stretch injuries)
 •  Lateral flexion of cervical spine
 •  Excessive abduction of arm (>90 degrees)
 •  Semiprone or semisupine repositioning after arm fixed to a 

support

BOX 66-6 Factors That Contribute to 
Brachial Plexus Injury in the Lateral Position

*Unfortunately, this padding under the thorax is misnamed an “axillary 
roll” in some institutions. This padding absolutely should not be placed 
in the axilla.
The arms should not be abducted beyond 90 degrees 
and should not be extended posteriorly beyond the neu-
tral position nor flexed anteriorly more than 90 degrees. 
Fortunately, the majority of these nerve injuries resolve 
spontaneously over a period of months. Anterior flex-
ion of the arm at the shoulder (circumduction) across 
the chest or lateral flexion of the neck toward the oppo-
site side can cause a traction injury of the suprascapular 
nerve.94 This causes a deep, poorly circumscribed pain of 
posterior and lateral aspects of the shoulder and may be 
responsible for some cases of postthoracotomy shoulder 
pain.

It is very easy, after repositioning the patient in the 
lateral decubitus position, to cause excessive lateral flex-
ion of the cervical spine because of improper positioning 
of the patient’s head. This malpositioning, which exac-
erbates brachial plexus traction, can cause a “whiplash” 
syndrome and can be difficult to appreciate from the 
head of the operating table, particularly after the surgical 
drapes have been placed. It is useful for the anesthesiolo-
gist to survey the patient from the side of the table imme-
diately after turning to ensure that the entire vertebral 
column is aligned properly.

The dependent leg should be slightly flexed with pad-
ding under the knee to protect the peroneal nerve lateral 
to the proximal head of the fibula. The nondependent 
leg is placed in a neutral extended position and padding 
placed between it and the dependent leg. The dependent 
leg must be observed for vascular compression. Exces-
sively tight strapping at the hip level can compress the 
sciatic nerve of the nondependent leg. Other sites par-
ticularly liable for neurovascular injury in the lateral posi-
tion are the dependent ear pinna and eye. A head-to-toe 
protocol to monitor for possible neurovascular injuries 
related to the lateral decubitus position is presented in 
Box 66-7.

Figure 66-21. Typical positioning of a patient in the lateral decubitus 
position for thoracotomy seen from the side. It is useful for the anes-
thesiologist to survey the anesthetized patient from this perspective 
before draping to ensure that there is no lateral flexion of the cervical 
spine, which can be very difficult to appreciate from the head of the 
operating table. Note also the padding of the dependent thorax and 
the nondependent leg. (From Youngberg, JA: Cardiac, vascular, and 
thoracic anesthesia. Philadelphia, Churchill Livingstone, 2000.)
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Physiologic Changes in the Lateral Position 
(See Chapter 41)
Ventilation. Significant changes in ventilation develop 
between the lungs when the patient is placed in the lat-
eral position.95 The compliance curves of the two lungs 
are different because of their difference in sizes. The lat-
eral position, anesthesia, paralysis, and opening of the 
thorax all combine to magnify these differences between 
the lungs (Fig. 66-22). The compliance curve (change in 
volume versus change in pressure) of a lung depends on 
the balance of two “springs”: the chest wall (normally dis-
tending the lung) and the elastic recoil of the lung itself. 
Any factor that changes the mechanics of either of these 
springs places the lung on a different compliance curve.96

In a healthy, conscious, spontaneously breathing 
patient, the ventilation of the dependent lung increases 
approximately 10% when the patient is turned to the 
lateral position. Once the patient is anesthetized and 
paralyzed, the ventilation of the dependent lung then 
decreases by 15%. Although the ventilation does not 
change significantly once the nondependent hemitho-
rax is open, the FRC of this nondependent lung tends to 
increase by approximately 10%. These changes depend 
on the method used for ventilation in the individual 

 •  Dependent eye
 •  Dependent ear pinna
 •  Cervical spine in line with thoracic spine
 •  Dependent arm: (a) brachial plexus, (b) circulation
 •  Nondependent arm: (a) brachial plexus, (b) circulation*

 •  Dependent and nondependent suprascapular nerves
 •  Nondependent leg sciatic nerve
 •  Dependent leg: (a) peroneal nerve, (b) circulation

BOX 66-7 Neurovascular Injuries Specific to 
the Lateral Position: Routine “Head-to-Toe” 
Survey

*Neurovascular injuries of the nondependent arm are more likely to occur 
if the arm is suspended or held in an independently positioned arm rest.

Nondependent

Supine Dependent, open

Dependent, closed

0 5 10 15 20 25 30

0

10

20

30

40

50

60

70

80

90

V
ol

um
e

(p
er

ce
nt

 o
f T

LC
 fo

r 
on

e 
lu

ng
)

Transmural pulmonary pressure (cm H2O)

Figure 66-22. Changes in the compliance of a single lung during 
position changes in an anesthetized, paralyzed patient during con-
trolled mechanical ventilation. These compliance changes are respon-
sible for the resulting differences in ventilation between the lungs that 
occur in the lateral position. The compliance of the dependent lung is 
increased when the nondependent hemithorax is open versus closed.
patient. When the chest is open, because of disruption of 
the chest wall, both lungs tend to collapse to a minimal 
lung volume if expiration is prolonged. Thus the end-
expiratory volume of each lung is directly a function of 
the time allowed for expiration. The compliance of the 
entire respiratory system increases significantly once the 
nondependent hemithorax is open.

Because of the fall in FRC and compliance of the non-
dependent lung in the lateral position, application of 
PEEP selectively to this lung only (using a DLT and two 
anesthetic circuits) will improve gas exchange.97 This is 
different from the effect of nonselectively applying PEEP 
to both lungs in the lateral position, where PEEP tends 
to preferentially distribute to the most compliant lung 
regions and will tend to hyperinflate the nondependent 
lung without causing any improvement in gas exchange.98

Atelectasis will develop in an average of 6% of the 
lung parenchyma after induction of anesthesia in the 
supine position. This atelectasis will be evenly distributed 
in the dependent portions of both lungs.99 By turning 
the patient to the lateral position, there will be a slight 
decrease of total atelectasis to 5% of lung volume, but this 
will now be concentrated totally in the dependent lung.

Perfusion. Gravity has some effect on distribution of 
pulmonary blood flow. In the lateral position, the blood 
flow to the dependent lung is generally thought to be 
increased by 10% compared with the same lung in the 
supine position.100 However, the distribution of pulmo-
nary blood flow in various positions may be related more 
to inherent pulmonary vascular anatomy than to gravity 
(Fig. 66-23).101 The matching of ventilation and perfusion 
will usually be decreased in the lateral position compared 
with the supine position during anesthesia. Pulmonary 
arteriovenous shunt during general anesthesia will usu-
ally increase from approximately 5% in the supine posi-
tion to 10% to 15% in the lateral position.102

Figure 66-23. In vivo perfusion lung scanning in the upright posi-
tion demonstrates a predominant central to peripheral distribution of 
pulmonary blood flow in addition to a gravitational effect that also 
increases the blood flow in dependent lung regions. (From Youngberg, 
JA: Cardiac, vascular, and thoracic anesthesia. Philadelphia, Churchill 
 Livingstone, 2000.)
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ANESTHETIC MANAGEMENT

The development of thoracic anesthesia and thoracic sur-
gery was delayed more than 50 years after the introduc-
tion of ether because anesthesiologists could not manage 
patients during mask anesthesia with spontaneous venti-
lation and an open chest. These patients developed what 
was originally called the “pneumothorax syndrome.”103 
The respiratory systems of mammals do not function ade-
quately with an open hemithorax because of two physi-
ologic problems. The first is paradoxical ventilation (also 
called pendelluft), in which gas moves into the open-chest 
lung from the intact lung during expiration and then 
reverses flow during inspiration. This leads to hypercap-
nia and hypoxemia. The second is caused by the swinging 
motion of the mediastinum between the hemithoraces 
during the respiratory cycle, which interferes with cardiac 
preload and causes hemodynamic instability. In the early 
1900s, several pioneers, such as the New Orleans sur-
geon Matas, advocated positive-pressure ventilation and 
a primitive form of endotracheal ventilation, which had 
been demonstrated to be safe in animal experiments, for 
thoracic anesthesia. Modern methods incorporating OLV 
have evolved from this. Essentially, any anesthetic tech-
nique that provides safe and stable general anesthesia for 
major surgery can and has been used for lung resection.

FLUID MANAGEMENT

Because of hydrostatic effects, excessive administration 
of intravenous fluids can cause increased shunting and 
subsequently lead to pulmonary edema of the dependent 
lung, particularly during prolonged surgery.104 Because 
the dependent lung is the lung that must carry on gas 
exchange during OLV, it is best to be as judicious as pos-
sible with fluid administration. Intravenous fluids are 
administered to replace volume deficits and for mainte-
nance only during lung resection anesthesia. No volume 
is given for “third space” losses (Box 66-8). It is possible 
that there is no “third space.”105

TEMPERATURE (See Chapter 54)

Maintenance of body temperature can be a problem dur-
ing thoracic surgery because of heat loss from the open 
hemithorax. This is particularly a problem at the extremes 
of the age spectrum. Most of the body’s physiologic func-
tions, including HPV, are inhibited during hypothermia. 

 •  Total positive fluid balance in the first 24-hour perioperative 
period should not exceed 20 mL/kg.

 •  For an average adult patient, crystalloid administration should 
be limited to less than 3 L in the first 24 hours.

 •  No fluid administration for third-space fluid losses during 
pulmonary resection

 •  Urine output greater than 0.5 mL/kg/h is unnecessary.
 •  If increased tissue perfusion is needed postoperatively, it is 

preferable to use invasive monitoring and inotropes rather 
than to cause fluid overload.

BOX 66-8 Fluid Management for Pulmonary 
Resection Surgery
Increasing the ambient room temperature, fluid warmers 
and the use of lower and/or upper body forced-air patient 
warmers are the best methods to prevent inadvertent 
intraoperative hypothermia.

PREVENTION OF BRONCHOSPASM

Because of the frequent incidence of coexisting reactive 
airways disease in the thoracic surgical population, an 
anesthetic technique that decreases bronchial irritability 
should be chosen. This is particularly important because 
the added airway manipulation caused by placement of 
a DLT or bronchial blocker is a potent trigger for bron-
choconstriction. The principles of anesthetic manage-
ment are the same as they are for any asthmatic patient: 
avoid manipulation of the airway in a lightly anesthe-
tized patient, use bronchodilating anesthetics, and avoid 
drugs that release histamine. For intravenous induction of 
anesthesia, either propofol or ketamine can be expected 
to diminish bronchospasm. This benefit will not be seen 
with barbiturate, opioid, benzodiazepine, or etomidate 
intravenous induction of anesthesia. For maintenance of 
anesthesia, propofol and/or any of the volatile anesthetics 
will diminish bronchial reactivity. Sevoflurane may be the 
most potent bronchodilator of the volatile anesthetics.106

CORONARY ARTERY DISEASE  
(See Chapter 47)

Because the lung resection population is largely elderly 
and/or smokers, there is a high coincidence of coronary 
artery disease. This consideration will be a major factor in 
the choice of the anesthetic technique for most thoracic 
patients. The anesthetic technique should optimize the 
myocardial oxygen supply/demand ratio by maintaining 
arterial oxygenation and diastolic blood pressure while 
avoiding unnecessary increases in cardiac output and 
heart rate. Thoracic epidural anesthesia/analgesia may aid 
in this (see Postoperative Analgesia later in this chapter).

The ability to provide effective regional anesthesia 
with thoracic epidural blockade has opened the possibil-
ity of performing some thoracic surgical procedures in 
awake patients. A wide variety of thoracic operations have 
been reported using this technique, including thoracos-
copy, thoracotomy, and sternotomy.107 Epidural block is 
often combined with ipsilateral stellate ganglion block to 
decrease the cough reflex from stimulation of the hilum. 
The specific indications to use these techniques do not 
arise commonly but may occur in severely compromised 
patients with airway management issues.108 Obviously 
the original concerns with the pneumothorax syndrome 
apply to prolonged surgery with these techniques. How-
ever, during VATS, the operative hemithorax is effectively 
closed and gas exchange is usually adequate during spon-
taneous ventilation with supplemental oxygen.

MANAGEMENT OF ONE-LUNG 
VENTILATION

During OLV, the anesthesiologist has the unique and 
often conflicting goals of trying to maximize atelectasis in 
the nonventilated lung to improve surgical access while 
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trying to avoid atelectasis in the ventilated lung (usually 
the dependent lung) to optimize gas exchange. The gas 
mixture in the nonventilated lung immediately before 
OLV has a significant effect on the speed of collapse of 
this lung. Because of its low blood-gas solubility, nitrogen 
(or an air-oxygen mixture) will delay collapse of this lung 
(Fig. 66-24).109 This is particularly a problem at the start 
of VATS surgery when surgical visualization in the opera-
tive hemithorax is limited, and in patients with emphy-
sema who have delayed collapse of the nonventilated 
lung because of decreased lung elastic recoil. It is impor-
tant to thoroughly de-nitrogenate the operative lung, by 
ventilating with oxygen, immediately before it is allowed 
to collapse. Although nitrous oxide is even more effective 
than oxygen in speeding lung collapse, for the reasons 
just cited it is not commonly used in thoracic anesthesia 
because many patients may have blebs or bullae.

Also, during the period of two-lung anesthesia before 
the start of OLV, atelectasis will develop in the depen-
dent lung. It is useful to perform a recruitment maneuver 
to the dependent lung (similar to a Valsalva maneuver, 
holding the lung at an end-inspiratory pressure of 20 cm 
H2O for 15 to 20 seconds) immediately after the start of 
OLV to decrease this atelectasis. Recruitment is important 
to maintain PaO2 levels during subsequent OLV.110

HYPOXEMIA

A major concern that influences anesthetic management 
for thoracic surgery is the occurrence of hypoxemia dur-
ing OLV. There is no universally acceptable figure for the 
safest lower limit of oxygen saturation during OLV. A sat-
uration greater than or equal to 90% (PaO2 >60 mm Hg) 
is commonly accepted, and for brief periods a saturation 
in the high 80s may be acceptable in patients without 
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Figure 66-24. The effects of the gas mixture used during two-lung 
ventilation (TLV), immediately before one-lung ventilation (OLV), on 
the speed of collapse of the nonventilated lung during OLV. O2 = FiO2 
1.0; N2O/O2 = nitrous oxide/oxygen 60/40; air/O2 = air/oxygen FiO2 
0.4. All patients were ventilated with an FiO2 of 1.0 during OLV. The 
poorly soluble nitrogen in the air/oxygen mixture delays collapse of the 
nonventilated lung. (Based on data from Unzueta C, Tusman G, Suarez-
Sipman F, et al: Alveolar recruitment improves ventilation during thoracic 
surgery: a randomized controlled trial, Br J Anaesth 108: 517, 2012.)
significant comorbidity. However, the lowest acceptable 
saturation will be higher in patients with organs at risk 
of hypoxia because of limited regional blood flow (e.g., 
coronary or cerebrovascular disease) and in patients with 
limited oxygen transport (e.g., anemia or decreased car-
diopulmonary reserve). It has been shown that during 
OLV, patients with COPD desaturate more quickly during 
isovolemic hemodilution than normal patients.111

Previously, hypoxemia occurred frequently during OLV. 
Reports for the period between 1950 and 1980 describe an 
incidence of hypoxemia (arterial saturation <90%) of 20% 
to 25%.112 Current reports describe an incidence of less 
than 5%.113 This improvement is most likely a result of 
several factors: improved lung isolation techniques such 
as routine fiberoscopy to prevent lobar obstruction from 
DLTs, improved anesthetic agents that cause less inhibi-
tion of HPV, and better understanding of the pathophysi-
ology of OLV. The pathophysiology of OLV involves the 
body’s ability to redistribute pulmonary blood flow to the 
ventilated lung. Several factors aid and impede this redis-
tribution and these are under the control of the anesthe-
siologist to a variable degree. These factors are illustrated 
in Figure 66-25. The anesthesiologist’s goal during OLV is 
to maximize pulmonary vascular resistance (PVR) in the 
nonventilated lung while minimizing PVR in the venti-
lated lung. The key to understanding this physiology is 
the appreciation that PVR is correlated with lung volume 
in a hyperbolic fashion (Fig. 66-26). PVR is lowest at FRC 
and increases as lung volume rises or falls above or below 
FRC.114 The anesthesiologist’s aim, to optimize pulmonary 
blood flow redistribution during OLV, is to maintain the 
ventilated lung as close as possible to its FRC while facilitat-
ing collapse of the nonventilated lung to increase its PVR.

Airway
pressure

PVR
HPV

Surgery

Cardiac output

Figure 66-25. Factors affecting the distribution of pulmonary blood 
flow during OLV. Hypoxic pulmonary vasoconstriction (HPV) and the 
collapse of the nonventilated lung, which increases pulmonary vascu-
lar resistance (PVR), tend to distribute blood flow toward the ventilated 
lung. The airway pressure gradient between the ventilated and non-
ventilated thoraces tends to encourage blood flow to the nonventi-
lated lung. Surgery and cardiac output can have variable effects, either 
increasing or decreasing the proportional flow to the ventilated lung.
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INTRAOPERATIVE POSITION  
(See Chapter 41)

Most thoracic surgery is performed with patients in the 
lateral position. Patients having OLV in the lateral posi-
tion have significantly better PaO2 levels than patients 
during OLV in the supine position.115 This applies both 
to patients with normal lung function and to those with 
COPD (Fig. 66-27).116

HYPOXIC PULMONARY 
VASOCONSTRICTION

HPV is thought to be able to decrease the blood flow to 
the nonventilated lung by 50%.117 The stimulus for HPV 
is primarily the alveolar oxygen tension (PAO2), which 
stimulates precapillary vasoconstriction, redistribut-
ing pulmonary blood flow away from hypoxemic lung 
regions via a pathway involving nitric oxide and/or cyclo-
oxygenase synthesis inhibition.118 The mixed venous PO2 
(PVo2) is also a stimulus, although considerably weaker 
than PAO2. HPV has a biphasic temporal response to alve-
olar hypoxia. The rapid-onset phase begins immediately 
and reaches a plateau by 20 to 30 minutes. The second 
(delayed) phase begins after 40 minutes and plateaus after 
2 hours (Fig. 66-28).119 The offset of HPV is also bipha-
sic, and pulmonary vascular resistance may not return 
to baseline for several hours after a prolonged period 
of OLV. This may contribute to increased desaturation 
during the collapse of the second lung during bilateral 
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Figure 66-26. The relationship between PVR and lung volume. PVR 
is lowest at functional residual capacity (FRC) and increases as the 
lung volume decreases toward residual volume (RV), caused primar-
ily by an increase in the resistance of large pulmonary vessels. PVR 
also increases as lung volume increases above FRC toward total lung 
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Figure 66-27. Mean PaO2 in groups of patients versus time of OLV. 
Supine COPD = patients with COPD having OLV in the supine posi-
tion. Lat. Normal PFTs = patients with normal pulmonary function 
having OLV in the lateral position. Semi-lat. N PFTs = patients with 
normal pulmonary function having OLV in the semilateral position. 
Supine N PFTs = patients with normal pulmonary function having 
OLV in the supine position. Patients with normal pulmonary function 
having OLV in the supine position are the most likely to desaturate. 
(Based on data from Bardoczky GI, Szegedi LL, d’Hollander AA, et al: 
Two-lung and one-lung ventilation in patients with chronic lung disease: 
the effects of position and FiO2, Anesth Analg 90:35, 2000; Eisenkraft 
JB: Effects of anaesthetics on the pulmonary circulation, Brit J Anaesth 
65:63, 1990.)
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Figure 66-28. The relationship between hypoxic pulmonary vaso-
constriction (HPV) (vertical axis) and time in hours (h) (horizontal axis) 
in humans exposed to isocapnic hypoxia (approximate inspired PO2 60 
mm Hg) beginning at baseline with a return to normoxia at 8 hours. 
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of HPV. Also note that after prolonged HPV, the pulmonary pressures 
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Spek AFL, Spargo PM, Norton ML: The physics of lasers and implications for 
their use during airway surgery, Br J Anaesth 60: 709, 1988.)
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thoracic procedures. HPV is also a reflex that has a pre-
conditioning effect, and the response to a second hypoxic 
challenge will be greater than to the first challenge.120

The surgical trauma to the lung can affect pulmonary 
blood flow redistribution. Surgery may oppose HPV by 
release of vasoactive metabolites locally in the lung. Con-
versely, surgery can dramatically decrease blood flow to the 
nonventilated lung by deliberately or accidentally mechan-
ically interfering with either the unilateral pulmonary arte-
rial or venous blood flow.121 Ventilation increases blood 
flow through a hypoxic lung more than in a normoxic 
lung, which is generally not of clinical relevance but does 
complicate studies of HPV. HPV is decreased by vasodilators 
such as nitroglycerin and nitroprusside. In general, vasodi-
lators can be expected to cause deterioration in PaO2 dur-
ing OLV. Thoracic epidural sympathetic blockade probably 
has little or no direct effect on HPV, which is a localized 
chemical response in the lung.122 However, thoracic epi-
dural anesthesia can have an indirect effect on oxygenation 
during OLV if it is allowed to cause hypotension and a fall 
in cardiac output (see Cardiac Output later in this chapter).

CHOICE OF ANESTHETIC

All of the volatile anesthetics inhibit HPV in a dose-
dependent fashion with halothane > enflurane > isoflu-
rane.123 The older anesthetics were potent inhibitors of 
HPV and this may have contributed to the high inci-
dence of hypoxemia reported during OLV in the 1960s 
and 1970s (see earlier); many of these studies used 2- to 
3-MAC doses of halothane.

In doses of less than or equal to 1 MAC, the modern 
volatile anesthetics (isoflurane, sevoflurane,124 and des-
flurane125) are weak, and equipotent, inhibitors of HPV. 
The inhibition of the HPV response by 1 MAC of a vola-
tile anesthetic such as isoflurane is approximately 20% of 
the total HPV response, and this could account for only a 
net 4% increase in total arteriovenous shunt during OLV, 
which is a difference too small to be detected in most 
clinical studies.126 In addition, volatile anesthetics cause 
less inhibition of HPV when delivered to the active site of 
vasoconstriction via the pulmonary arterial blood than 
via the alveolus. This pattern is similar to the HPV stimu-
lus characteristics of oxygen. During established OLV, the 
volatile agent only reaches the hypoxic lung pulmonary 
capillaries via the mixed venous blood. No clinical ben-
efit in oxygenation during OLV has been shown for total 
intravenous anesthesia above that seen with 1 MAC of 
the modern volatile anesthetics.127

The use of nitrous oxide/oxygen (N2O/O2) mixtures is 
associated with a higher incidence of postthoracotomy 
radiographic atelectasis (51%) in the dependent lung 
than when air/oxygen mixtures are used (24%). Nitrous 
oxide also tends to increase pulmonary artery pressures 
in patients who have pulmonary hypertension, and N2O 
inhibits HPV. For these reasons, N2O is usually avoided 
during thoracic anesthesia.

CARDIAC OUTPUT

The effects of alterations of cardiac output during OLV 
are complex (Fig. 66-29). Increasing cardiac output 
tends to cause increased pulmonary artery pressures and 
passive dilation of the pulmonary vascular bed, which 
in turn opposes HPV and has been shown to be associ-
ated with increased arteriovenous shunt (Q̇s/Q̇t) during 
OLV.128 However, in patients with a relatively fixed oxy-
gen consumption, as is seen during stable anesthesia, 
the effect of an increase in cardiac output is to increase 
the mixed venous oxygen saturation (SvO2). Thus 
increasing cardiac output during OLV tends to increase 
both shunt and SvO2, which have opposing effects 
on PaO2. There is a ceiling effect to the amount that 
SvO2 can be increased. Increasing the cardiac output to 
supranormal levels by administering inotropes such as 
dopamine tends to have an overall negative effect on 
PaO2.129 Conversely, allowing the cardiac output to fall 
will lead to decreases in both shunt and SvO2, with a 
net effect of decreasing PaO2. Because even with optimal 
anesthetic management there is usually a shunt of 20% 
to 30% during OLV, it is very important to maintain 
cardiac output.

VENTILATION STRATEGIES DURING  
ONE-LUNG VENTILATION

The strategy used to manage the ventilated lung dur-
ing OLV plays an important part in the distribution of 
pulmonary blood flow between the lungs. It has been 
the practice of many anesthesiologists to use the same 
large tidal volume (e.g., 10 mL/kg ideal body weight) 
during OLV as during TLV. This strategy probably 
decreases hypoxemia by recurrently recruiting atelec-
tatic regions in the dependent lung and may result in 
higher PaO2 values during OLV compared with smaller 
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Figure 66-29. The relationship between PaO2 and cardiac output 
during OLV. As cardiac output falls below baseline, arteriovenous 
shunt (Q̇s/Q̇t) falls, but the mixed venous oxygen saturation (SvO2) 
also decreases, resulting in a net fall in PaO2. Conversely, raising car-
diac output above baseline tends to increase SvO2 but also increase 
Q̇s/Q̇t and the net result again is a decrease in PaO2. (Based on data 
from Russell WJ, James MF: The effects on arterial haemoglobin oxygen 
saturation and on shunt of increasing cardiac output with dopamine 
or dobutamine during one-lung ventilation, Anaesth Intensive Care 
32:644, 2004; Kim SH, Jung KT, AN TH: Effects of tidal volume and PEEP 
on arterial blood gases and pulmonary mechanics during one-lung venti-
lation, J Anesth 26:568, 2012.)
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tidal volumes.130 However, there is a trend to use 
smaller tidal volumes with PEEP during OLV for several 
reasons. First, the incidence of hypoxemia during OLV 
is much lower than it was 20 to 30 years ago. Second, 
there is a risk of causing acute injury to the ventilated 
lung with prolonged use of large tidal volumes. And 
finally, third, a ventilation pattern that allows recurrent 
atelectasis and recruitment of lung parenchyma seems 
to be injurious.131 The ventilation technique needs to 
be individualized depending on the patient’s underly-
ing lung mechanics.

RESPIRATORY ACID-BASE STATUS  
(See Chapter 60)

The efficacy of HPV in a hypoxic lung region is increased 
in the presence of respiratory acidosis and is inhibited by 
respiratory alkalosis. However, there is no net benefit to 
gas exchange during OLV from hypoventilation because 
the respiratory acidosis preferentially increases the pul-
monary vascular tone of the well-oxygenated lung, and 
this opposes any clinically useful pulmonary blood flow 
redistribution.132 Overall, the effects of hyperventila-
tion will usually tend to decrease pulmonary vascular 
pressures.

POSITIVE END-EXPIRATORY PRESSURE

Resistance to blood flow through the lung is related to 
lung volume in a biphasic pattern and is lowest when 
the lung is at its FRC (see Fig. 66-26). Keeping the ven-
tilated lung as close as possible to its normal FRC favor-
ably encourages pulmonary blood flow to this lung. 
Several intraoperative factors known to alter FRC tend 
to cause the FRC of the ventilated lung to fall below 
its normal level; these include lateral position, paraly-
sis, and opening the nondependent hemithorax, which 
allows the weight of the mediastinum to compress the 
dependent lung. Attempts to measure FRC in human 
patients during OLV have been complicated by the pres-
ence of a persistent end-expiratory airflow in patients 
with COPD.133 Many patients do not actually reach their 
end-expiratory equilibrium FRC lung volume as they try 
to exhale a relatively large tidal volume through one 
lumen of a DLT. These patients develop dynamic hyper-
inflation and an occult positive end-expiratory pressure 
(auto-PEEP).41

AUTO-PEEP

Auto-PEEP occurs in patients with decreased lung elastic 
recoil, such as in older patients or those with emphy-
sema.134 Auto-PEEP increases as the inspiratory/expira-
tory (I:E) ratio increases (i.e., as the time of expiration 
decreases). This auto-PEEP, which averages 4 to 6 cm H2O 
in most series of lung cancer patients studied, opposes 
the previously mentioned factors which tend to diminish 
dependent-lung FRC during OLV. The effects of applying 
external PEEP through the ventilator circuit to the lung 
in the presence of auto-PEEP are complex (Fig. 66-30). 
Patients with a very low auto-PEEP (<2 cm H2O) will have 
a greater increase in total PEEP from a moderate (5 cm 
H2O) external PEEP than those with a high level of auto 
PEEP (>10 cm H2O). Whether the application of PEEP dur-
ing OLV will improve a patient’s gas exchange depends 
on the individual’s lung mechanics. If the application 
of PEEP tends to shift the expiratory equilibration posi-
tion on the compliance curve toward the lower inflection 
point of the curve (i.e., toward the FRC), then external 
PEEP is of benefit (Fig. 66-31). However, if the application 
of PEEP raises the equilibration point such that it is fur-
ther from the lower inflection point, then gas exchange 
deteriorates.

Auto-PEEP is difficult to detect and measure using cur-
rently available anesthetic ventilators. To detect auto-
PEEP, the respiratory circuit must be held closed at the 
end of a normal expiration until an equilibrium appears 
in the airway pressure.135 Most current intensive care ven-
tilators can be used to measure auto-PEEP.

TIDAL VOLUME

There will be an optimal combination of tidal volume, 
respiratory rate, I:E ratio, or pressure- or volume-control 
ventilation for each individual patient during OLV. How-
ever, to try to assess each of these parameters while still 
providing anesthesia with the available anesthetic ven-
tilators is not practical, and the clinician must initially 
rely on a simplified strategy (Table 66-9). The results of 
alterations in tidal volume are unpredictable. This may 
be caused partly by the interaction of tidal volume with 
auto-PEEP. The use of 5 to 6 mL/kg ideal body weight tidal 
volumes plus 5 cm H2O PEEP initially for most patients 
(except those with COPD) seems a logical starting point 
during OLV. Tidal volume should be managed so that 
peak airway pressures do not exceed 35 cm H2O. This will 
correspond to a plateau airway pressure of approximately 
25 cm H2O.136 Peak airway pressures exceeding 40 cm 
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Figure 66-30. The static compliance curve of the ventilated (depen-
dent) lung in a typical lung cancer patient with mild COPD. The Lower 
Inflection Point is thought to represent FRC. This patient had 6 cm 
H2O of auto-PEEP during OLV. Adding 5 cm H2O PEEP to the ventilator 
resulted in a total PEEP in the circuit of 9 cm H2O. This patient had a 
decrease in PaO2 with the addition of PEEP. (Based on data from Slinger 
P, Kruger M, McRae K, et al: Relation of the static compliance curve and 
positive end-expiratory pressure to oxygenation during one-lung ventila-
tion, Anesthesiology 95:1096, 2001.)
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H2O may contribute to hyperinflation injury of the venti-
lated lung during OLV.137

Turning the patient to the lateral position will 
increase respiratory dead space and the arterial to end-
tidal CO2 tension gradient (Pa-etCO2). This will usually 
require a 20% increase in minute ventilation to main-
tain the same PaCO2. Individual variations in Pa-ETCO2 
gradient can become much larger, and PetCO2 is less 
reliable as a monitor of Paco2 during OLV. This effect is 
possibly because there are individual differences in the 
excretion of CO2 between the dependent and nonde-
pendent lungs.
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Figure 66-31. Static compliance curve of a young patient with 
normal pulmonary function during OLV (in this case for removal of 
a mediastinal tumor). The lower inflection point of the curve (FRC) 
was at 6 cm H2O. The patient had 2 cm H2O auto-PEEP during OLV. 
Adding 5 cm H2O PEEP to the ventilator raised the total PEEP to 7 cm 
H2O and improved PaO2. Young patients and patients with increased 
lung elastic recoil (such as caused by restrictive lung diseases) have an 
increase in PaO2 from PEEP during OLV. (Based on data from Slinger P, 
Kruger M, McRae K, et al: Relation of the static compliance curve and posi-
tive end-expiratory pressure to oxygenation during one-lung ventilation, 
Anesthesiology 95:1096, 2001.)

TABLE 66-9 SUGGESTED VENTILATION 
PARAMETERS FOR ONE-LUNG VENTILATION

Parameter Suggested Guidelines/Exceptions

Tidal 
volume

5-6 mL/kg Maintain:
Peak airway pressure <35 cm 

H2O
Plateau airway pressure  

<25 cm H2O
Positive end-

expiratory 
pressure

5 cm H2O Patients with COPD, no added 
PEEP

Respiratory 
rate

12 breaths/
min

Maintain normal Paco2, 
Pa-etCO2 will usually increase 
1-3 mm Hg during one-lung 
ventilation

Mode Volume or 
pressure 
controlled

Pressure control for patients 
at risk of lung injury (e.g., 
bullae, pneumonectomy, post 
lung transplantation)
VOLUME-CONTROLLED VERSUS  
PRESSURE-CONTROLLED VENTILATION

Traditionally, volume-controlled ventilation has been 
used in the operating room for all types of surgery. The 
recent availability of anesthesia ventilators with pressure-
control modes has made it possible to study and use this 
form of ventilation during thoracic surgery. Pressure-
control ventilation has not been shown to improve oxy-
genation versus volume-controlled ventilation for most 
patients, although the peak airway pressures are lower.138 
The decrease in peak pressure with pressure control ven-
tilation may be largely in the anesthetic circuit and not 
at the distal airway.139 Pressure-control ventilation will 
avoid sudden increases in peak airway pressures that may 
result from surgical manipulation in the chest. This will 
be of benefit in patients at increased risk for lung injury 
from high volumes or pressures such as after lung trans-
plantation or during a pneumonectomy.140 Because of 
the rapid changes of lung compliance that occur during 
pulmonary surgery, when pressure-control ventilation is 
used, the delivered tidal volume needs to be closely moni-
tored because it may change suddenly.

PREDICTION OF HYPOXEMIA DURING 
ONE-LUNG VENTILATION

The problem of hypoxemia during OLV has prompted 
much research in thoracic anesthesia. Hypoxemia during 
OLV is predictable (see Box 66-4), preventable, and treat-
able in the vast majority of cases.141

PREOPERATIVE VENTILATION-PERFUSION 
SCAN

The shunt and PaO2 during intraoperative OLV are highly 
correlated with the fractional perfusion of the ventilated 
lung as determined by a preoperative ventilation perfu-
sion scan.142 Patients with long-standing unilateral dis-
ease on the operative side develop a unilateral decrease 
of ventilation and perfusion and tolerate OLV very well. 
Similarly, patients who intraoperatively have a higher 
proportion of gas exchange in the dependent lung during 
OLV tend to have better oxygenation during OLV.

SIDE OF OPERATION

Patients having right-sided thoracotomies tend to have a 
larger shunt and lower PaO2 during OLV because the right 
lung is larger and normally 10% better perfused than the 
left. The overall mean PaO2 difference between left and 
right thoracotomies during stable OLV is approximately 
100 mm Hg.143

TWO-LUNG OXYGENATION

Patients who have better PaO2 levels during TLV in the 
lateral position tend to have better oxygenation during 
OLV. These patients may have better abilities to match 
ventilation and perfusion (individual variability of HPV 
response) and/or they may have less atelectasis in the 



dependent lung. This is a particularly relevant consider-
ation in trauma patients who may require a thoracotomy 
but have a contusion of the dependent lung.

PREOPERATIVE SPIROMETRY

Studies consistently show that when the previous fac-
tors are controlled, patients with better spirometric lung 
function preoperatively are more likely to desaturate and 
have lower PaO2 values during OLV. Clinically this is 
evident because emphysematous lung volume reduction 
patients generally tolerate OLV very well. The explana-
tion is not clear but may be related to maintenance of a 
more favorable FRC in patients with obstructive airways 
disease during OLV with an open hemithorax because of 
the development of auto-PEEP.54

TREATMENT OF HYPOXEMIA DURING 
ONE-LUNG VENTILATION

During OLV there will be a fall in arterial oxygenation 
that usually reaches its nadir 20 to 30 minutes after the 
initiation of OLV, and then the saturation will stabilize or 
may rise slightly as HPV increases over the next 2 hours. 
The majority of patients who desaturate do so quickly and 
within the first 10 minutes of OLV. Hypoxemia during 
OLV responds readily to treatment in the vast majority of 
cases. Potential therapies are outlined in Box 66-9.
  

 1.  Resume two-lung ventilation. Reinflate the nonventilated 
lung and deflate the bronchial cuff of the DLT or the 
bronchial blocker. This will necessitate interruption of 
surgery but is necessary in case of severe or precipitate 
desaturation. After an adequate level of oxygenation 
is obtained, the diagnosis of the cause of desaturation 

 •  Severe or precipitous desaturation: resume two-lung ventila-
tion (if possible).

 •  Gradual desaturation
 •  Ensure that delivered FiO2 is 1.0.
 •  Check position of double-lumen tube or blocker with fiber-

optic bronchoscopy.
 •  Ensure that cardiac output is optimal; decrease volatile anes-

thetics to <1 MAC.
 •  Apply a recruitment maneuver to the ventilated lung (this 

will transiently make the hypoxemia worse).
 •  Apply PEEP 5 cm H2O to the ventilated lung (except in 

patients with emphysematous pathology).
 •  Apply CPAP 1-2 cm H2O to the nonventilated lung (apply a 

recruitment maneuver to this lung immediately before CPAP).
 •  Use intermittent reinflation of the nonventilated lung.
 •  Partial ventilation techniques of the nonventilated lung:
 •  Lung oxygen insufflation
 •  Lobar insufflation
 •  Lobar collapse (using a bronchial blocker)
 •  Use mechanical restriction of the blood flow to the nonventi-

lated lung

BOX 66-9 Therapies for Desaturation during 
One-Lung Ventilation

PEEP, positive end-expiratory pressure; CPAP, continuous positive 
airway pressure.
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can be made and prophylactic measures instituted (see 
later) before another trial of OLV is attempted.

 2.  Increase FiO2. Ensure that the delivered FiO2 is 1.0. This 
is an option in essentially all patients except those 
who have received bleomycin or similar therapies that 
potentiate pulmonary oxygen toxicity.

 3.  Recheck the position of the DLT or bronchial blocker. 
Ensure that there is no lobar obstruction in the venti-
lated lung.

 4.  Check to be sure there has been no decrease in cardiac out-
put. The surgeon can accidentally compress the infe-
rior vena cava during pulmonary resections, which 
decreases arterial blood pressure and cardiac output 
that leads to a rapid desaturation during OLV. Treat 
the decrease in cardiac output as indicated (e.g., ino-
tropes/vasopressors if caused by thoracic epidural 
sympathetic blockade). Stop administration of vasodi-
lators, decrease the MAC of volatile anesthetics to less 
than or equal to 1 MAC.

 5.  Perform a recruitment maneuver of the ventilated lung. To 
eliminate any atelectasis, inflate the lung to 20 cm H2O 
or more for 15 to 20 seconds. This may cause transient 
hypotension and will also cause a transient further fall 
in the PaO2 as the blood flow is temporarily redistrib-
uted to the nonventilated lung.

 6.  Apply PEEP to the ventilated lung. It is necessary to per-
form a recruitment maneuver before applying PEEP 
to get the maximal benefit. PEEP will raise the end-
expiratory volume of the ventilated lung toward the 
FRC in patients with normal lung mechanics and in 
those with increased elastic recoil caused by restrictive 
disease. It is not possible to predict the optimal PEEP 
for individual patients; a level of 5 cm H2O is a use-
ful starting point. PEEP will increase the end-expira-
tory lung volume of patients with significant levels of 
auto-PEEP (e.g., emphysema patients). Unlike CPAP, 
application of PEEP does not require reinflation of the 
nonventilated lung and interruption of surgery. PEEP 
has been shown to be as effective for increasing PaO2 
levels during OLV in patients with normal lung func-
tion as CPAP (Fig. 66-32).144 For patients with normal 
pulmonary function, it is logical to routinely apply a 
recruitment maneuver and PEEP from the start of OLV.

 7.  Continuous positive airway pressure (CPAP) with oxygen 
to the nonventilated lung is the next line of therapy after 
application of PEEP.

145 There is an important caveat to 
be observed when CPAP is applied to the nonventi-
lated lung, and that is that CPAP must be applied to 
an inflated (recruited) lung to be completely effec-
tive. The opening pressure of atelectatic lung regions 
is greater than 20 cm H2O146 and these units will not 
be recruited by simple application of CPAP levels of 
5 to 10 cm H2O. Even a period as short as 5 minutes 
of collapse before CPAP application can have delete-
rious effects on oxygenation during OLV.147 When 
CPAP is applied to a fully inflated lung, levels of CPAP 
as low as 1 to 2 cm H2O can be used.148 Because the 
normal transpulmonary pressure of the lung at FRC is 
approximately 5 cm H2O, levels of 5 to 10 cm H2O 
CPAP applied to a fully recruited lung result in a large-
volume lung that impedes surgery, particularly during 
minimally invasive procedures.
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CPAP levels less than 10 cm H2O do not interfere with 
hemodynamics. The beneficial effects of low levels of 
CPAP are primarily caused by oxygen uptake from the 
nonventilated lung and not because of blood flow diver-
sion to the ventilated lung. CPAP is most effective when 
oxygen (FiO2 1.0) is applied to the nonventilated lung. 
Lower FiO2 levels of CPAP are of clinical benefit and can 
be used along with decreased FiO2 to the ventilated lung 
in patients at risk of oxygen toxicity.

Numerous anesthetic systems to apply CPAP to the 
nonventilated lung have been described. Essentially all 
that is required is a CPAP (or PEEP) valve and an oxy-
gen source. Ideally the circuit should permit variation of 
the CPAP level and include a reservoir bag to allow easy 
reinflation of the nonventilated lung and a manometer 
to measure the actual CPAP supplied. Such circuits are 
commercially available (Fig. 66-33) or can be readily con-
structed from standard anesthetic equipment. CPAP can 
be applied with either a DLT or through the suction chan-
nel of a bronchial blocker.

CPAP, even when properly administered, is not com-
pletely reliable to improve oxygenation during OLV. 
When the bronchus of the operative lung is obstructed, 
or open to atmosphere (as in a bronchopleural fistula or 
during endobronchial surgery), CPAP will not improve 
oxygenation. Also in certain situations, particularly dur-
ing thoracoscopic surgery where access to the operative 
hemithorax is limited, CPAP can significantly interfere 
with surgery.149
  

PHARMACOLOGIC MANIPULATIONS

Eliminating known potent vasodilators such as nitro-
glycerin and halothane and large doses of other volatile 
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Figure 66-32. A comparison of the effects of positive end-expiratory 
pressure (PEEP) to the ventilated lung and continuous positive airway 
pressure (CPAP) to the nonventilated lung on mean PaO2 levels dur-
ing OLV. 2LV, two-lung ventilation; COPD, a group of lung cancer 
surgery patients; Normal PFTs, a group of esophageal surgery patients 
with normal preoperative pulmonary function tests. *Significance of  
P < .05 versus OLV. (Based on data from Capan LM, Turndorf H, Patel 
C, et al: Optimization of arterial oxygenation during one-lung anesthe-
sia, Anesth Analg 59:847, 1980; Rothen HU, Sporrc B, Engberg G et al: 
Re-expansion of atelectasis during general anesthesia: a computed tomo-
graphic study, Br J Anaesth 71:788, 1993.)
anesthetics will improve oxygenation during OLV.150 The 
selective administration of the vasodilator prostaglandin 
E1 to the ventilated lung151 or a NO synthase inhibitor 
(L-NAME)152 to a hypoxic lobe results in improved redis-
tribution of pulmonary blood flow in animal models. This 
is not currently applicable in humans. Selective adminis-
tration of NO alone to the ventilated lung was not shown 
to be of benefit in humans.153 The combination of NO 
(20 ppm) to the nonventilated lung and an intravenous 
infusion of almitrene, which enhances HPV, has been 
shown to restore PaO2 values during OLV in humans to 
essentially the same levels as during TLV. However, this 
may have been primarily a result of the augmentation of 
HPV by almitrene.154 It is unlikely that almitrene, which 
was previously available in North America as a respiratory 
stimulant, will be reintroduced to this market because 
of side effects such as hepatic enzyme changes and lac-
tic acidosis. However, the combination of NO and other 
pulmonary vasoconstrictors such as phenylephrine has 
been shown to improve oxygenation in ventilated inten-
sive care unit patients with adult respiratory distress syn-
drome,155 and this may have applications in OLV.

INTERMITTENT REINFLATION OF THE 
NONVENTILATED LUNG

HPV becomes more effective during repeated hypoxic 
exposure. Often after reinflation, the oxygen saturation 
will be more acceptable during a second period of lung 
collapse. Reexpansion can be performed by regular reex-
pansion of the operative lung via an attached CPAP circuit.

PARTIAL VENTILATION METHODS

Several alternative methods of OLV, all involving par-
tial ventilation of the nonventilated lung, have been 
described and improve oxygenation during OLV. These 
techniques are useful in patients who are particularly at 
risk of desaturation, such as those who have had previous 

Figure 66-33. Photograph of a commercial (Mallinckrodt, St. Louis, Mo)  
disposable CPAP circuit applied to the nonventilated lung during a 
left thoracotomy (in this case applied to the tracheal lumen of a right-
sided DLT). This circuit has an adjustable exhaust valve that allows 
titration of CPAP between 1 and 10 cm H2O. CPAP, continuous positive 
airway pressure; DLT, double-lumen endobronchial tube.
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Figure 66-34. A simple device to provide intermittent positive air-
way pressure to the nonventilated lung. A standard bacteriostatic filter 
is attached to the lumen of the DLT to the nonventilated lung and an 
oxygen source is connected to the CO2 sampling port of the filter. 
Intermittent manual occlusion of the open filter end improves oxygen-
ation with minimal impact on surgical exposure (see text for details). 
(Reproduced with permission from Slinger P: Principles and practice of 
anesthesia for thoracic surgery, New York, Springer, 2011.)
pulmonary resections of the contralateral lung. These 
alternatives include:
  

 1.  Intermittent positive airway pressure to the nonventilated 
lung. This can be performed by a variety of methods. 
Russell described attaching a standard bacteriostatic 
filter to the nonventilated lumen of the DLT with a 
2-L oxygen inflow attached to the CO2 port of the fil-
ter (Fig. 66-34).156 Manual occlusion of the filter for 2 
seconds gives an insufflation of approximately 66 mL 
of oxygen to the nonventilated lung. This could be 
repeated at 10-second intervals with minimal interfer-
ence with surgical exposure.

 2.  Selective insufflation of oxygen to recruit lung segments on 
the side of surgery but remote from the site of surgery (Fig. 
66-35).157 A useful technique in minimally invasive 
surgery is intermittent insufflation of oxygen using a 
fiberoptic bronchoscope. A 5-L oxygen flow is attached 
to the suction port of a fiberoptic bronchoscope that 
is passed under direct vision into a segment of the 
lung remote from the site of surgery, which is then 
reinflated by triggering the suction on the fiberoptic 
bronchoscope. The surgeon aids this technique by 
Figure 66-35. Intermittent oxygen insufflation during thoracoscopic surgery to segments of the nonventilated lung on the side of surgery using 
a fiberoptic bronchoscope (see text for details). (Reproduced with permission from Slinger P: Principles and practice of anesthesia for thoracic sur-
gery, New York, Springer, 2011.)
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observing the lung inflation with the videoscope to 
avoid overdistention of the recruited segment(s).

 3.  Selective lobar collapse of only the operative lobe in the 
open hemithorax.158 This is accomplished by placement 
of a blocker in the appropriate lobar bronchus of the 
ipsilateral operative lung.

  

MECHANICAL RESTRICTION OF 
PULMONARY BLOOD FLOW

It is possible for the surgeon to directly compress or clamp 
the blood flow to the nonventilated lung.159 This can be 
done temporarily in emergency desaturation situations 
or definitively in cases of pneumonectomy or lung trans-
plantation. Another technique of mechanical limitation 
of blood flow to the nonventilated lung is the inflation of 
a pulmonary artery catheter balloon in the main pulmo-
nary artery of the operative lung. The pulmonary artery 
catheter can be positioned at induction with fluoroscopic 
guidance and inflated as needed intraoperatively. This 
has been shown to be a useful technique for resection of 
large pulmonary arteriovenous fistulas.160

HYPOXEMIA PROPHYLAXIS

Most treatments outlined as therapies for hypoxemia can 
be used prophylactically to prevent hypoxemia in patients 
who are at high risk of desaturation during OLV. The 
advantage of prophylactic therapy of hypoxemia, in addi-
tion to the obvious patient safety benefit, is that maneu-
vers involving CPAP or alternative ventilation patterns of 
the operative lung can be instituted at the onset of OLV 
in a controlled fashion and will not require interruption 
of surgery and emergent reinflation of the nonventilated 
lung at a time that may be extremely disadvantageous.

BILATERAL PULMONARY SURGERY

Because of mechanical trauma to the operative lung, 
the gas exchange in this lung will always be temporarily 
impaired after OLV. Also HPV offset may be delayed after 
reinflation of the first lung collapsed. Desaturation during 
bilateral lung procedures is particularly a problem during 
the second period of OLV (i.e., during OLV of the lung 
that has already had surgery).161 Thus, for bilateral proce-
dures it is advisable to operate first on the lung that has 
better gas exchange and less propensity to desaturate dur-
ing OLV. For the majority of patients, this means operat-
ing on the right side first.

ANESTHETIC MANAGEMENT FOR 
COMMON SURGICAL PROCEDURES

FLEXIBLE FIBEROPTIC BRONCHOSCOPY

Flexible fiberoptic bronchoscopy is a diagnostic and ther-
apeutic procedure of great value in the clinical practice 
of thoracic surgery and anesthesia. In many centers, it is 
common practice to perform flexible fiberoptic bronchos-
copy before lung resections to reconfirm the diagnosis (if 
a tumor compresses the airway) or to determine the inva-
sion and obstruction of the distal airway (in relation to 
the extension of the bronchial resection).

Anesthetic Management
There are multiple techniques for flexible fiberoptic 
bronchoscopy. Options include awake versus general 
anesthesia and oral versus nasal approaches. Options for 
local anesthesia include: topical anesthesia via a nebu-
lizer, handheld aerosol, or soaked pledgets; nerve blocks 
(laryngeal and/or glossopharyngeal nerves); and direct 
administration of local anesthetic through the broncho-
scope (spray-as-you-go technique)162 with/without seda-
tion/opioid or antisialogogues. Options during general 
anesthesia include spontaneous versus positive-pressure 
ventilation with/without muscle relaxation. Airway man-
agement during general anesthesia can be done with an 
endotracheal tube or a laryngeal mask airway (LMA). A 
Portex swivel connector (Smiths Medical, Ashford, Kent, 
UK) with a self-sealing valve is used to facilitate the ven-
tilation and manipulation of the bronchoscope; at the 
same time inhalation and/or intravenous agents can be 
used for anesthesia. Patients who have copious secretions 
in the preoperative period should receive anticholinergic 
medication to ensure a dry field, which provides optimal 
visualization with the use of a flexible bronchoscope.

The advantages of an LMA technique include visu-
alization of the vocal cords and subglottic structures as 
well as a lower airway resistance versus an ETT when 
the bronchoscope is inserted (Fig. 66-36). This is particu-
larly useful in a patient with a difficult airway, when 
maintaining spontaneous respiration may be the safest 
method of anesthetic management.163 Self-expanding 
flexometallic tracheal and bronchial stents can be placed 
with fiberoptic or rigid bronchoscopy (Fig. 66-37). How-
ever, silastic airway stents require rigid bronchoscopy 
for placement.

Anesthetic circuit 

Figure 66-36. Diagram of fiberoptic bronchoscopy performed via a 
laryngeal mask airway (LMA) during general anesthesia in a spontane-
ously breathing patient with a carinal tumor, in this case for diagnosis 
and Nd:YAG laser tumor excision. The LMA permits visualization of the 
vocal cords and subglottic structures with the bronchoscope, which is 
not possible when fiberoptic bronchoscopy is performed via an endo-
tracheal tube.
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Figure 66-37. A, A self-expanding  
flexometallic airway stent. B, Fiber-
optic bronchoscopic view of the 
proximal end of a flexometallic tra-
cheal stent.

A B

Figure 66-38. A, Photograph 
of a patient with a collapse of 
the left lower lobe bronchus post 
lung transplantation. B, A silastic 
stent has been placed in the left 
lower lobe bronchus with rigid 
bronchoscopy.

A B
RIGID BRONCHOSCOPY

Rigid bronchoscopy has traditionally been considered 
the technique of choice for the preoperative diagnos-
tic assessment of an airway obstruction involving the 
trachea and in the therapy of massive hemoptysis and 
foreign bodies in the airway. The role of interventional 
bronchoscopy with laser, bronchial dilation, or stent 
insertion is well established for the treatment of malig-
nant and benign central airway and endobronchial 
lesions (Fig. 66-38).164 Rigid bronchoscopy is the proce-
dure of choice for operative procedures such as dilation 
of tracheal stenosis.

Anesthetic Management
Patients undergoing rigid bronchoscopy should have a 
complete preoperative evaluation including radiologic 
studies. Chest radiographs and chest CT scans should be 
reviewed in the preoperative evaluation. If time permits, it 
is recommended that patients with severe stridor receive 
pharmacologic interventions for temporary stabilization 
of the condition. Treatments may include inspired cool 
saline mist, nebulized racemic epinephrine, and the use 
of systemic steroids.165
There are four basic methods of ventilation manage-
ment for rigid bronchoscopy:
  

 1.  Spontaneous ventilation. The addition of topical anes-
thesia or nerve blocks to the airway decreases the 
tendency to breath-hold and cough when volatile 
anesthetics are used.

 2.  Apneic oxygenation (with/without insufflation of oxygen). 
This requires thorough preoxygenation, and the anes-
thesiologist will have to interrupt surgery to ventilate 
the patient before desaturation occurs. This should 
allow the surgeon working intervals of 3 minutes or 
longer depending on the underlying condition of the 
patient.

 3.  Positive-pressure ventilation via a ventilating bronchoscope 
(Fig. 66-39). This allows the use of a standard anes-
thetic circuit but may cause significant air leaks if there 
is a discrepancy between the size of a smaller broncho-
scope and a larger airway.

 4.  Jet ventilation. This can be performed with a handheld 
injector such as the Sanders injector (Sulz, Germany)166 
or with a high-frequency ventilator. These techniques 
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are most useful with intravenous anesthesia because 
they entrain gas from either the room air or an attached 
anesthetic circuit, and the dose of any volatile agent 
delivered will be very uncertain.

  

The use of anticholinergic agents (e.g., 0.2 mg intra-
venous [IV] glycopyrrolate ) before manipulation of the 
airway will decrease secretions during the bronchoscopic 
examination. For a patient undergoing rigid bronchos-
copy, the surgeon must be at the bedside for the induc-
tion of anesthesia and be prepared to establish airway 
control with the rigid bronchoscope. Anesthesia in chil-
dren for rigid bronchoscopy is most commonly done 
with spontaneous ventilation and a volatile anesthetic. 
In adults, IV anesthesia and the use of muscle relaxants is 
more common.

In cases for which the use of neuromuscular blocking 
drugs is not contraindicated, succinylcholine can be used 
initially to facilitate intubation with either a small SLT 
or the rigid bronchoscope. Nondepolarizing neuromus-
cular blocking drugs (see Chapter 34) may be needed for 
prolonged procedures such as stent placement or tumor 
resection. Mouthguards should be used to protect the 
upper and lower teeth and gums from the pressure of the 
bronchoscope. Remifentanil and propofol infusions can 
be administered if an IV regimen is the planned anes-
thetic.167 This is a useful technique if the surgeon needs 
repeated access (for suction or instrumentation) to the 
open airway because it maintains the level of anesthe-
sia and avoids contaminating the operating room with 
exhaled anesthetic vapors.

For cases in which a neodymium-doped yttrium alu-
minium garnet (Nd:YAG) laser is used, the inspired 
fraction of oxygen should be maintained in the lowest 
acceptable range (i.e., <30% if possible) according to 
patient oxygen saturation, to avoid the potential for fire 
in the airway. Because any common material (including 
porcelain and metal) can be perforated by the Nd:YAG 
laser, it is best to avoid any potentially combustible 

Figure 66-39. Photograph of a ventilating rigid bronchoscope with 
an anesthetic circuit attached to the side arm. This photograph also 
shows a telescopic lens sealing the proximal end of the bronchoscope. 
(From Kaplan J, Slinger P, editors: Thoracic anesthesia, ed 3, Philadelphia, 
2003, Churchill Livingstone.)
substance in the airway when the Nd:YAG laser is used.168 
Because of its high energy and short wavelength, the 
Nd:YAG laser has several advantages for distal airway sur-
gery over the CO2 laser, which is used in upper airway 
surgery. The Nd:YAG laser penetrates tissue more deeply 
so it causes more coagulation in vascular tumors, and it 
can be refracted and passed in fibers through a flexible 
or rigid bronchoscope. However, there is a higher poten-
tial for accidental reflected laser strikes and there is more 
delayed airway edema.

Rigid bronchoscopes have different sizes, commonly 
from 3.5- to 9-mm diameters, with a ventilating side port 
to facilitate ventilation when the bronchoscope is placed 
into the airway. If excessive leak of tidal volume occurs 
around the bronchoscope with positive-pressure ventila-
tion, it may be necessary to place throat packs to facilitate 
ventilation. Continuous communication with the sur-
geon or pulmonologist is necessary in case desaturation 
occurs. If desaturation does occur, it must be corrected 
by stopping surgery and allowing the anesthesiologist to 
ventilate and oxygenate the patient, either via the rigid 
bronchoscope or by removing the bronchoscope and 
ventilating with a mask, LMA, or ETT.

Pulse oximetry is vital during rigid bronchoscopy 
because there is a high risk of desaturation. There is no 
simple way to monitor end-tidal CO2 or volatile anesthet-
ics because the airway remains essentially open to atmo-
sphere. For prolonged procedures, it is useful to perform 
repeated arterial blood gas analysis to confirm the ade-
quacy of ventilation. An alternative is to interrupt surgery 
and ventilate the patient with a standard circuit and a 
mask or ETT to assess the end-tidal CO2.

Unlike during fiberoptic bronchoscopy via an ETT, 
with rigid the bronchoscopy the airway is never com-
pletely secure and there is always the potential for aspira-
tion in patients at increased risk, such as those with a full 
stomach, hiatal hernia, morbid obesity, and so on. It is 
always best to defer rigid bronchoscopy to decrease the 
aspiration risk if possible in these patients. When there 
is no benefit to be gained by deferring and/or the airway 
risk is acute (e.g., aspiration of an obstructing foreign 
body), there is no simple solution and each case will need 
to be managed on an individual basis depending on the 
context and weighing the competing risks.

Other uses of the rigid bronchoscope that require anes-
thesia include dilation for benign airway stenosis, coring-
out of malignant lesions in the trachea, laser ablation of 
endobronchial and carinal tumors, and therapeutic bron-
choscopic interventions before surgical resection of lung 
cancer. In addition, interventional bronchoscopy is often 
used for the management of airway complications after 
lung transplantation.

Complications of rigid bronchoscopy include airway 
perforation, mucosal damage, hemorrhage, postmanipu-
lation airway edema, and potential airway loss at the end 
of the procedure. In some situations, it may be necessary 
to keep the patient intubated with a small (i.e., 6.0-mm 
ID) SLT after a rigid bronchoscopy if an edematous airway 
is suspected or if the patient is not able to be extubated. 
These patients may require the use of steroids, nebulized 
racemic epinephrine, or helium-oxygen mixtures to treat 
stridor in the postoperative period.
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MEDIASTINOSCOPY

Mediastinoscopy is the standard method for the evalua-
tion of mediastinal lymph nodes in the staging of NSCLC. 
In addition, mediastinoscopy is used to aid in the diagno-
sis of anterior/superior mediastinal masses.169 The most 
common mediastinal diagnostic procedure is a cervical 
mediastinoscopy, in which a small transverse incision (2 
to 3 cm) is made in the midline of the lower neck in the 
suprasternal notch. The pretracheal fascial plane is dis-
sected bluntly and the mediastinoscope inserted toward 
the carina. An alternative procedure is a parasternal (or 
anterior) mediastinoscopy with a small incision made 
through the interchondral space or the space of the 
excised second costal cartilage.

Morbidity related to mediastinoscopy ranges from 2% 
to 8%. The most severe complication of mediastinoscopy 
is major hemorrhage, which may require emergent tho-
racotomy. Other potential complications include airway 
obstruction, compression of the innominate artery, pneu-
mothorax, paresis of the recurrent laryngeal, phrenic 
nerve injury, esophageal injury, chylothorax, and air 
embolism.170

Anesthetic Management
For patients undergoing cervical mediastinoscopy, the 
chest radiograph and CT scan should be reviewed for the 
presence of a mass that might obstruct the airway during 
the preoperative evaluation. It is possible to perform medi-
astinoscopy (particularly anterior mediastinoscopy) with 
local anesthesia. This may be an option with an anterior 
mediastinal mass in a cooperative adult with a compro-
mised airway. However, patient coughing or movement 
could result in surgical complications. The majority of 
these patients require general anesthesia with placement 
of an SLT. An arterial line is not necessarily used in these 
cases. However, it is mandatory to monitor the pulse in 
the right arm (pulse oximeter on the right hand, arterial 
line, or anesthesiologist’s finger) because compression of 
the innominate artery by the mediastinoscope may occur 
and the surgeon usually is not aware that this is happen-
ing. The innominate artery supplies blood not only to the 
right arm but also to the right common carotid. Patients 
who do not have good cerebral collateral circulation (it is 
generally not possible to predict who these patients are) 
are at risk for cerebrovascular ischemia with innominate 
compression. A noninvasive blood pressure cuff is placed 
on the left arm to confirm the correct systolic pressure in 
case of suspected innominate compression.

Mild mediastinal hemorrhage may respond to conser-
vative measures: the patient can be placed in the head-up 
position, the systolic pressure kept in the 90s, and tam-
ponading the wound with surgical sponges. However, 
massive hemorrhage requires an emergent sternotomy or 
thoracotomy to stop the bleeding (Box 66-10). A bronchial 
blocker can be passed through the lumen of the existing 
lung isolation device if lung isolation is required because 
it is often difficult to change to a DLT while the surgeon 
is tamponading the wound. An arterial line should be 
placed (if it was not placed previously) to measure arte-
rial blood pressure. If hemorrhage originates from a tear 
in the superior vena cava, volume replacement and drug 
treatment may be lost into the surgical field unless they 
are administered through a peripheral IV catheter placed 
in the lower extremity.

Pneumothorax is an infrequent complication of medi-
astinoscopy. Pneumothorax that occurs intraoperatively 
(as evidenced by increased peak inspiratory pressure, 
tracheal shift, distant breath sounds, hypotension, and 
cyanosis) requires immediate treatment by chest tube 
decompression. All patients must have a chest radiograph 
taken in the postanesthesia care unit after mediastinos-
copy to rule out pneumothorax.

When mediastinoscopy causes injury to the recurrent 
laryngeal nerve, it can be permanent in approximately 50% 
of the cases. If injury to the recurrent laryngeal nerve is 
suspected, the vocal cords should be visualized while the 
patient is spontaneously breathing. If the vocal cords do not 
move or are in a midline position, consideration has to be 
given to the problem of postoperative laryngeal obstruction.

During mediastinoscopy, the tip of the mediasti-
noscope is located intrathoracically and therefore it is 
directly exposed to pleural pressure. A venous air embolus 
can occur if venous bleeding occurs and patients are 
breathing spontaneously because of the development of 
negative intrathoracic pressure during inspiration. Auto-
nomic reflexes may result from compression or stretch-
ing of the trachea, vagus nerve, or great vessels. With an 
uncomplicated mediastinoscopy, the patient can be extu-
bated in the operating room and discharged home the 
same day.

ENDOBRONCHIAL ULTRASOUND– 
GUIDED BIOPSY

Various alternative techniques are available for obtain-
ing pathology specimens from the mediastinal lymph 
nodes. These include CT-guided percutaneous needle 
aspiration, conventional bronchoscopy with transbron-
chial needle aspiration, and endobronchial ultrasound–
guided biopsy. Endobronchial ultrasonography (EBUS) 
using a radial probe through a working channel of the 
flexible fiberoptic bronchoscope can be used to identify 
mediastinal and hilar lymph nodes.171 Under direct EBUS 

 1.  Stop surgery and pack the wound. There is a serious risk that 
the patient will approach the point of hemodynamic collapse 
if the surgery-anesthesia team does not realize soon enough 
that there is a problem.

 2.  Begin the resuscitation and call for help, both anesthetic and 
surgical.

 3.  Obtain large-bore vascular access in the lower limbs.
 4.  Place an arterial line (if not placed at induction).
 5.  Prepare for massive hemorrhage with blood warmers and 

rapid infusers.
 6.  Obtain cross-matched blood in the operating room.
 7.  Place a double-lumen tube or bronchial blocker if the surgeon 

believes that thoracotomy is a possibility.
 8.  Once the patient is stabilized and all preparations are made, 

the surgeon can reexplore the cervical incision.
 9.  Convert to sternotomy or thoracotomy if indicated.

BOX 66-10 Anesthetic Management of 
Mediastinoscopy Hemorrhage
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TABLE 66-10 COMPARISON OF SURGICAL APPROACHES FOR PULMONARY RESECTIONS

Incision Pro Con

Posterolateral thoracotomy Excellent exposure to entire operative 
hemithorax

Postoperative pain with or without 
respiratory dysfunction (short and long 
term)

Lateral muscle-sparing thoracotomy Decreased postoperative pain Increased incidence wound seromas
Anterolateral thoracotomy Better access for laparotomy, resuscitation, 

or contralateral thoracotomy, especially 
in trauma

Limited access to posterior thorax

Axillary thoracotomy Decreased pain
Adequate access for first rib resection, 

sympathectomy, apical blebs, or bullae

Limited exposure

Sternotomy Decreased pain
Bilateral access

Decreased exposure of left lower lobe and 
posterior thoracic structures

Transsternal bilateral thoracotomy 
(“clamshell”)

Good exposure for bilateral lung 
transplantation

Postoperative pain and chest wall 
dysfunction

Video-assisted thoracoscopic surgery or 
robotic surgery

Less postoperative pain and respiratory 
dysfunction

Technically difficult with central tumors and 
chest wall adhesions
guidance with fine-needle aspiration for mediastinal stag-
ing, an ultrasound puncture bronchoscope can be used to 
assist with the safe and accurate diagnostic interventional 
bronchoscopy of the mediastinal and hilar lymph nodes. 
Management of these patients is often done at a satel-
lite location, either in the bronchoscopy facility or a CT 
suite. In general, these patients are managed with topi-
cal anesthesia (aerosolized lidocaine) and conscious seda-
tion (e.g., fentanyl and/or midazolam). EBUS may replace 
mediastinoscopy as the standard method of staging lung 
cancer before resection.

PULMONARY SURGERY

Any given pulmonary resection can be accomplished by 
a variety of different surgical approaches. The approach 
used in an individual case will depend on the interaction 
of several factors that include the site and pathology of 
the lesion(s) and the training and experience of the sur-
gical team. Common thoracic surgical approaches and 
their generally accepted advantages and disadvantages 
are listed in Table 66-10.

MINIMALLY INVASIVE THORACOSCOPIC 
SURGERY

VATS is the procedure of choice for the diagnosis and 
management of diseases of the pleura, nondiagnosed 
peripheral pulmonary nodules, and interstitial lung dis-
ease. Since the start of the modern era of thoracoscopic 
surgery in the early 1990s, VATS has been proposed as a 
less invasive approach than open procedures. Today it is a 
well-accepted and established procedure and has become 
the first-choice technique for lung biopsies, pleurecto-
mies, sympathectomies, and other various pulmonary 
disorders.172

In addition, VATS may be used in a variety of other 
surgical procedures. Some centers routinely perform the 
majority of lobectomies under VATS. The outcomes for 
VATS lobectomy in patients with limited respiratory 
reserve seem superior to that for open thoracotomy. The 
spirometry threshold for increased risk for VATS seems 
to be a ppoFEV1 of 30% versus 40% for open thoracot-
omy (Fig. 66-40); however, it was not possible to define 
a threshold for ppoDLco.173 Other surgeries, such as spi-
nal fusion and scoliosis, have been performed with VATS. 
The advantage of VATS, when compared with open tho-
racotomy, include: (1) reduced hospital length of stay, 
(2) less blood loss if no mishaps occur, (3) less pain, (4) 
improvement in pulmonary function when compared 
with open thoracotomy,174 (5) early patient mobilization 
with early recovery and rapid return to work and daily 
activities, and (6) less inflammatory reaction, as measured 
by cytokine response in patients undergoing VATS lobec-
tomy compared with open thoracotomy.175

VATS lobectomy has been demonstrated to be a safe 
and effective procedure to treat early-stage NSCLC.176 
Thoracoscopic lobectomy is performed with a limited 
number of ports (1-3) and an access incision of approx-
imately 5 cm in length.177 The advantage of the VATS 
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technique is that the ribs are not spread open. VATS pro-
cedures are commonly performed in the lateral decubi-
tus position; however, bilateral VATS procedures, such as 
bilateral wedge resections or lung volume reduction, can 
be performed in the supine position.

Robotic thoracic surgery has been suggested as the log-
ical advancement of VATS because of the perceived better 
three-dimensional vision and increased range of motion 
in the chest for the surgeon with robotic techniques (Fig. 
66-41).178 Important points in anesthetic management 
are outlined in Box 66-11.

ANESTHETIC TECHNIQUE

Thoracoscopic surgery can be performed under local, 
regional, or general anesthesia with OLV or TLV.179 For 
minor diagnostic procedures, VATS can be done in the 
awake patient. Intercostal nerve blocks performed at the 
level of the incision and two interspaces above and below 
provide adequate analgesia. Partial collapse of the lung 
on the side of surgery occurs when air enters the pleu-
ral cavity. When using local anesthesia with the patient 
awake, it is hazardous to insufflate gases under pressure 
into the hemithorax in an attempt to increase visualiza-
tion of the pleural space. Although many patients suf-
fer from advanced pulmonary disease, changes in PaO2, 

Figure 66-41. Robotic surgery. The operating surgeon is on the far 
left, seated at the robot console. Note the limited access to the patient 
for the anesthesiologist after the robot has been docked.

 •  A protocol for rapid emergency undocking (<60 s) of the robot 
must be developed and practiced in advance.

 •  Limit access to the patient. The position of lung isolation 
device needs to be confirmed before docking the robot.

 •  Extensions to monitoring lines and anesthesia circuit may be 
required.

 •  There is an increased need for intrathoracic CO2 insufflation 
with possible venous return and hemodynamic compromise.

 •  Take precautions so that the operating room table cannot be 
moved while the robot is docked.

 •  Potentially prolonged procedures therefore increase risk of 
positional neuropathies; fluid restriction advisable.

BOX 66-11 Anesthetic Considerations for 
Robotic Thoracic Surgery
Paco2, and cardiac rhythm are usually minimal during 
the procedure when it is performed under local anesthe-
sia and the patient is breathing spontaneously.180 How-
ever, it is recommended that a high FiO2 is delivered via 
a facemask to overcome the shunt because of the loss in 
lung volume caused by the unavoidable pneumothorax.

For most invasive procedures, VATS is performed under 
general anesthesia with a DLT or a bronchial blocker to 
achieve OLV. If the procedure is short in duration and the 
lung needs to be deflated for only a brief period, blood 
gases are not routinely monitored during the procedure. 
However, for patients undergoing prolonged VATS pro-
cedures such as lobectomy or for patients with marginal 
pulmonary status, an arterial line and measurement of 
arterial blood gases is required. Paravertebral blocks have 
been used with a single dose of local anesthetic and have 
been shown to reduce pain after thoracoscopic surgery 
for 6 hours.181

Anesthetic complications are rare during this proce-
dure, although it is possible that any structure that the 
surgeon has to manipulate may be damaged. The anes-
thesiologist needs to be aware of the potential for conver-
sion to open thoracotomy if massive bleeding ensues or 
if the surgeon is unable to localize the lung nodule to be 
biopsied. The majority of thoracoscopic surgery requires 
placement of a chest tube postoperatively. It is impor-
tant to have a functional chest tube with underwater seal 
drainage so that extubation can be performed safely.

LOBECTOMY

Lobectomy is the standard operation for the management 
of lung cancer because local recurrence of the tumor is 
reduced compared with lesser resections. Lobectomy is 
commonly performed via open thoracotomy or VATS. 
Sometimes, if the clinical staging of the lung cancer is 
advanced, an elective lobectomy is converted to a bi-
lobectomy (right lung) or pneumonectomy during the 
operation. Although a posterolateral thoracotomy is the 
classic incision for lobectomies, anterolateral and muscle-
sparing lateral incisions have also been used.

Postoperative analgesia is commonly performed with 
TEA or paravertebral analgesia (see Postoperative Analge-
sia later in the chapter). An arterial line for management 
of arterial blood gases and measurement of systemic 
blood pressure is used in all patients requiring an open 
thoracotomy or major VATS surgery. In addition, a large-
bore IV catheter should be placed to facilitate rapid trans-
fusion if necessary. Patients undergoing a lobectomy 
must be kept normothermic and normotensive and have 
an acceptable PaO2 and oxygen saturation, particularly 
during OLV. Patients should have a thermal blanket 
covering the lower extremities to prevent hypothermia 
and its deleterious effects during HPV. After the lobe and 
blood vessels have been dissected, a test maneuver is 
performed with the surgeon clamping the surgical bron-
chus to confirm that the specific lobe is extirpated. This 
maneuver is accomplished by unclamping the limb of the 
DLT connector of the respective side, or in the case of a 
bronchial blocker, by deflating the blocker balloon, and 
reexpanding the lung with manual ventilation. During 
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VATS lobectomy, because of the interference to the surgi-
cal field caused by reinflating the residual lobe, the anes-
thesiologist may be asked to fiberoptically inspect the 
bronchial tree to confirm patency of the bronchus of the 
noninvolved lobe(s). Once the lobectomy has been per-
formed, the bronchial stump is usually tested with 30 cm 
H2O positive pressure in the anesthetic circuit to detect 
the presence of air leaks. A patient undergoing an uncom-
plicated lobectomy can usually be extubated in the oper-
ating room provided preoperative respiratory function 
is adequate (see Preoperative Assessment earlier in the 
chapter) and the patient is alert, warm, and comfortable 
(“AWaC”).

Pancoast tumors are carcinomas of the superior sulcus 
of the lung and can invade and compress local structures 
including the lower brachial plexus, subclavian blood ves-
sels, stellate ganglion (causing Horner syndrome), and 
vertebrae. Lobectomy may require a two-stage procedure 
with an initial operation for posterior instrumentation/ 
stabilization of the spine. During lobectomy, extensive 
chest wall resection may be required and massive transfu-
sion is a possibility. Peripheral lines and monitoring should 
be in the contralateral arm to accommodate the frequent 
compression of the ipsilateral vessels during surgery.

SLEEVE LOBECTOMY

Bronchial sleeve resections are performed for neoplasms 
or benign strictures. Bronchogenic carcinoma is the most 
frequent indication for a sleeve lobectomy, followed by 
carcinoid tumors, endobronchial metastases, primary air-
way tumors, and bronchial adenomas. Sleeve lobectomy 
involving parenchyma-sparing techniques in patients 
with a limited pulmonary reserve, is an alternative proce-
dure for patients who cannot tolerate a pneumonectomy. 
The sleeve technique involves mainstem bronchial resec-
tion without parenchymal involvement and possibly 
resection of pulmonary arteries to avoid pneumonectomy 
(Fig. 66-42).

Patients undergoing sleeve lobectomy require lung 
isolation with a contralateral DLT or endobronchial tube 
(i.e., use a right-sided DLT for a left sleeve lobectomy). 
High-frequency jet ventilation can be used for resections 
done close to the tracheal carina. For a sleeve lobectomy 
involving resectioning of vessels, heparinization is nec-
essary. In these cases, thoracic epidural catheters should 
not be manipulated for 24 hours after heparin adminis-
tration. During pulmonary arterioplasty, uncontrollable 
bleeding may occur. For this reason, large-bore intrave-
nous catheters should be used. Patients undergoing sleeve 
lobectomy are usually extubated in the operating room 
before transfer to the postanesthesia recovery room. 
Immediate and long-term survival is better after sleeve 
lobectomy compared with right pneumonectomy for 
comparable stages of right upper lobe cancer.182

PNEUMONECTOMY

Complete removal of the lung is required when a lobec-
tomy or its modifications is not adequate to remove the 
local disease and/or ipsilateral lymph node metastases. 
Atelectasis and pneumonia occur after pneumonectomy 
as they do after lobectomy, but they may be less of a 
problem because of the absence of residual parenchymal 
dysfunction on the operative side. However, the mortal-
ity rate after pneumonectomy exceeds that for lobectomy 
because of postoperative cardiac complications and acute 
lung injury. The overall operative mortality for the first 
30 days after pneumonectomy ranges from 5% to 13% 
and correlates inversely with the surgical case volume.183 
The risk of complications increases fivefold in patients 
aged 65 and older.184

Thoracotomy for pneumonectomy is usually per-
formed through a standard posterolateral incision. After 
all vessels are stapled, stapling of the bronchus occurs and 
the entire lung is taken from the chest. A test for air leaks 
is generally performed at this point and reconstruction of 
the bronchial stump is completed. The bronchial stump 
should be as short as possible to prevent a pocket for the 
collection of secretions.

There is no consensus among thoracic surgeons on the 
best method of management of the postpneumonectomy 
space. If suction is applied to an empty hemithorax or 
a chest drain is connected to a standard underwater-seal 
system, it may cause a mediastinal shift with hemody-
namic collapse. Some thoracic surgeons do not place a 
chest drain after a pneumonectomy; some thoracic sur-
geons prefer to use a temporary drainage catheter to add 
or remove air. The removal of air, ranging from 0.75 to 

Figure 66-42. Diagram of the surgical procedure for a left upper 
sleeve lobectomy. Airway management is done with a right-sided 
double-lumen endobronchial tube. It will not be possible to position 
an endobronchial tube or bronchial blocker in the ipsilateral mainstem 
bronchus during this procedure.



1.5 L, is necessary to empty the chest and to keep the 
mediastinum and the trachea in the midline (“balanced”). 
Some surgeons place a specifically designed postpneu-
monectomy chest drainage system with both high- and 
low-pressure underwater relief valves to balance the 
mediastinum.185 A chest radiograph is mandatory after 
the patient arrives in the postanesthesia care unit or in 
the surgical intensive care unit to assess the mediastinal 
shift.

The patient scheduled to undergo a pneumonectomy 
is considered at high risk for perioperative morbidity and 
mortality. The placement of large-bore intravenous lines 
is necessary in case blood products need to be adminis-
tered. An invasive arterial line is placed for measurement 
of beat-to-beat blood pressure and to monitor arterial 
blood gases. A CVP catheter is recommended to help 
guide intravascular fluid management and to administer 
vasopressors if needed, specifically in the postoperative 
period.

A major lung resection, such as pneumonectomy, 
decreases ventilatory function and has significant effects 
on right ventricular function.186 Immediately after pneu-
monectomy, the right ventricle may dilate and the right 
ventricular function decreases. Increased right ventricu-
lar afterload is caused by an increase in pulmonary artery 
pressure and pulmonary vascular resistance. This is con-
sidered to be one of the main causes of right ventricular 
dysfunction after a major lung resection.

Management of lung isolation in a pneumonectomy 
patient can be achieved with a DLT, bronchial blocker, or 
SLT. When using a DLT for a pneumonectomy patient, it 
is optimal to use a device that does not interfere with the 
ipsilateral airway (i.e., for a right pneumonectomy use a 
left-sided DLT). If a left-sided DLT or bronchial blocker 
is used for a left pneumonectomy, it must be withdrawn 
before stapling the bronchus to avoid accidental inclu-
sion into the suture line.

Specific areas of concern in the management of the 
patient undergoing pneumonectomy include: (1) fluid 
management, (2) intraoperative tidal volume, and (3) 
acute lung injury post surgery. Fluid administration after 
major lung resection continues to be an issue. In a retro-
spective report by Zeldin and associates,187 the risk factors 
that were identified for the development of acute lung 
injury (“postpneumonectomy pulmonary edema”) were 
a right-sided pneumonectomy, increased perioperative 
IV fluid administration, and increased urine output in 
the postoperative period. A more recent study by Licker 
and colleagues has shown that the excessive administra-
tion of intravenous fluids in thoracic surgical patients 
(more than 3 L in the first 24 hours) is an independent 
risk related to an acute lung injury.188 There is reasonable 
clinical evidence that excessive fluid administration is 
associated with the development of an acute lung injury, 
which has a high mortality rate after pneumonectomy. 
Consequently, pneumonectomy patients should have 
restricted intraoperative fluid administration while pre-
serving renal function. Some cases may require the use of 
inotropes/vasopressors to maintain hemodynamic stabil-
ity while restricting fluids (see Box 66-8).

Respiratory failure is a leading cause of postopera-
tive morbidity and mortality in patients undergoing 
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pneumonectomy. A retrospective report189 involving 
170 pneumonectomy patients showed that patients who 
received median tidal volumes greater than 8 mL/kg had 
a greater risk of respiratory failure in the postoperative 
period after pneumonectomy. In contrast, patients who 
received tidal volumes less than 6 mL/kg were at lower 
risk for respiratory failure. Schilling and colleagues190 
have shown that a tidal volume of 5 mL/kg during OLV 
significantly reduces the inflammatory response to alve-
olar cytokines. Considering these factors, it is prudent 
to use lower tidal volumes (i.e., 5-6 mL/kg ideal body 
weight) in the pneumonectomy patient and limit peak 
and plateau inspiratory pressures (i.e., <35 and 25 cm 
H2O, respectively) during OLV.

The incidence of acute lung injury (postpneumonec-
tomy pulmonary edema) after pneumonectomy is only 
4%. However, the mortality rate is 30% to 50%. The eti-
ology seems multifactorial. One study190 has identified 
four independent risk factors for acute lung injury after 
pulmonary resection: (1) pneumonectomy; (2) excessive 
administration of fluids in the intraoperative period; (3) 
high intraoperative ventilatory pressure index (combined 
airway pressure and time); and (4) preoperative alcohol 
abuse. The incidence of an acute lung injury is greater 
for a right- versus a left-sided pneumonectomy. This may 
be related to the higher postoperative pulmonary artery 
pressures after a right versus a left pneumonectomy (Fig. 
66-43).191 Currently, only symptomatic management 
is appropriate for this lung injury. This includes fluid 
restrictions, diuretic administration, low ventilatory 
pressures and tidal volumes (if mechanical ventilation 
is used), and measures to decrease the pulmonary artery 
pressure. Extracorporeal techniques of ventilatory assist 
may be useful in managing this complication.192

EXTRAPLEURAL PNEUMONECTOMY

Extrapleural pneumonectomy is a therapeutic option for 
selected patients with malignant pleural mesothelioma.193 
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Significant improvement in survival has been achieved 
in patients who have an advanced malignant pleural 
mesothelioma with extrapleural pneumonectomy and 
high-dose radiotherapy in the postoperative period. 
Extrapleural pneumonectomy involves an extensive 
resection that may include lymph nodes, pericardium, 
diaphragm, parietal pleura, and the chest wall. The anes-
thetic management of the extrapleural pneumonectomy 
patient is characterized by significant loss of blood caused 
by chest wall vessel involvement. In these patients, it is 
recommended that a CVP catheter be used to guide intra-
vascular fluid administration and ensure large-bore IV 
access. During tumor dissection, venous return to the 
heart may be compromised owing to multiple factors 
including blood loss, compression effect by the tumor 
in superior vena cava, or surgical causes. If there is an 
excessive loss of blood, it must be replaced to maintain 
an acceptable hematocrit level and the coagulation pro-
file kept within normal limits. Because of extensive tumor 
resection and the potential for a pericardial resection in 
right-sided surgery, cardiac herniation or hemodynamic 
instability can appear postoperatively after the patient is 
turned from the lateral decubitus to the supine position. 
It is common to ventilate these patients for a short period 
postoperatively because of the extended duration of the 
surgery and the large fluid shifts. If a DLT is used intra-
operatively, the DLT is usually replaced at the end of the 
case with an SLT.

SLEEVE PNEUMONECTOMY

Tumors involving the most proximal portions of the 
mainstem bronchus and the carina may require a sleeve 
pneumonectomy. These are most commonly performed 
for right-sided tumors and can usually be performed 
without cardiopulmonary bypass via a right thoracot-
omy. A long SLT can be advanced across into the left 
mainstem bronchus during the period of tracheo-bron-
chial anastomosis. High-frequency positive-pressure 
ventilation (HFPPV) has also been used for this proce-
dure and the combined use of HFPPV and a DLT has 
been described.194 Because the carina is surgically more 
accessible from the right side, left sleeve pneumonec-
tomies are commonly performed as a two-stage opera-
tion. First is a left thoracotomy and pneumonectomy, 
and a right thoracotomy for the carinal excision follows. 
The complication and mortality rates are higher, and 
the 5-year survival (20%) is significantly lower than for 
other pulmonary resections. Postpneumonectomy pul-
monary edema is particularly a problem after right sleeve 
pneumonectomy.

LIMITED PULMONARY RESECTIONS: 
SEGMENTECTOMY AND WEDGE 
RESECTION

A limited pulmonary resection is one in which less than 
a complete lobe is removed. The two procedures fitting 
this definition are segmentectomy and wedge resection. Seg-
mentectomy is an anatomic pulmonary resection of the 
pulmonary artery, vein, bronchus, and parenchyma of a 
particular segment of the lung. Segmentectomy is usu-
ally performed as surgical therapy for patients with pri-
mary lung cancer and limited cardiorespiratory reserves. 
In contrast, a wedge resection is a nonanatomic removal 
of a portion of the lung parenchyma with a 1.5- to 2.0-
cm margin and can be accomplished by open thora-
cotomy or VATS. Wedge resections are most commonly 
performed for diagnosis of lung lesions with unknown 
histology or for palliation in patients with metastatic 
lesions in the lungs from distant primary tumors. Lung 
cancers that are considered for limited resection are usu-
ally smaller than 3 cm and are located in the periphery 
of the lung with regional lymph nodes free of metastatic 
cancer.

A group of patients considered for limited pulmo-
nary resection are those who develop a new primary 
lesion after a previous lobectomy or pneumonectomy. 
The patient with compromised lung function presents a 
greater risk in the intraoperative period (hypoxemia dur-
ing OLV or prolonged intubation after surgery). Cerfolio 
and associates195 reported that lung cancer patients with 
compromised pulmonary function can safely undergo 
limited pulmonary resection if selected appropriately. 
Segmentectomies and wedge resections can be performed 
with any of the standard thoracotomy or VATS incisions. 
Segments that are most commonly resected are in the 
upper lobes or the superior segments of the lower lobes.

Anesthetic technique and monitoring are essentially 
the same as for larger pulmonary resections. To facili-
tate surgical exposure and achieve OLV, it is necessary 
to use either a DLT or a bronchial blocker. If the patient 
had a previous contralateral lobectomy or a pneumonec-
tomy, selective lobar collapse with the use of a bronchial 
blocker will facilitate surgical exposure while maintain-
ing oxygenation. In selected cases, the combined use of 
a DLT and a bronchial blocker will allow selective lobar 
collapse/ventilation in the ipsilateral lung.196 It is very 
important to use low tidal volumes (i.e., 3-5 mL/kg) dur-
ing selective lobar ventilation, particularly in patients 
with previous pneumonectomy to prevent overinflation 
in the remaining lobes.

Segmentectomy plays a significant role in the manage-
ment of patients with a second primary lung cancer. Many 
of these patients have previously undergone thoracic sur-
gery, including previous lobectomy or pneumonectomy; 
therefore the potential for increased intraoperative bleed-
ing is always a risk. In addition, because many of these 
patients have compromised lung function, early extuba-
tion may not be feasible. A common complication after 
surgery is an air leak. Chest tubes are placed to maximize 
postoperative expansion and minimize space complica-
tions. Suction and underwater-seal chest drainage is used 
in the postoperative period.

ANESTHETIC MANAGEMENT FOR SPECIFIC 
SURGICAL PROCEDURES

ESOPHAGEAL SURGERY

Esophageal surgery is performed for both malignant and 
benign disease and may be curative or palliative. General 



considerations that apply to almost all esophageal sur-
gery patients include an increased risk of aspiration 
caused by esophageal dysfunction and the possibility of 
malnutrition.

Esophagectomy
Esophagectomy is a palliative and potentially curative 
treatment for esophageal cancer and may occasionally 
be required for some benign obstructive lesions that 
do not respond to conservative therapy. It is a major 
surgical procedure and is associated with high morbid-
ity and mortality rates (10%-15%). There is an inverse 
correlation between perioperative mortality and surgi-
cal volume, and the cure rate of esophageal cancer with 
esophagectomy is between 10% and 50%. There are mul-
tiple surgical procedures for esophageal cancer (Table 
66-11) that combine some or all of three fundamental 
approaches: (1) a transthoracic approach, (2) a transhia-
tal approach, and (3) minimally invasive surgery (lapa-
roscopic/thoracoscopic or robotic esophagectomy).197 
The incidence of respiratory complications has been 
reported to be between 18% and 26% for both the trans-
thoracic and transhiatal esophagectomy approaches.198 
One study showed that the development of acute respi-
ratory distress syndrome occurred in 14.5% of patients 
and acute lung injury occurred in 24%.199 Complications 
associated with the gastroesophageal anastomosis are: 
anastomotic leakage/dehiscence (5%-26%) and stenosis 
(12%-40%). Outcomes are improved with a multimodal 
anesthetic management protocol using fluid restriction, 
early extubation, thoracic epidural analgesia, and vaso-
pressor/inotrope infusions to support blood pressure.200 
Hypotension decreases the blood flow to the esophago-
gastric anastomosis. The use of vasopressors or inotropes, 
in normovolemic patients, restores the systemic pressure 
and the anastomotic blood flow.201 Fluid management 
for esophageal surgery is essentially the same as for pul-
monary resection surgery.
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transthoracic aPProach. Transthoracic esophagectomy 
is commonly a two-phase procedure. The first phase 
involves a laparotomy performed with the patient in 
the supine position and the creation of a neoesophagus 
tube using the stomach. The second phase involves a 
right-sided thoracotomy in the left lateral position and 
esophageal reconstruction through the thoracic route. 
Some surgeons may perform this procedure through an 
extended left thoracoabdominal incision.

The anesthetic management for these patients 
includes the use of standard monitors, an invasive arte-
rial line, and a CVP catheter to accommodate the large 
fluid shifts. Access to the right internal jugular is not a 
problem, but there is always the possibility of a surgical 
esophageal anastomosis in the left neck contraindicat-
ing access to the left internal jugular. A thoracic epi-
dural catheter is usually placed to provide postoperative 
analgesia. Because of the wide number of dermatomes 
that must be covered for both incisions by the epidural 
infusion, it is best to use hydrophilic opioids (such as 
hydromorphone) in combination with local anesthetics 
in preference to lipophilic opioids. Most patients with an 
esophageal carcinoma have gastric reflux; for this reason, 
precautions (including a rapid-sequence induction with 
cricoid pressure) should be taken to protect the airway 
against aspiration.

During the second phase (right thoracotomy), a left-
sided DLT or a right-sided bronchial blocker is required to 
facilitate lung collapse. Because esophagectomy requires 
a prolonged period of OLV, this procedure is marked 
by an important inflammatory response. Michelet and 
colleagues202 have shown that the use of protective 
ventilatory strategies during OLV decreases the proinflam-
matory systemic response. This decreased response can 
be achieved by delivering 5 mL/kg of tidal volume and a 
PEEP of 5 cm H2O to the dependent lung, instead of the 9 
mL/kg of tidal volume that is conventionally used during 
esophagectomy.
TABLE 66-11 SURGICAL APPROACHES FOR ESOPHAGECTOMY AND ESOPHAGOGASTRECTOMY

Surgery Incisions Anesthetic Considerations

Laparotomy and right thoracotomy  
(“Ivor Lewis”)

Two incisions: upper abdominal midline, 
right thoracotomy at ≈5th or 6th 
intercostal space

One-lung ventilation necessary
Repositioning of patient intraoperatively 

from supine to right lateral
Transhiatal (“Orringer”)
(lower-third lesions; may be used for  

mid-third in some centers)

Two incisions: upper abdominal midline and 
left neck

Hemodynamic instability from cardiac 
compression during blunt intrathoracic 
dissection

Possibility of occult perforation of 
tracheobronchial tree during blunt 
dissection (leave endotracheal tube uncut 
in case of need to advance into bronchus)

No vascular access in left neck
Left thoracoabdominal
(lower esophageal lesions only)

One incision: left lateral thoracotomy 
extended to left upper lateral abdominal

One-lung ventilation desirable

Combined chest, abdominal, and neck 
(“three hole”; upper and mid esophageal 
lesions)

Three incisions: right thoracotomy, 
laparotomy, left neck

One-lung ventilation necessary
Repositioning lateral to supine 

intraoperatively
No vascular access in left neck

Thoracoscopy plus laparotomy or 
laparoscopy

One or two incisions plus video port access 
Thoracoscopy to avoid blunt dissection in 
chest; neck incision at end

One-lung ventilation necessary
Potentially prolonged surgery
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Manipulation of the esophagus during thoracotomy 
may compromise venous return, which can cause hypo-
tensive episodes. Early extubation in the operating room 
is encouraged if the patient meets the standard criteria for 
extubation. If extubation is not possible, the DLT should 
be replaced with an SLT and mechanical ventilation used 
in the postoperative period.

transhiatal aPProach. Airway management is done 
with an SLT. Apart from this, anesthetic management is 
essentially the same as for a transthoracic approach. Of 
special concern is that the blunt/blind manual dissec-
tion of the thoracic esophagus by the surgeon through 
the hiatus during this approach is often associated with 
cardiac compression and sudden severe hypotension. In 
addition, this blind dissection can cause vascular or distal 
airway injuries if the tumor is adherent.203 It is good prac-
tice to not cut the endotracheal tube for this procedure 
in case of surgical perforation of the trachea or bronchus 
necessitating advancement of the endotracheal tube into 
a mainstem bronchus for emergent OLV.

MiniMally inVasiVe aPProach. Minimally invasive 
esophagectomy involves the use of laparoscopic, thoraco-
scopic, or robotic surgical approaches. For a laparoscopic 
approach, distention of the peritoneum may produce 
hemodynamic changes because of the intragastric pres-
sure generated by carbon dioxide insufflation. In these 
cases, it is important to adjust ventilatory parameters to 
achieve an optimal Paco2. For the thoracoscopic approach, 
a left-sided DLT or a bronchial blocker is required. Dur-
ing robotic surgery, the use of a lung isolation device 
is required to achieve OLV. Special considerations for 
robotic surgery include protecting the patients against 
any injury related to the robot and not moving the oper-
ating room table while the robot is being used. The thora-
coscopic-assisted esophagectomy has several advantages 
including less blood loss, less pain, and a shorter length 
of hospitalization. This method does, however, require a 
prolonged duration of surgery.

All patients undergoing esophagectomy require a 
nasogastric tube, which must be well-secured at the end 
of the operation. Respiratory complications, including 
the development of an acute lung injury, may be pres-
ent after an esophagectomy. Intrathoracic anastomotic 
leakage is a feared major complication after esophageal 
surgery and carries a high mortality rate of 4% to 30%.204 
To treat this potential complication, nasogastric decom-
pression and nutritional support should be used. Severe 
leakage usually occurs in the early postoperative period as 
a consequence of gastric necrosis, and it may present with 
respiratory symptoms and signs of shock. Even though 
there is a very high mortality rate, prompt surgical inter-
vention is recommended. Patients older than 80 years 
have an increased risk of mortality after esophagectomy, 
independent of comorbidity.205

Esophageal Surgery for Benign Disease
hiatal hernia. Although most patients with gastro-
esophageal reflux have a hiatal hernia, most patients with 
a hiatal hernia do not have significant reflux.206 Patients 
with heartburn have a lowered barrier pressure and may 
be at increased risk for regurgitation of gastric contents. 
Two types of hiatal hernia have been described. Type I 
hernias, also called “sliding hernias,” make up approxi-
mately 90% of esophageal hiatal hernias. In this type, 
the esophagogastric junction and fundus of the stom-
ach have herniated axially through the esophageal hia-
tus into the thorax (Fig. 66-44). The term sliding refers to 
the presence of a sac of parietal peritoneum. The lower 
esophageal sphincter is cephalad to the diaphragm and 
may not respond appropriately to increased abdominal 
pressure. Thus a reduced barrier pressure during cough-
ing or breathing leads to regurgitation. The type II or 
“paraesophageal hiatal hernia,” is characterized by por-
tions of the stomach herniating into the thorax next to 
the esophagus. In the presence of a type II hernia, the 
esophagogastric junction is still located in the abdomen. 
The most common complications from type II hernias are 
blood loss, anemia, and gastric volvulus.

The goal of surgical repair of a sliding hernia is to 
obtain competence of the gastroesophageal junction. 
Because restoration of the normal anatomy is not always 
successful in preventing subsequent reflux, several antire-
flux operations have been developed, such as the Nissen 
fundoplication. Repair of a hiatal hernia can be per-
formed via a thoracotomy or laparotomy, or minimally 
invasively.

Benign esoPhageal stricture. Chronic reflux of acidic 
gastric contents can lead to ulceration, inflammation, 
and eventually stricture of the esophagus. The pathologic 

Figure 66-44. Chest radiograph of a patient with a hiatal hernia and 
a dilated intrathoracic stomach, scheduled for hiatal hernia repair via a 
left thoracotomy. An air-fluid level can be seen in the stomach behind 
the heart. These patients are at high risk for aspiration on induction 
of anesthesia.
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changes are reversible if the acidic gastric contents cease 
their contact with the esophageal mucosa. Surgery may 
be necessary if medical treatment and dilatations are 
inadequate. There are two types of surgical repair, both 
of which are usually approached via a left thoracoab-
dominal incision. Gastroplasty after esophageal dilata-
tion interposes the fundus of the stomach between the 
esophageal mucosa and the acidic milieu of the stomach. 
The remaining fundus may be sewn to the lower esopha-
gus to create a valvelike effect. The second type of repair 
is resection of the stricture and the creation of a thoracic 
end-to-side esophagogastrostomy. Vagotomy and antrec-
tomy are performed to eliminate stomach acidity, and a 
Roux-en-Y gastric drainage procedure is performed to pre-
vent alkaline intestinal reflux.

esoPhageal Perforation and ruPture. There are mul-
tiple causes of esophageal perforation, including for-
eign bodies, endoscopy, bougienage, traumatic tracheal 
intubation, gastric tubes, and oropharyngeal suctioning. 
Iatrogenic causes are the most common, with upper gas-
trointestinal endoscopy being the most frequent cause. A 
rupture is a burst injury often caused by uncoordinated 
vomiting, straining associated with weight-lifting, child-
birth, defecation, and crush injuries to the chest and 
abdomen. The rupture is usually located within 2 cm of 
the gastroesophageal junction on the left side. Rupture is 
the result of a sudden increase in abdominal pressure with 
a relaxed lower esophageal sphincter and an obstructed 
esophageal inlet. In contrast to a perforation, in the pres-
ence of a rupture, the stomach contents enter the medi-
astinum under high pressure and the patient becomes 
symptomatic much more abruptly.

In addition to chest and/or back pain, patients with 
intrathoracic esophageal perforation or rupture may 
develop hypotension, diaphoresis, tachypnea, cyanosis, 
emphysema, and hydrothorax or hydropneumothorax.207 
Radiologic studies may reveal subcutaneous emphysema, 
pneumomediastinum, widening of the mediastinum, 
pleural effusion, and pneumoperitoneium. Minor per-
forations can in some cases be managed conservatively. 
Major injuries will rapidly develop mediastinitis and sep-
sis if not treated surgically, so repair and drainage is an 
emergency procedure usually performed via a left or right 
thoracotomy.

achalasia. Achalasia is a disorder in which there is a lack 
of peristalsis of the esophagus and a failure of the lower 
esophageal sphincter to relax in response to swallowing. 
Clinically, the patients have esophageal distention that 
may lead to chronic regurgitation and aspiration. The 
goal of treatment is to alleviate the distal obstruction. 
This can be done by either esophageal dilatation or by 
surgery. Dilatation, which carries with it the risk of per-
foration, can be achieved by mechanical, hydrostatic, or 
pneumatic means. The surgical repair consists of a Heller 
myotomy, which is an incision through the circular 
muscle of the esophagogastric junction. The myotomy 
is often combined with a hiatal hernia repair to prevent 
subsequent reflux. This can be performed via thoracot-
omy, laparotomy, or laparoscopy.208 The Dor operation 
is a modification of the Heller procedure in which a stent 
is inserted into the muscular defect created by the myot-
omy to prevent muscular reapposition and thus recurrent 
dysphagia.209

esoPhagoresPiratory tract fistula. Esophagorespi-
ratory tract fistula in an adult is most often a result of 
malignancy. Sometimes the fistula is benign and may be 
caused by injury from a tracheal tube, trauma, or inflam-
mation. Of the malignant fistulas, approximately 85% are 
secondary to esophageal cancer. In contrast to the pedi-
atric patient with esophagorespiratory tract fistula, which 
usually connects the distal esophagus to the posterior tra-
cheal wall, these fistulas may connect to any part of the 
respiratory tract.210 In most cases, the fistula can be seen 
on esophagoscopy or bronchoscopy. In malignant cases, 
the goal of surgery is usually palliation. The technique of 
lung isolation will depend on the location of the fistula. 
One option in adults with a distal tracheal fistula is the 
use of bilateral small (5-6 mm ID) endobronchial tubes.211

Zenker diVerticuluM. Zenker diverticulum is actually 
a diverticulum of the lower pharynx that arises from a 
weakness at the junction of the thyropharyngeus and cri-
copharyngeus muscles just proximal to the esophagus. It is 
commonly considered an esophageal lesion because of its 
proximity to the upper esophagus and because the under-
lying cause may be a failure of relaxation of the upper 
esophageal sphincter during swallowing. Early symp-
toms may be nonspecific such as dysphagia or complaints 
of food being stuck in the throat. As the diverticulum 
enlarges, patients describe noisy swallowing, regurgita-
tion of undigested food, and coughing spells while supine. 
Recurrent aspiration and pneumonia may develop.

The major concern for anesthesia is the possibility of 
aspiration on induction of general anesthesia for exci-
sion of the diverticulum.212 Even prolonged fasting does 
not ensure that the diverticulum will be empty. The best 
method to empty the diverticulum is to have the patient 
express and regurgitate the contents immediately before 
induction. Many of these patients will be used to doing 
this on a regular basis at home. Because the diverticulum 
orifice is almost always above the level of the cricoid car-
tilage, cricoid pressure during a rapid-sequence induction 
does not prevent aspiration and may contribute to aspira-
tion by causing the sac to empty into the pharynx. Surgical 
excision is usually done through a lower left neck incision.

The safest method of managing the airway for these 
patients may be awake fiberoptic intubation. However, 
intubation has been managed without incident using a 
modified rapid-sequence induction without cricoid pres-
sure and with the patient supine and in a head-up posi-
tion of 20 to 30 degrees. Other considerations in these 
patients include the possibility of perforation of the 
diverticulum when passing an orogastric or nasogastic 
tube or an esophageal bougie.

ANESTHESIA FOR TRACHEAL RESECTION

Tracheal resection and reconstruction is indicated in 
patients who have a tracheal obstruction as a result 
of a tracheal tumor, previous tracheal trauma (most 
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commonly because of postintubation stenosis), congeni-
tal anomalies, vascular lesions, and tracheomalacia. For 
patients who have operable tumors, approximately 80% 
undergo segmental resection with primary anastomosis, 
10% undergo segmental resection with prosthetic recon-
struction, and the remaining 10% undergo placement of 
a T-tube stent.

Diagnostic studies are reviewed as part of the preopera-
tive evaluation. The CT scan is a useful diagnostic tool 
to evaluate the degree, level, and length of the lesion. 
Bronchoscopy is one of the definitive diagnostic tests for 
tracheal obstruction. Bronchoscopy for a patient with 
tracheal stenosis should be carried out in the operating 
room where the surgical and anesthesia teams are present 
and ready to intervene should loss of airway occur. An 
advantage of rigid bronchoscopy over flexible bronchos-
copy is that it can bypass the obstruction and provide a 
ventilation pathway if complete obstruction occurs. Dur-
ing surgery, all patients should have an invasive arterial 
catheter placed to facilitate measurement of arterial blood 
gases, as well as to measure arterial blood pressure. CVP 
catheters are only used if the patient requires cardiopul-
monary bypass (CPB).

A variety of methods for providing adequate oxygen-
ation and elimination of CO2 have been used during 
tracheal resection. The different alternatives include (1) 
standard orotracheal intubation, (2) insertion of a sterile 
SLT into the opened trachea or bronchus distal to the area 
of resection, (3) high-frequency jet ventilation (HFJV) 
through the stenotic area, (4) high-frequency positive-
pressure ventilation (HFPPV), and (5) the use of CPB.

Induction of anesthesia in patients with a compro-
mised airway requires good communication between 
the surgical team and the anesthesiologist. The surgeon 
should always be in the operating room during induc-
tion and available to manage a surgical airway if this 
becomes necessary.213 A rigid bronchoscope must be 
immediately available. The patient should be thoroughly 
preoxygenated with 100% oxygen before induction. The 
airways of patients with congenital or acquired tracheal 
stenosis are unlikely to collapse during induction of anes-
thesia. However, intratracheal masses may lead to airway 
obstruction with induction of anesthesia and should be 
managed similarly to anterior mediastinal masses (dis-
cussed later). One airway management technique is to 
begin the case with rigid bronchoscopy and tracheal dila-
tion and then to pass an SLT through the stenosis. This 
tube is withdrawn into the proximal trachea once the dis-
tal trachea is opened and a second sterile SLT is placed 
into the distal trachea by the surgeon. Ventilation is done 
via a sterile anesthetic circuit passed across the drapes 
into the surgical field. With a low tracheal lesion, a right 
thoracotomy provides the optimal surgical exposure. A 
sterile SLT is used to provide ventilation to the lung distal 
to the resection. After the posterior anastomosis is com-
pleted, the endobronchial tube is removed and the origi-
nal SLT is advanced past the site of resection (Fig. 66-45). 
This technique can also be used for carinal resection.

A third technique for airway management during 
tracheal resection includes HFJV through a small-bore 
endotracheal tube or catheter.214 With this technique, 
a small-bore uncuffed catheter is placed through the 
stenotic area, and ventilation is accomplished by inter-
mittently exposing the lung to a high flow of fresh gas 
through the catheter. Other techniques that have been 
used for oxygenation during distal airway resections 
include HFPPV, helium-oxygen mixtures, and CPB.

After the tracheal resection is completed, most patients 
are kept in a position of neck flexion to reduce tension 
on the suture line. Replacement of the SLT by an LMA for 
emergence facilitates bronchoscopy if required. A thick 
chin-sternum suture may be placed for several days to 
maintain neck flexion, or a cervical splint may be used.215 
A T-tube with the upper limb 0.5 to 1 cm above the 
vocal cords may be inserted at the end of surgery in cases 
where glottic edema is a concern, or for patients requiring 
A B C D
Figure 66-45. Airway management and surgical procedure for resection of a low tracheal lesion. A, Initial intubation above the lesion. B, Left 
endobronchial intubation distal to the lesion after the trachea has been opened. C, Placement of sutures for the posterior anastomosis. D, The 
endobronchial tube has been removed, and the original endotracheal tube has been advanced distal to the anterior anastomosis into an endo-
bronchial position. (Modified from Geffin B, Bland J, Grillo HC: Anesthetic management of tracheal resection and reconstruction, Anesth Analg 48:884, 
1969.)
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ventilatory support. If a tracheostomy is performed, it 
will be done distal to the anastomosis. Early extubation 
is highly desirable. If a patient requires reintubation, it 
should be performed with a flexible fiberoptic broncho-
scope by advancing an SLT under direct vision over the 
bronchoscope and then placing it in the patient’s trachea. 
The patient is kept in a head-up position to diminish 
swelling. Steroids may be useful in these cases to decrease 
airway edema.

One of the complications in the postoperative period 
is tetraplegia, with hyperflexion of the neck having been 
implicated as a potential cause. In these cases, it is neces-
sary to cut the chin stitch. An infusion of propofol and 
remifentanil, with fiberoptic bronchoscopy guidance and 
full patient cooperation, can aid extubation.216

BRONCHIECTASIS/LUNG ABSCESS/
EMPYEMA

Bronchiectasis is a disease that causes localized, irrevers-
ible dilatation of part of the bronchial tree. Involved 
bronchi are inflamed and easily collapsible, resulting 
in airflow obstruction and impaired clearance of secre-
tions. Bronchiectasis is associated with a wide range of 
disorders, but it usually results from necrotizing bacterial 
infections. Bronchiectasis may require surgery if it causes 
hemoptysis or recurrent pneumonia. An abscess is a non-
anatomic area of liquefactive necrosis of the lung, often 
distal to an obstruction or after a bout of pneumonia (Fig. 
66-46). An empyema is a collection of pus between the 
visceral and parietal pleural layers, often a complication 
of pneumonia or surgery. Empyema complicating lung 
resections occurs in 2% to 16% of cases and with a 40% 
increase in the associated perioperative mortality rate. 
Mortality further increases when the empyema is associ-
ated with a bronchopleural fistula. Surgical interventions 

Figure 66-46. Computed tomographic scan of a patient with a lung 
abscess distal to an obstructing carcinoma of the right upper lobe. The 
diagnostic thick wall of the abscess and the air-fluid level can be appre-
ciated in the right upper thorax. These patients are at risk for soiling 
of uncontaminated lung regions during repositioning for surgery from 
pus in the abscess. The optimal method of lung isolation is with a 
double-lumen endobronchial tube.
for patients with empyema include: decortication (the 
method of choice when the underlying lung is unable to 
expand because of a thick inflammatory coat) or open-
window thoracostomy (the ideal method for drain-
age of the pleural cavity to control septic symptoms in 
patients with postpulmonary resection empyema).217 In 
less severe cases, tube drainage, antibiotic irrigation, and 
debridement may be sufficient.

All of these infective indications for thoracic surgery 
are less common in the developed world since the intro-
duction of antibiotics. Anesthetic considerations during 
surgery for these infective indications include the need 
for lung isolation to protect uninvolved lung regions 
from soiling by pus in the infected areas. The risk of soil-
ing occurs if the patient is repositioned for surgery after 
induction of anesthesia before the lung is adequately 
isolated. Because of the inflammation, surgery is techni-
cally more difficult and there is a greater risk of massive 
hemorrhage.

Anesthetic Management
Some of these patients may present with sepsis at the 
time of surgery. In these patients, the placement of a tho-
racic epidural catheter is not recommended. They require 
lung isolation, preferably with a DLT. The DLT facilitates 
suctioning of debris and copious secretions that are pres-
ent in the tracheobronchial tree. Patients undergoing a 
decortication may have massive blood loss. If the lung 
has been chronically collapsed, expansion should be 
done gradually to avoid the development of pulmonary 
edema upon reexpansion. Extubation in the operating 
room is encouraged if the patient meets the standard cri-
teria for extubation.

BRONCHOPLEURAL FISTULA

A bronchopleural fistula may be caused by (1) rupture of a 
lung abscess, bronchus, bulla, cyst, or parenchymal tissue 
into the pleural space; (2) the erosion of a bronchus by 
carcinoma or chronic inflammatory disease; or (3) stump 
dehiscence of a bronchial suture line after pulmonary 
resection. Pneumonectomy patients have an incidence of 
bronchopleural fistula ranging from 2% to 11%,218 with a 
mortality ranging from 5% to 70%.

The diagnosis of bronchopleural fistula is usually 
made clinically. After pneumonectomy, the diagnosis 
is based on the sudden onset of dyspnea, subcutaneous 
emphysema, contralateral deviation of the trachea, and 
a decrease of fluid level on serial radiographs of the chest 
(Fig. 66-47). In lobectomy patients, persistent air leak, 
purulent drainage, and expectoration of purulent mate-
rial are usually diagnostic indicators of a bronchopleural 
fistula. When the fistula appears after removal of a chest 
tube, the diagnosis of bronchopleural fistula is made on 
the basis of fever, purulent sputum, and a new air-fluid 
level in the pleural cavity on the chest radiograph.

The diagnosis is confirmed by bronchoscopic exami-
nation. In addition, bronchography and sinograms of 
the fistula may be used to confirm the diagnosis. Other 
diagnostic methods include the injection of an indica-
tor, such as methylene blue, into the pleural space and 
subsequent recovery of the indicator from sputum. 
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A B C

Figure 66-47. A, Chest radiograph of a patient immediately postoperatively after a right pneumonectomy. B, The same patient on postopera-
tive day 6. This is a normal postpneumonectomy film. The right hemithorax is gradually filling with serous fluid. C, The same patient on postopera-
tive day 7. The patient had the sudden onset of severe dyspnea, desaturation, and coughing. The chest radiograph reveals a decrease in the fluid 
level in the right hemithorax. This is diagnostic of a bronchopleural fistula caused by the dehiscence of the bronchial stump.
Accumulation of radionuclide in the pleural space after 
inhalation of xenon or a mixture of O2 and N2O to detect 
the presence of a bronchopleural fistula can also be used 
as indicators.219

If the disruption occurs early in postpneumonectomy 
patients it can be life threatening and it is possible to 
resuture the stump. Late or chronic postpneumonectomy 
bronchial disruption is managed with drainage or with 
the Clagett procedure, which includes open pleural drain-
age and the use of a muscle flap to reinforce the bronchial 
stump. In nonpneumonectomy cases, if the lung expands 
to fill the thoracic cavity, the air leak can usually be con-
trolled with chest tube drainage alone. However, if the 
fistula is large and a significant leak through a large per-
sistent pleural space occurs, it is unlikely that the fistula 
will close, and surgical resection is necessary

Anesthetic Management
The patient with a bronchopleural fistula presents several 
intraoperative challenges for the anesthesiologist, includ-
ing: (1) the need for lung isolation to protect healthy lung 
regions, (2) the possibility of tension pneumothorax with 
positive-pressure ventilation, and (3) the possibility of 
inadequate ventilation caused by air-leak from the fistula.

Preoperatively, it is useful to estimate the loss of 
tidal volume through the bronchopleural fistula, which 
may be done in two ways. First, one should determine 
whether air bubbles flow intermittently or continuously 
through the chest tube. If air bubbles flow intermittently, 
then the fistula is small. In contrast, when a patient has 
a large bronchopleural fistula or bronchial rupture, air 
will bubble continuously through the water-seal cham-
ber of the chest tube drainage system. Second, the size 
of the bronchopleural fistula may be quantified by the 
difference between inhaled and exhaled tidal volumes. In 
a nonintubated patient, this may be determined with a 
tight-fitting mask and a fast-responding spirometer. In an 
intubated patient, it is determined by direct attachment 
of the spirometer to the endotracheal tube. The larger the 
air leak, the greater the need to isolate the bronchopleural 
fistula with the use of a lung isolation device (a DLT or an 
independent bronchial blocker).

Several nonsurgical approaches (i.e., the use of vari-
ous mechanical ventilation–chest tube drainage systems) 
have been used for the treatment of patients with a bron-
chopleural fistula. These approaches consist of OLV and 
differential lung ventilation, including HFV, PEEP to the 
pleural cavity equal to intrathoracic PEEP, and unidirec-
tional chest tube values. One-way endobronchial valves 
have been used successfully in patients with broncho-
pleural fistula who were considered unfit for surgery.220

For patients undergoing operative repair, the ability to 
adequately deliver positive-pressure ventilation intraop-
eratively must be carefully considered before surgery. A 
chest drain should be placed before induction to avoid 
the possibility of tension pneumothorax with positive-
pressure ventilation. A DLT is the best choice for deliv-
ering positive-pressure ventilation. The DLT can provide 
positive-pressure ventilation to the normal lung without 
loss of minute ventilation through the fistula and prevent 
the hazard of contamination of the uninfected lung with 
infected material when the patient is turned to the lateral 
decubitus position.

The safest method of obtaining lung isolation is 
awake fiberoptic intubation with a DLT.221 However, 
this requires a cooperative patient and excellent topical 
anesthesia and is often not an option. Another option 
is to maintain spontaneous ventilation during induction 
and intubation until lung isolation is secured. This avoids 
the possibility of inadequate positive-pressure ventila-
tion because of air-leak but is not well tolerated in older 
patients with significant comorbidity. If the patient has 
a postpneumonectomy fistula, the DLT or SLT must be 
guided under direct vision with the assistance fiberoptic 
bronchoscopy, and the tip of the endobronchial lumen 
should be placed in the noninvolved lung (i.e., for right-
sided fistula, use a left-sided tube). Whatever anesthetic 
technique is used, the principle of anesthetic manage-
ment for a bronchopleural fistula is: lung isolation before 
positive-pressure ventilation or repositioning the patient.

One option to avoid instrumentation of the airway in 
patients with bronchopleural fistula after pneumonec-
tomy is the use of thoracic epidural anesthesia with intra-
venous sedation during minimally invasive surgery.222 
An alternative method of ventilating patients with mul-
tiple bronchopleural fistulas is the use of high-frequency 
oscillatory ventilation with permissive hypercapnia. This 
avoids barotrauma to the nonoperative lung, decreases 
bronchopleural fistula air-leak, and optimizes the oper-
ative outcome.223 The advantage of high-frequency 
oscillatory ventilation over conventional mechanical 
ventilation is that it uses lower peak airway pressure and 
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higher minimum airway pressure and may decrease the 
air-leak across the fistula. Early extubation in the operat-
ing room should be considered in all patients undergoing 
fistula repair to avoid barotrauma to the surgical stump 
from positive-pressure ventilation in the postoperative 
period.

BLEBS, BULLAE, CYSTS, AND 
PNEUMATOCELES

BLEBS

A bleb is a subpleural collection of air under the visceral 
pleura caused by a ruptured alveolus. The air dissects 
through the pulmonary parenchyma and enlarges to 
form a bubble on the surface of the lung. Blebs most com-
monly occur at the apices of the lung and can rupture into 
the interpleural space, causing a pneumothorax. A single 
episode of spontaneous pneumothorax is usually treated 
conservatively with chest tube drainage until the air-leak 
has stopped. Resection of blebs is commonly indicated 
for recurrent pneumothoraces, bilateral pneumothoraces, 
or prolonged chest tube drainage. Resection of blebs after 
a single pneumothorax may be indicated if the patient’s 
occupation exposes them to significant rapid fluctuations 
in atmospheric pressure (e.g., flight crews or scuba div-
ers). Resection is most commonly combined with a proce-
dure to obliterate the pleural space by partial pleurectomy 
or pleural abrasion. Resection of blebs is most often per-
formed by VATS. Although VATS procedures per se are 
generally associated with a limited need for postoperative 
analgesia, pleurectomy or abrasion is very painful.

BULLAE

Bullae are thin-walled, air-filled intraparenchymal lung 
spaces caused by the loss of alveolar structural tissue (Fig. 
66-48). These are usually associated with emphysema but 
their exact cause is unclear. Although there is some con-
fusion over terminology in this area, bullous-like lesions 
of the lung associated with congenital malformations 
or secondary to trauma or infection are more correctly 
termed pneumatoceles or cysts. There are no universally 
accepted surgical indications for resection of lung bullae. 
A patient with symptomatic dyspnea and a giant bulla 
(or bullae) that occupies more than 30% of a hemithorax 
and in whom radiography and CT scans suggest that rea-
sonably functional lung tissue can be restored to a more 
anatomically favorable position should be considered for 
bullectomy. Factors that support the effect of the bullae 
as a cause of a patient’s dyspnea are a restrictive pattern of 
spirometry (proportional decrease of both FEV1 and FVC) 
and a discrepancy in lung volume studies in which the 
FRC measured by plethysmography exceeds the FRC mea-
sured by helium dilution by more than 2 liters.

In the usual tidal volume range, bullae are more com-
pliant than normal lung and fill preferentially during 
spontaneous ventilation. However, beyond the normal 
tidal volume range, bullae become much less compliant 
and the intrabulla pressure rises acutely as airway pressure 
increases. Measurement of in vivo intrabullae pressures in 
patients using fine needles both before and during anes-
thesia showed no evidence of a valve mechanism.37 All 
bullae studied communicated with the central airways, 
although some did this very slowly. The typical com-
pression pattern seen on radiographs or CT scans is most 
likely caused by secondary elastic recoil of normal lung 
regions (see Fig. 66-6). Intrabulla pressure at FRC corre-
sponds with the mean airway pressure averaged over the 
respiratory cycle. Thus during spontaneous ventilation, 
the intrabulla pressure will be negative with respect to 
the surrounding lung tissue. However, whenever positive 
pressure is used, the intrabulla pressure will rise in rela-
tion to surrounding lung regions. There is a risk of hyper-
inflation and rupture whenever positive pressure is used. 
The complications of bulla rupture can be life threatening 
because of hemodynamic collapse from tension pneumo-
thorax or inadequate ventilation owing to resultant bron-
chopleural fistula.

Relief of dyspnea symptoms and improved pulmonary 
function are well documented in patients after resection 
of giant bullae, with most patients showing an increase in 
FEV1 of more than 0.3 L and excellent short-term improve-
ment in quality of life, but with a decrease in improve-
ment by 3 years.224 Hypercapnia is not a contraindication 
for bulla resection. Lung infection must be meticulously 
treated preoperatively. Outcome depends on patient age, 
smoking history, and cardiac status. In the postoperative 
period, lung air-leaks are the major complication.

The surgical approach can be by traditional sternot-
omy or by VATS. Laser resection may decrease the inci-
dence of air-leaks. Various nonsurgical thoracoscopic 

Figure 66-48. Chest radiograph of a patient with severe emphysema 
and multiple bullae including giant bullae of the left upper and lower 
lobes.
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and bronchoscopic procedures such as the subsegmental 
injections of fibrin glue have been used to deal with these 
air-leaks.

The anesthetic considerations for bullectomy are simi-
lar to those for a patient with a bronchopleural fistula, 
with the exception that it is best to not place a chest 
drain prophylactically because this may enter the bulla 
and create a fistula, and there is not the risk of soiling 
healthy lung regions from extrapleural fluid that there is 
with fistulas. For induction of anesthesia, it is optimal to 
maintain spontaneous ventilation until the lung or lobe 
with the bulla or bleb is isolated.225 When there is a risk 
of aspiration or it is felt that the patient’s gas exchange or 
hemodynamics may not permit spontaneous ventilation 
for induction, the anesthesiologist will have to use small 
tidal volumes and low airway pressures during positive-
pressure ventilation until the airway is isolated.

CYSTS

Congenital bronchogenic cysts are products of abnormali-
ties in the tracheobronchial budding process of lung organ-
ogenesis. They may occur peripherally within the lung 
parenchyma (70%) or centrally attached to the mediasti-
num or hilum. Bronchogenic cysts become problematic if 
they become enlarged, exerting a mass effect on functional 
lung or mediastinal structures; if they rupture and create 
a pneumothorax; or if they become infected. Small cysts 
without communication to a bronchus are asymptomatic 
and may be incidentally noted as round, clearly demar-
cated lesions on chest radiographs. Communicating cysts 
often produce air-fluid levels, are prone to recurrent infec-
tion, and may trap air by a ball-valve mechanism, risking 
rapid expansion or rupture. Infected cysts may be obscured 
by surrounding pneumonia, or they may be difficult to dif-
ferentiate from an empyema. CT scans help differentiate 
cystic from solid lesions. Conservative surgical excision of 
bronchogenic cysts is generally recommended, regardless 
of whether a bronchial communication is evident.

Pulmonary hydatid cysts are watery, parasitic cysts 
containing larvae of the dog tapeworm Echinococcus 
granulosus.226 E. granulosus is a relatively common cause 
of pulmonary cysts in endemic areas (e.g., Australia, New 
Zealand, South America, and some third-world regions). 
Hydatid cysts may grow in diameter by as much as 5 cm 
per year and become medically problematic in several 
ways. By mass effect, they may exert pressure on adja-
cent structures (e.g., bronchus, great vessels, esophagus). 
Spontaneous or traumatic rupture may occur, sending 
fluid, parasites, or laminated debris into adjacent tis-
sue, bronchus, pleura, or the circulation (i.e., systemic 
emboli). Hypersensitivity reactions, bronchospasm, and 
anaphylaxis can result. Drainage into the bronchi may 
cause dramatic expulsion of fluid with respiratory dis-
tress or asphyxiation, depending on the amount of fluid 
involved. Rupture into the pleural space may result in a 
large hydropneumothorax, severe dyspnea, shock, suffo-
cation, or anaphylaxis. Rupture becomes more dangerous 
and more likely as cysts become larger. It is recommended 
that any cyst larger than 7 cm should be removed.

Small, intact peripheral cysts are often easily enucle-
ated without loss of lung parenchyma. Segmentectomy 
or lobectomy is indicated when single or multiple cysts 
occupy most of the segment or lobe. Patients with suppu-
rative cysts should be prepared for surgery with postural 
drainage and antibiotics. Lung isolation and/or reduced 
airway pressure during dissection may be helpful in pre-
venting herniation of the cyst. Increased airway pressure 
at the time of delivery may aid in removal of the cyst. The 
multiple bronchial openings in the residual cavity must 
then be identified and closed. Multiple “leak tests” with 
saline poured into the residual opening may be required 
to locate all bronchial openings. An alternative surgical 
strategy is to inject hypertonic saline into the cyst to 
sterilize it, followed by aspiration of the contents and 
removal of the evacuated cyst.

PNEUMATOCELE

Pneumatoceles are thin-walled, air-filled spaces generated 
by pulmonary infections or trauma. They usually appear 
in the first week of pneumonia and resolve spontaneously 
within 6 weeks. As with other lung cysts, potential compli-
cations of pneumatoceles include secondary infection and 
enlargement as a result of air entrapment, with possible 
rupture or displacement and compression of normal lung. 
Adverse hemodynamic consequences may result either 
from a tension pneumothorax or a tension pneumatocele. 
The latter is unusual and is presumed to result from a one-
way valve mechanism, usually in the setting of positive-
pressure mechanical ventilation.227 Sometimes surgical 
decompression is required and is performed by percuta-
neous needle aspiration, catheter drainage, or chest tube 
drainage under CT or fluoroscopic guidance. Rarely is tho-
racoscopic or open surgical drainage or excision required.

LUNG TRANSPLANTATION

End-stage pulmonary disease is one of the most com-
mon causes of death. Lung transplantation is a definitive 
treatment for these patients. Indications and contraindi-
cations to lung transplantation are summarized in Box 
66-12. Approximately 1500 lung transplants are per-
formed annually worldwide; the number is limited by the 
supply of donor organs. Recipients fall into four major 
categories (by frequency of indication):
  

 1.  COPD
 2.  Cystic fibrosis (CF) (Fig. 66-49) and other congenital 

forms of bronchiectasis
 3.  Pulmonary fibrosis: idiopathic, associated with con-

nective tissues disorders, other
 4.  Primary pulmonary hypertension
  

There are also several other, rarer indications such as 
primary bronchoalveloar lung cancer, lymphangioleio-
myomatosis, and so on.228 Depending on the patient’s 
pathophysiology, there are several surgical options: sin-
gle-lung transplantation, bilateral sequential (double) 
lung transplantation, heart-lung transplantation, and 
living-related lobar transplantation. An overall 5-year 
survival rate of 50% is the benchmark but depends on 
recipient age and diagnosis. Survival is generally better 



with double-lung than with single-lung transplants, with 
the exception of older pulmonary fibrosis patients, for 
whom there is no outcome difference between the two 
procedures.

Anesthetic airway management is most commonly 
done with a DLT. The advantage of using a DLT in trans-
plantation is that it allows direct continuous access to 
both lungs for suctioning, oxygenation, and examina-
tion of the bronchial anastomoses. Several advances 
have allowed the use of DLTs for transplantation. The 
use of segmental bronchial lavage at induction via an 
SLT, before placement of the DLT facilitates suctioning 

IndIcatIons

 •  Untreatable end-stage pulmonary, parenchymal, or vascular 
disease

 •  Absence of other major medical illnesses
 •  Substantial limitation of daily activities
 •  Projected life expectancy less than 50% of 2- to 3-year pre-

dicted survival
 •  New York Heart Association Class III or IV functional level
 •  Rehabilitation potential
 •  Satisfactory psychosocial profile and emotional support system
 •  Acceptable nutritional status
 •  Disease-specific mortality exceeding transplant-specific mortal-

ity over 1 to 2 years

RelatIve contRaIndIcatIons

 •  Age > 65 years
 •  Critical or unstable clinical conditions (e.g., shock, mechanical 

ventilation, extracorporeal membrane oxygenation)
 •  Severely limited functional status with poor rehabilitation 

potential
 •  Colonization with highly resistant or virulent bacteria, fungi, or 

mycobacteria
 •  Severe obesity defined as a body mass index greater than  

>30 kg/m2

 •  Severe or symptomatic osteoporosis
 •  Other medical conditions not resulting in end-organ damage 

(e.g., diabetes mellitus, systemic hypertension, peripheral vas-
cular disease, gastroesophageal reflux, patients with coronary 
artery disease s/p coronary artery stenting or percutaneous 
transluminal coronary angioplasty)

absolute contRaIndIcatIons

 •  Untreatable advanced dysfunction of another major organ 
system (e.g., heart, liver, kidney)

 •  Active malignancy within the previous 2 years
 •  Noncurable chronic extrapulmonary infection
 •  Chronic active viral hepatitis B, hepatitis C, and HIV
 •  Significant chest wall or spinal deformity
 •  Documented nonadherence or inability to follow through with 

medical therapy, office follow-up, or both
 •  Untreatable psychiatric or psychological condition associated 

with inability to cooperate or comply with medical therapy
 •  Absence of a consistent or reliable social support system
 •  Substance addiction (e.g., alcohol, tobacco, narcotics) that is 

either currently active or was active within the previous  
6 months

BOX 66-12 Indications and 
Contraindications for Lung Transplantation

Based on Orens JB, Estenne M, Arcasoy S, et al: International guidelines for 
the selection of lung transplant candidates: 2006 update, J Heart Lung 
Transplant 25: 745, 2006.
Chapter 66: Anesthesia for Thoracic Surgery 1993

via the DLT in patients with copious secretions. Moni-
toring includes invasive arterial and pulmonary cath-
eters and transesophageal echocardiography in most 
centers. Anesthetic maintenance is based mainly on IV 
infusions because of the frequent need for airway access 
(suctioning, bronchoscopy), which causes problems in 
maintaining a stable level of inspired anesthetic vapor. 
Despite advances in lung preservation techniques, it is 
optimal to limit the donor lung ischemic period to 4 
hours.

There are wide variations in the frequency of use of 
CPB during lung transplantation; some centers always 
use CPB and some centers almost never use it. CPB tem-
porarily decreases postoperative gas exchange, increases 
intraoperative blood loss, and increases the duration of 
postoperative mechanical ventilation. There is no net 
decrease in short- or long-term mortality attributable to 
CPB. Extracorporeal membrane oxygenation (ECMO) is 
used in some centers in place of CPB intraoperatively.229 
ECMO is also used increasingly for postoperative respira-
tory support.

The intraoperative anesthetic complications depend, 
in large part, on the underlying lung disease. Emphy-
sema patients are prone to hypotension on induction 
from positive-pressure ventilation (see COPD in “Pre-
operative Evaluation,” discussed earlier). Problems 
in patients with CF include the inability to both deal 
with thick bronchial secretions and adequately venti-
late these patients. CF patients, because they have both 
increased inspiratory and expiratory flow resistances, 
may benefit from slow inspiratory phase ventilation 
with a high airway pressure.230 Because of the severely 

Figure 66-49. Chest radiograph of a patient with cystic fibrosis for 
bilateral lung transplantation. The chest image shows a typical pat-
tern of bronchiectasis. A subcutaneous intravenous injection reservoir 
is seen over the upper left chest.
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decreased lung compliance, this method of ventila-
tion causes little hemodynamic compromise in this 
subgroup of patients, if air trapping is avoided. Other 
recipient disease-specific problems include: hemody-
namic collapse on induction because of right-heart 
dysfunction in primary pulmonary hypertensives, 
the poor tolerance of pulmonary fibrosis patients for 
OLV, and the risk of pneumothoraces in patients with 
lymphangiomyomatosis.

SUBSEQUENT ANESTHESIA FOR THE 
PULMONARY TRANSPLANT RECIPIENT

Many lung transplant recipients subsequently require 
anesthesia for related or unrelated surgical problems.231 
The frequency with which they present for surgery may 
be caused by complications of immunosuppression (e.g., 
infection, tumor, renal failure) or complications of the 
transplantation (e.g., bronchial stenosis, bronchiolitis 
obliterans). Most transplant recipients can be managed 
according to routine anesthetic practice including opti-
mal perioperative respiratory care, antibiotic prophy-
laxis, and maintenance of immune suppression. Results 
of recent blood gas analysis, chest radiographs, and CT 
scans are vital in managing these patients. Most adults 
with bronchial anastomoses have no problem with endo-
tracheal intubation. If endobronchial intubation or a 
DLT is used, a bronchoscopy should be performed first 
to assess the bronchial anastomoses, and the intubation 
should be done with fiberoptic guidance.

Single-lung transplant recipients with native lung 
emphysema are a specific concern. They have a marked 
imbalance in pulmonary compliance, with the native 
lung highly compliant and the donor lung of normal or 
reduced (if there is rejection) compliance. However, the 
major proportion of the pulmonary blood flow is usually 
to the allograft. With standard methods of positive-pres-
sure ventilation, dynamic hyperinflation of the emphyse-
matous lung with hemodynamic instability and problems 
with gas exchange may develop in these patients. They 
may require the use of a DLT and independent lung ven-
tilation techniques, reducing the airway pressure and 
minute ventilation in the native lung, if positive-pressure 
ventilation is required.

LUNG VOLUME REDUCTION

Although resection of bullae is a well-established thoracic 
surgical procedure, the use of multiple wedge resections 
to reduce lung volume and improve symptoms in severe 
emphysema (lung volume reduction) is a procedure in evo-
lution. Depending on the patient and center, this procedure 
may be unilateral or bilateral and performed by thoracot-
omy, sternotomy, or VATS. The surgery is more effective in 
patients with heterogeneous lung disease, where the most 
severely affected areas (often apical) can be resected, than 
in patients with homogenous types of emphysema (e.g., 
α1-antitrypsin deficiency). Patients with extremely severe 
disease (FEV1 or DLco <20% predicted) have poor survival 
after surgery.232 This procedure is now most commonly 
seen as an option for patients with severe emphysema who 
have contraindications to transplantation.
Immediate postoperative improvements in symptoms 
and pulmonary function are common, and many patients 
are able to discontinue or reduce home oxygen therapy. 
These changes are the result of a decompression of the 
airways and a reduction of airflow resistance and work 
of breathing,233 which results in a dramatic fall in auto-
PEEP (intrinsic PEEP) with a corresponding increase in 
dynamic compliance. Despite the encouraging changes 
in early postoperative pulmonary function, the improve-
ment in respiratory function as a result of this surgery is 
transient.234 However, this must be viewed in the context 
of the short life expectancy of patients with this degree of 
emphysema and the potential for improvement in their 
quality of life from the operation.

Anesthetic management is similar to that for other 
patients with severe COPD having thoracic surgery (see 
COPD in Preoperative Evaluation, discussed earlier) with 
the risk of hypotension on induction caused by auto-
PEEP and the need for excellent analgesia to avoid post-
operative mechanical ventilation.235 This procedure is 
now performed in some centers using one-way valves 
placed bronchoscopically in the most involved segments 
to cause collapse of severely emphysematous distal lung 
regions,236 thus avoiding surgery.

PULMONARY HEMORRHAGE

Massive hemoptysis is defined as expectoration of more 
than 200 mL of blood in 24 to 48 hours. The commonest 
causes are carcinoma, bronchiectasis, and trauma (blunt, 
penetrating, or secondary to a pulmonary artery cathe-
ter). Death can occur quickly as a result of asphyxia. Man-
agement requires four sequential steps: lung isolation, 
resuscitation, diagnosis, and definitive treatment. The 
anesthesiologist is often called to deal with these cases 
outside of the operating room. There is no consensus on 
the best method of lung isolation for these cases. The ini-
tial method for lung isolation will depend on the avail-
ability of appropriate equipment and an assessment of 
the patient’s airway. All three basic methods of lung iso-
lation have been used: DLTs, SLTs, and bronchial block-
ers. Fiberoptic bronchoscopy is usually not helpful to 
position endobronchial tubes or blockers in the presence 
of torrential pulmonary hemorrhage, and lung isolation 
must be guided by clinical signs (primarily auscultation). 
DLTs will achieve rapid and secure lung isolation. Even 
if a left-sided tube enters the right mainstem bronchus, 
only the right upper lobe will be obstructed. However, 
suctioning large amounts of blood or clots is difficult 
through the narrow lumina of a DLT. An option is ini-
tial placement of the SLT for oxygenation and suctioning 
and then replacement with a DLT either by laryngoscopy 
or with an appropriate tube exchanger. An uncut single-
lumen ETT can be advanced directly into the right main-
stem bronchus or rotated 90 degrees counterclockwise 
for advancement into the left mainstem bronchus.237 A 
bronchial blocker will normally pass easily into the right 
mainstem bronchus and is useful for right-sided hemor-
rhage (90% of pulmonary artery catheter–induced hem-
orrhages are right-sided). Except for cases with blunt or 
penetrating trauma, after lung isolation and resuscitation 
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have been achieved, diagnosis and definitive therapy of 
massive hemoptysis are now most commonly performed 
by coiling of the pulmonary artery false aneurysm in 
interventional radiology.238

PULMONARY ARTERY CATHETER–INDUCED 
HEMORRHAGE

Hemoptysis in a patient with a pulmonary artery catheter 
must be assumed to be caused by perforation of a pulmo-
nary vessel by the catheter until proven otherwise. The 
mortality rate may exceed 50%. This complication seems 
to be occurring less than previously, possibly related to 
stricter indications for the use of pulmonary artery cath-
eters and more appropriate management of the catheters 
with less reliance on wedge measurements. Therapy for 
pulmonary artery catheter–induced hemorrhage should 
follow an organized protocol with some variation depend-
ing on the severity of the hemorrhage (Box 66-13).

Induced PulmonaRy HemoRRHage

 •  Initially position the patient with the bleeding lung dependent.
 •  Perform endotracheal intubation, oxygenation, airway toilet.
 •  Isolate the lung by endobronchial double- or single-lumen 

tube or bronchial blocker.
 •  Withdraw the pulmonary artery catheter several centimeters, 

leaving it in the main pulmonary artery. Do not inflate the bal-
loon (except with fluoroscopic guidance).

 •  Position the patient with the isolated bleeding lung nonde-
pendent. Administer positive end-expiratory pressure to the 
bleeding lung if possible.

 •  Transport the patient to medical imaging for diagnosis and 
embolization if feasible.

BOX 66-13 Management of the Patient With 
a Pulmonary Artery Catheter
During Weaning From Cardiopulmonary 
Bypass
Weaning from CPB is one of the situations in which pul-
monary artery catheter–induced hemorrhage is most likely 
to occur. Management of the pulmonary artery catheter 
during CPB by withdrawal from a potential wedge depth 
and observing the pulmonary artery pressure waveform 
to avoid wedging during CPB may decrease the risk of this 
complication. When hemoptysis does occur in this situa-
tion, there are several management options available (Fig. 
66-50). The anesthesiologist should resist the temptation 
to rapidly reverse the anticoagulation to quickly discon-
tinue CPB, because this can lead to fatal asphyxiation 
from hemorrhage. Resumption of full CPB ensures oxy-
genation while the tracheobronchial tree is suctioned and 
then visualized with fiberoptic bronchoscopy. The use of 
a pulmonary artery vent may be required to decrease the 
pulmonary blood flow sufficiently to define the bleed-
ing site (usually the right lower lobe). The pleural cavity 
should be opened to assess the lung parenchymal damage. 
Conservative management with lung isolation, to avoid 
lung resection, is optimal therapy if possible. In patients 
with persistent hemorrhage who are not candidates for 
lung resection, temporary lobar pulmonary artery occlu-
sion with a vascular loop during and after weaning from 
CPB may be an option.

Posttracheostomy Hemorrhage
Hemorrhage in the immediate postoperative period after 
a tracheostomy is usually from local vessels in the inci-
sion such as the anterior jugular or inferior thyroid veins. 
Massive hemorrhage 1 to 6 weeks postoperatively is most 
commonly caused by tracheoinnominate artery fistula.239 
A small sentinel bleed occurs in most patients before a 
massive bleed. The management protocol for tracheoin-
nominate artery fistula is outlined in Box 66-14.
Figure 66-50. Flow diagram of manage-
ment of massive hemoptysis during wean-
ing from cardiopulmonary bypass. CPB, 
cardiopulmonary bypass; ETT, endotracheal 
tube; PA, pulmonary artery; FOB, fiberoptic 
bronchoscopy; Parenc., lung parenchyma.

Initial treatment:
Resume CPB

Suction ETT, PA vent p.r.n.
FOB, Open pleural cavity

Minor hemorrhage:
Double-lumen tube
PEEP, wean CPB

Minor parench. damage:
Bronchial blocker
Wean with FOB

Major parench. damage:
Double-lumen tube

Adequate pulmonary function:
Lobectomy

Poor pulmonary function:
Temporary PA occlusion

Proximal vessel injury:
Double-lumen tube

Vessel repair

Major hemorrhage
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PULMONARY 
THROMBOENDARTERECTOMY

Pulmonary thromboendarterectomy is a potentially cura-
tive procedure for chronic thromboembolic pulmonary 
hypertension (CTEPH). CTEPH is a progressive disorder 
that responds poorly to conservative therapy, and pulmo-
nary thromboendarterectomy is its most appropriate treat-
ment, with a perioperative mortality of approximately 4%, 
which is less than lung transplantation. The majority of 
patients with CTEPH present for medical evaluation late in 
the disease because many have not had an obvious episode 
of deep venous thrombosis or pulmonary embolus, and 
the progression of the disease is insidious. Patients present 
with severe dyspnea on exertion and signs of right-sided 
heart failure. Surgical candidates have hemodynamically 
significant pulmonary vascular obstruction (pulmonary 
vascular resistance >300 dynes/sec/cm–5), with potentially 
accessible proximal areas of thromboemboli.

An inferior vena cava filter is often placed prophylacti-
cally before surgery. Surgery is performed via a midline 
sternotomy with CPB with or without periods of deep 
hypothermic circulatory arrest (DHCA). Anesthetic man-
agement is essentially the same as for a patient with pri-
mary pulmonary hypertension for lung transplantation, 
with the exception that there is no need for lung isola-
tion, so airway management is done with a standard ETT. 
Monitoring includes femoral and pulmonary artery cath-
eters, TEE, processed electroencephalography, and rectal/
bladder thermometers.240

These patients are at risk of hemodynamic collapse 
because of right ventricular failure from hypotension 
during induction of general anesthesia. Induction may 
be performed with etomidate or ketamine to avoid hypo-
tension. Support of systemic vascular resistance with nor-
adrenaline or phenylephrine is usually required. If DHCA 
is used, it is preceded by mannitol and methylprednis-
olone to try to decrease cerebral cellular edema and to 
improve free-radical scavenging. The speed of warming 
and cooling is controlled on CPB to maintain a temper-
ature gradient less than 10° C between the blood and 
bladder/rectal temperatures. Periods of DHCA are usually 
limited to 20 minutes. Massive pulmonary hemorrhage 

 •  Overinflate the tracheostomy cuff to tamponade the 
hemorrhage.

 •  If this fails:
 •  Replace the tracheostomy tube with an oral endotracheal 

tube. Position the cuff with fiberoptic bronchoscopic guid-
ance just above the carina.

 •  Apply digital compression of the innominate artery against 
the posterior sternum using a finger passed through the 
tracheostomy stoma.

 •  If this fails:
 •  Slowly withdraw the endotracheal tube and overinflate the 

cuff to tamponade.
 •  Proceed with definitive therapy: sternotomy and ligation of 

the innominate artery.

BOX 66-14 Management of 
Tracheoinnominate Artery Fistula Hemorrhage
occurs rarely during CPB in these cases. Management of 
pulmonary hemorrhage is done according to the algo-
rithm outlined in Figure 66-50. The instillation of phen-
lyephrine 10 mg and vasopressin 20 U diluted in 10 mL 
saline via the ETT may be beneficial. Postoperatively, the 
patients are kept sedated, intubated, and ventilated for at 
least 24 hours to decrease the risk of reperfusion pulmo-
nary edema. Noradrenalin or vasopressin infusions may 
be used to elevate the systemic vascular resistance and 
decrease cardiac output to decrease pulmonary blood 
flow.

BRONCHOPULMONARY LAVAGE

Bronchopulmonary lavage (BPL) is a treatment during 
which up to 10 to 20 L of normal saline is instilled and 
then drained in 500- to 1000-mL aliquots through one 
side of a DLT into one lung under general anesthesia 
until the effluent is clear.241 It may then be performed 
on the contralateral lung during the same anesthetic 
or during a subsequent anesthetic after a period of sev-
eral days for recovery. It is the most effective treatment 
modality for symptomatic pulmonary alveolar proteino-
sis. This lung disease results from accumulation in the 
alveoli of a lipoprotein material similar to surfactant.242 
This disease seems to have an immune component, and 
some patients respond to conservative medical therapy 
with granulocute-macrophage colony-stimulating fac-
tor.243 Other pathologic states that have been treated by 
bronchopulmonary lavage include cystic fibrosis, asthma, 
radioactive dust inhalation, lipoid pneumonitis, and sili-
cosis, all without convincing success.

General anesthesia is induced and maintained with 
intravenous infusions as for lung transplantation. Airway 
management is done with a left-sided DLT.244 The patient 
is kept in the supine position during the procedure.

Because of transmitted hydrostatic pressure from the 
lavage lung to the pulmonary circulation, oxygenation 
increases during the filling phase and decreases during the 
emptying phase in synchrony with changes in the pulmo-
nary blood flow distribution. These changes are usually 
transient and well tolerated. In severely hypoxemic patients 
presenting for BPL a variety of maneuvers have been used 
(such as inflation of a PA catheter balloon in the pulmonary 
artery (PA) of the lavage lung while adding NO to the venti-
lated lung245 or the use of ECMO) to maintain oxygenation.

Usually 10 to 15 L is instilled and more than 90% is 
recovered, leaving a deficit of less than 10%. At the end of 
the procedure, the lavaged lung is thoroughly suctioned. 
A dose of furosemide (10 mg) is administered to increase 
diuresis of absorbed saline. If the plan is to proceed to a 
lavage of the contralateral lung, there is a period of at 
least 1 hour of TLV to allow recovery of the lavaged lung, 
during which arterial blood gases are monitored. If there 
is a persistent large alveolar-arterial oxygen gradient, the 
procedure is terminated at this stage and the patient will 
undergo lavage of the other lung at a later date. The post-
procedure, after reintubation with an SLT, is a fiberop-
tic bronchoscopic inspection performed for suctioning. 
Conventional ventilation with PEEP is continued, usually 
for less than 2 hours. Observation in the intensive care 
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unit for 24 hours is part of the routine procedure. Some 
patients require lavage every few months, whereas others 
remain in remission for years.

MEDIASTINAL MASSES

Patients with mediastinal masses, particularly masses  
in the anterior or superior mediastinum, or both, pre-
sent unique problems for the anesthesiologist. Patients 
may require anesthesia for biopsy of these masses by 
mediastinoscopy or VATS, or they may require definitive 
resection via sternotomy or thoracotomy. Tumors of the 
mediastinum include thymoma, teratoma, lymphoma, 
cystic hygroma, bronchogenic cyst, and thyroid tumors. 
Mediastinal masses may cause obstruction of major air-
ways, main pulmonary arteries, atria, and the superior 
vena cava. During induction of general anesthesia in 
patients with an anterior or superior mediastinal mass, 
airway obstruction is the most common and feared com-
plication. It is important to note that the point of tra-
cheobronchial compression usually occurs distal to an  
endotracheal tube (Fig. 66-51), and it is not possible to forc-
ibly pass an endotracheal tube through the airway once it 
has collapsed. A history of supine dyspnea or cough should 
alert the clinician to the possibility of airway obstruction 
on induction of anesthesia. Life-threatening complications 
may occur in the absence of symptoms in children. The 
other major complication is cardiovascular collapse sec-
ondary to compression of the heart or major vessels. Symp-
toms of supine presyncope suggest vascular compression.

Anesthetic deaths have mainly been reported in children. 
These deaths may be the result of the more compressible 
cartilaginous structure of the airway in children or because 
of the difficulty in obtaining a history of positional symp-
toms in children. The most important diagnostic tool for the 
patient with a mediastinal mass is the CT scan of the trachea 
and chest. Children with tracheobronchial compression 
noted to be greater than 50% on CT scan cannot be safely 
given general anesthesia.246 Flow-volume loops, specifically 
the exacerbation of a variable intrathoracic obstructive pat-
tern (expiratory plateau) when supine, are unreliable247 for 
predicting which patients will have intraoperative airway 
collapse.248 Transthoracic echocardiography is indicated for 
patients with vascular compression symptoms.

MANAGEMENT

General anesthesia will exacerbate extrinsic intrathoracic 
airway compression in three ways. First, reduced lung vol-
ume occurs during general anesthesia and tracheobron-
chial diameters decrease according to lung volume. Second, 
bronchial smooth muscle relaxes during general anes-
thesia, allowing greater compressibility of large airways. 
Finally, third, paralysis eliminates the caudal movement of 
the diaphragm seen during spontaneous ventilation. This 
eliminates the normal transpleural pressure gradient that 
dilates the airways during inspiration and minimizes the 
effects of extrinsic intrathoracic airway compression.

Management of these patients is guided by their symp-
toms and the CT scan (Boxes 66-15 and 66-16). Patients 
with “uncertain” airways should have diagnostic proce-
dures performed under local or regional anesthesia when-
ever possible. Patients with “uncertain” airways requiring 
general anesthesia need a step-by-step induction of anes-
thesia with continuous monitoring of gas exchange and 
hemodynamics. This “NPIC” (noli pontes ignii consumere; 
i.e., “don’t burn your bridges”) anesthetic induction can be 
an inhalation induction with a volatile anesthetic such as 
sevoflurane or IV titration of propofol with or without ket-
amine, maintaining spontaneous ventilation until either 
the airway is definitively secured or the procedure is com-
pleted.249 Awake intubation of the trachea before induction 
is a possibility in some adult patients if the CT scan shows 
an area of noncompressed distal trachea to which the endo-
tracheal tube can be advanced before induction. If muscle 
relaxants are required, ventilation should first be gradually 
taken over manually to ensure that positive-pressure venti-
lation is possible, and only then can a short-acting muscle 
relaxant be administered (Box 66-17).
A B

Figure 66-51. A, Chest radiograph of an adult patient with an anterosuperior mediastinal mass. This mass was a lymphoma. B, A thoracic CT scan with 
contrast just above the level of the carina shows partial compression of the carina and right mainstem bronchus. This patient has an “Uncertain” airway.
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Development of airway or vascular compression 
requires that the patient be awakened as rapidly as possi-
ble and then other options for the procedure be explored. 
Intraoperative life-threatening airway compression usu-
ally has responded to one of two therapies: either repo-
sitioning of the patient (it must be determined before 
induction if there is a position that causes less compres-
sion and fewer symptoms) or rigid bronchoscopy and 
ventilation distal to the obstruction (this means that 
an experienced bronchoscopist and equipment must 
always be immediately available in the operating room 
for these cases). The rigid bronchoscope, even if passed 
into only one mainstem bronchus, can be used for oxy-
genation during resuscitation (see Rigid Bronchoscopy, 
discussed earlier).250 Once adequate oxygenation has 
been restored, the rigid bronchoscope can be used to 
position an airway exchange catheter, over which an 
ETT is passed after the bronchoscope is withdrawn. An 
alternative technique to secure the airway with rigid 
bronchoscopy is to first mount an ETT over a small rigid 
bronchoscope (e.g., 6 mm) and then perform rigid bron-
choscopy using the bronchoscope to deliver the ETT dis-
tal to the obstruction.251

 •  Asymptomatic
 •  Mild: Can lie supine with some cough/pressure sensation
 •  Moderate: Can lie supine for short periods but not indefinitely
 •  Severe: Cannot tolerate supine position

BOX 66-15 Grading Scale for Symptoms 
in Patients with an Anterior or Superior 
Mediastinal Mass

 •  Safe: (I) Asymptomatic adult with CT minimal tracheal/bron-
chial diameter >50% of normal

 •  Unsafe: (I) Severely symptomatic adult or child; (II) children 
with CT tracheal/bronchial diameter <50% of normal, regard-
less of symptoms

 •  Uncertain: (I) Mild/moderate symptomatic child with CT tra-
cheal/bronchial diameter >50% of normal; (II) mild/moderate 
symptomatic adult with CT tracheal/bronchial diameter <50% 
of normal; (III) adult or child unable to give history

BOX 66-16 Stratification of Patients with 
Mediastinal Masses Regarding Safety for 
General Anesthesia

CT, Computed tomography.

 •  Determine optimal positioning of patient preoperatively.
 •  Secure airway beyond stenosis when patient is awake, if 

feasible.
 •  Have rigid bronchoscope and surgeon available at induction of 

anesthesia.
 •  Maintain spontaneous ventilation if possible (noli pontes ignii 

consumere).
 •  Monitor for airway compromise postoperatively.

BOX 66-17 Management for All Patients with 
a Mediastinal Mass and an Uncertain Airway 
for General Anesthesia
Institution of femorofemoral CPB before induction 
of anesthesia is a possibility for some adult patients who 
are “unsafe” for NPIC general anesthesia. The concept of 
CPB “standby” during attempted induction of anesthe-
sia is fraught with danger252 because there is not enough 
time after a sudden airway collapse to establish CPB before 
hypoxic cerebral injury occurs.253 Other options for “unsafe” 
patients include local anesthetic biopsy of the mediastinal 
mass or biopsy of another node (e.g., supraclavicular), pre-
operative radiotherapy with a nonradiated “window” for 
subsequent biopsy, preoperative chemotherapy or short-
course steroids, and CT-guided biopsy of a mass or drainage 
of a cyst. The salient points in managing a patient with an 
anterior or superior mediastinal mass include254:
  

 1.  In virtually all children and adults with a mediastinal 
mass, diagnostic procedures and imaging can be per-
formed, if necessary, without subjecting the patient to 
the risks of general anesthesia.255

 2.  An extrathoracic source of tissue for diagnostic biopsy 
(pleural effusion or extrathoracic lymph node) should 
be sought as an initial measure in every patient.

 3.  Regardless of the proposed diagnostic or therapeutic 
procedure, the flat, supine position is never mandatory.

 4.  In the high-risk child (Box 66-18) without extrathoracic 
lymphadenopathy or a pleural effusion, prebiopsy ste-
roid therapy is justifiable.256 In this case, coordination 
with oncology, surgery, and anesthesiology is essential 
to organize timing of the biopsy. An alternative to pre-
operative steroids in the cooperative high-risk patient 
includes irradiating the tumor while leaving a small 
area covered with lead for subsequent biopsy.

  

With improved awareness of the risk of acute intraop-
erative airway obstruction in these patients, life-threat-
ening events are now less likely to occur in the operating 
room. In children, these events now tend to occur preop-
eratively if the patient is forced to assume a supine posi-
tion for imaging. In adults, acute airway obstruction is 
now more likely to occur postoperatively in the recovery 
room.257 Vigilance must be maintained throughout the 
entire perioperative period.

THYMECTOMY FOR MYASTHENIA GRAVIS

Myasthenia gravis is a disease of the neuromuscular 
junction; affected patients have weakness caused by a 
decreased number of acetylcholine receptors at the motor 

 •  Anterior location
 •  Histologic diagnosis of lymphoma
 •  Superior vena cava syndrome
 •  Radiologic evidence of major vessel compression or 

displacement
 •  Pericardial or pleural effusion

BOX 66-18 Predictors of Airway Compromise 
in Children with a Mediastinal Mass

Based on Lam JCM, Chui CH, Jacobsen AS, et al: When is a mediastinal mass 
critical in a child? An analysis of 29 patients, Pediatr Surg Int 20:180, 2004.



end plate.258 Patients may or may not have an associ-
ated thymoma. Thymectomy is frequently performed to 
induce clinical remission, even in the absence of a thy-
moma. The effects of muscle relaxants are modified by 
this disease; myasthenic patients are resistant to succinyl-
choline and are extremely sensitive to nondepolarizing 
blockers. Thymectomy may be performed via full or par-
tial sternotomy, or with a minimally invasive approach 
via a transcervical incision or VATS. For thymectomy 
with a thymoma, a sternotomy is used. In the absence 
of an identifiable tumor, minimally invasive techniques 
are commonly used. Ideally, the use of neuromuscular 
relaxation is avoided. Induction of anesthesia with pro-
pofol, remifentanil, and topical anesthesia of the airway 
facilitates intubation without the use of muscle relaxants. 
Alternatively, inhalational induction with a halogenated 
agent such as sevoflurane may be performed.259 For ster-
notomy, combined general and thoracic epidural anes-
thesia is a useful technique.

Most patients take pyridostigmine, an oral anticho-
linesterase, and many patients take immunosuppressive 
medication (e.g., corticosteroids). On the day of surgery, 
pyridostigmine dosing should ensure that the patient’s 
usual regimen is provided during the immediate peri-
operative period. A few patients require IV dosing with 
neostigmine until they are able to resume oral intake of 
pyridostigmine. A scoring system was devised for predic-
tion of the need for prolonged mechanical ventilation 
after thymectomy via sternotomy.260 Among the criteria 
that contributed to the predicted need for support were 
disease duration longer than 6 years, chronic respiratory 
illness, pyridostigmine dosage greater than 750 mg/day, 
and vital capacity less than 2.9 L. The relevance of this 
score has diminished with better preoperative prepa-
ration and minimally invasive surgery.261 Referral for 
surgery early in the course of the disease and stabiliza-
tion of symptoms with medication and plasmapheresis, 
combined with an increased use of minimally invasive 
approaches, have made the need for postoperative ven-
tilation infrequent. In optimized patients, mean hospital 
length of stay can be reduced to 1 day after minimally 
invasive, and 3 days after transsternal thymectomy.262 
Patients should remain on their full medical regimen 
postoperatively. The remission from myasthenia gravis 
after thymectomy occurs slowly over a period of months 
to years.

POSTOPERATIVE MANAGEMENT

EARLY MAJOR COMPLICATIONS

There are multiple potential major complications that can 
occur in the immediate postoperative period after thoracic 
surgery, such as torsion of a remaining lobe after lobec-
tomy, dehiscence of a bronchial stump, or hemorrhage 
from a major vessel. Fortunately, these are infrequent and 
when they do occur, the principles of management are 
as outlined earlier for common and specific procedures. 
Among these possible complications, two will be dis-
cussed in more detail: (1) respiratory failure, because it is 
the most common cause of major morbidity after thoracic 
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surgery; and (2) cardiac herniation, because, although it 
is rare, it is usually fatal if it is not quickly diagnosed and 
appropriately treated.

Respiratory Failure
Respiratory failure is a leading cause of postoperative 
morbidity and mortality in patients undergoing major 
lung resection. Acute respiratory failure after lung resec-
tion is defined as the acute onset of hypoxemia (PaO2 <60 
mm Hg) or hypercapnia (Paco2 >45 mm Hg), or the use 
of postoperative mechanical ventilation for more than 
24 hours or reintubation for controlled ventilation after 
extubation. The incidence of respiratory failure after lung 
resection is between 2% and 18%. Patients with decreased 
respiratory function preoperatively are at increased risk of 
postoperative respiratory complications. In addition, age, 
the presence of coronary artery disease, and the extent of 
lung resection play major roles in predicting postopera-
tive morbidity and mortality. Crossover contamination, 
because of the failure of lung isolation intraoperatively 
during lung resection in patients with contaminated 
secretions, can result in contralateral pneumonia and 
postoperative respiratory failure.263 Mechanical ventila-
tion during the postoperative period after lung resection 
is associated with the risk of acquired nosocomial pneu-
monia and bronchopleural fistula.

Decreased pulmonary complications in high-risk 
patients are associated with the use of thoracic epidural 
analgesia during the perioperative period.2 The preven-
tion of atelectasis and secondary infections have been 
attributed to better preservation of the functional resid-
ual volume, efficient mucociliary clearance, and allevia-
tion of the inhibiting reflexes acting on the diaphragm 
in patients receiving epidural analgesia.264 Chest physio-
therapy, incentive spirometry, and early ambulation are 
crucial to minimize pulmonary complications after lung 
resection. For an uncomplicated lung resection, early 
extubation is desirable to avoid potential complications 
that can arise as a result of prolonged intubation and 
mechanical ventilation. Current therapy to treat acute 
respiratory failure is supportive therapy attempting to 
provide better oxygenation, treat infection, and provide 
vital organ support without further damaging the lungs.

Cardiac Herniation
Acute cardiac herniation is an infrequent but well 
described complication of pneumonectomy, where the 
pericardium is incompletely closed or the closure breaks 
down.265 It usually occurs immediately or within 24 
hours after chest surgery and is associated with a more 
than 50% mortality rate. Cardiac herniation may also 
occur after a lobar resection with pericardial opening, or 
in other chest tumor resections involving the pericardium 
or in trauma.266 When cardiac herniation occurs after a 
right pneumonectomy, the clinical presentation is caused 
by impairment of the venous return to the heart with a 
concomitant increase in CVP, tachycardia, profound 
hypotension, and shock. An acute superior vena cava 
syndrome ensues because of the torsion of the heart.267 In 
contrast, when the cardiac herniation occurs after a left-
sided pneumonectomy, there is less cardiac rotation, but 
the edge of the pericardium compresses the myocardium. 
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This may lead to myocardial ischemia, the development 
of arrhythmias, and ventricular outflow tract obstruction. 
Cardiac herniation occurs after chest closure because of 
the pressure difference between the two hemithoraces. 
This pressure difference may result in the heart being 
extruded through a pericardial defect.

Management for a patient with a cardiac herniation 
should be considered as dire emergent surgery. The dif-
ferential diagnosis should include massive intrathoracic 
hemorrhage, pulmonary embolism, or mediastinal shift 
from improper chest drain management. Early diagnosis 
and immediate surgical treatment by relocation of the 
heart to its anatomic position with repair of the pericar-
dial defect or by the use of analogous or prosthetic patch 
material is key to patient survival. Because these patients 
have undergone a previous thoracotomy, all precautions 
should be taken for a “redo” exploration. This includes 
the use of large-bore intravenous catheters and an arterial 
line. Maneuvers to minimize the cardiovascular effects 
include positioning the patient in the full lateral position 
with the operated side up. Because time is crucial, an SLT 
is used. Vasopressors or inotropes, or both, are required to 
support the circulation while exploration takes place. The 
use of TEE intraoperatively and after resuscitation and 
relocation of the heart can be considered during pericar-
dial patch repair to prevent excessive compression of the 
heart by the repair.268 In general, patients undergoing an 
emergency thoracic reexploration remain intubated and 
are transferred to the intensive care unit postoperatively.

POSTOPERATIVE ANALGESIA  
(See Chapter 98)

Studies before 1990 consistently report a 15% to 20% rate 
of major respiratory complications (i.e., atelectasis, pneu-
monia, respiratory failure) within the first 3 days after 
thoracic surgery.1 This time of onset may relate to the 
unique pattern of recovery of pulmonary function after 
thoracotomy, which shows a delay in the initial 72-hour 
postoperative period that is not seen with other major 
surgical incisions.269 The incidence of postthoracotomy 
respiratory complications has shown an overall decline 
to less than 10%, whereas the cardiac complication rate 
has not changed.2 Improvements in postoperative care, 
specifically pain management, are the major cause of this 
decline.

There are multiple sensory afferents that transmit 
nociceptive stimuli after thoracotomy (Fig. 66-52). These 
include the incision (intercostal nerves T4-T6), chest 
drains (intercostal nerves T7-T8), mediastinal pleura 
(vagus nerve, CN X), central diaphragmatic pleura 
(phrenic nerve, C3-C5),270 and ipsilateral shoulder (bra-
chial plexus). There is no one analgesic technique that 
can block all of these various pain afferents, so analgesia 
should be multimodal. The optimal choice for an individ-
ual patient depends on patient factors (i.e., contraindica-
tions, preferences), surgical factors (i.e., type of incision), 
and system factors (i.e., available equipment, monitor-
ing, nursing support). The ideal postthoracotomy analge-
sic technique will include three classes of drugs: opioids, 
antiinflammatory agents, and local anesthetics.
SYSTEMIC ANALGESIA

Opioids
Systemic opioids alone are effective in controlling back-
ground pain, but the acute pain component associated 
with cough or movement requires plasma levels that 
produce sedation and hypoventilation in most patients. 
Even when administered by patient-controlled devices, 
pain control is generally poor271 and patients have inter-
rupted sleep patterns when serum opioid levels fall below 
the therapeutic range.

Nonsteroidal Antiinflammatory Drugs
NSAIDs can reduce opioid consumption more than 30% 
after thoracotomy and are particularly useful in treat-
ing the ipsilateral shoulder pain that is often present 
postoperatively and is poorly controlled with epidural 
analgesia. NSAIDs act through reversible inhibition of 
cyclooxygenase (COX), which has antiinflammatory 
and analgesic effects but can also be associated with 
decreased platelet function, gastric erosions, increased 
bronchial reactivity, and decreased renal function. Acet-
aminophen is an antipyretic/analgesic with weak COX 
inhibition and can be administered orally or rectally in 
doses of up to 4 g/day. It is effective against shoulder 
pain and has a low toxicity compared with more potent 
COX-inhibiting NSAIDs.272
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Figure 66-52. Multiple sources of afferent transmission of pain sensa-
tions after thoracotomy. 1, Intercostal nerves at the site of the incision 
(usually T4-T6); 2, intercostal nerves at the site of chest drains (usually 
T7-T8); 3, phrenic nerve afferents from the dome of the diaphragm; 4, 
vagal nerve innervation of the mediastinal pleura; 5, brachial plexus.



Ketamine
Low-dose intramuscular ketamine (1 mg/kg) is equivalent 
to the same dose of meperidine and causes less respiratory 
depression. Ketamine can also be administered as a low-
dose intravenous infusion and may be useful in patients 
who are refractory to other therapies or if there is a con-
traindication to more common techniques.273 The pos-
sibility of psychomimetic effects with ketamine is always 
a concern but is rarely seen with analgesic, subanesthetic 
doses.

Dexmedetomidine
Dexmedetomidine, a selective adrenergic α2-receptor 
agonist, has been reported as a useful adjunct for post-
thoracotomy analgesia and can significantly decrease the 
requirement for opioids when used in combination with 
epidural local anesthetics. Maintenance infusion doses 
for analgesia in children and adults are in the range of 0.3 
to 0.4 μg/kg/h.274 It is associated with some hypotension, 
but it seems to preserve renal function.

LOCAL ANESTHETICS/NERVE BLOCKS

Intercostal Nerve Blocks
Regional blocks of the intercostal nerves supplying the 
dermatomes of the surgical incision can be an effective 
adjunct to methods of postthoracotomy analgesia. These 
can be done percutaneously or under direct vision when 
the chest is open. The duration of analgesia is limited to 
the duration of action of the local anesthetic used, and 
the blocks will need to be repeated to have any useful 
effect on postoperative lung function. Indwelling inter-
costal catheters are an option but they can be difficult 
to position reliably percutaneously. Nerve blocks are use-
ful supplements for the pain associated with the multiple 
small-port incisions and chest drains after VATS. It is 
important to avoid injection into the intercostal vessels, 
which are adjacent to the nerve in the intercostal groove. 
It is also important to place the block near the posterior 
axillary line to be certain to block the lateral cutaneous 
branch of the intercostal nerve. Total bupivacaine dose 
for a single session of blocks should not exceed 1 mg/
kg (e.g., for a 75-kg patient: 3 mL bupivacaine 0.5% with 
epinephrine 1:200,000 at each of 5 levels).

Intrapleural Analgesia
Intrapleural local anesthetics produce a multilevel inter-
costal block. The analgesia is extremely dependent on 
patient position, infusion volume, chest drains, and the 
type of surgery. Despite occasional successes, most clini-
cians have not found the reliability of intrapleural tech-
niques adequate to justify their use on a routine basis.275

Epidural Analgesia
The routine use of neuraxial analgesia for postthoracot-
omy patients is a relatively recent concept. Spinal injec-
tion of opioids can have a duration of analgesia that 
approaches 24 hours after thoracotomy. Because of the 
concerns of possible infection with subarachnoid cath-
eters and the need to repeat spinal injections, investiga-
tion and therapy have focused on epidural techniques. 
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A meta-analysis of respiratory complications after 
various types of surgery has shown that epidural tech-
niques reduce the incidence of respiratory complica-
tions.276 Lumbar epidural analgesia has been replaced 
by thoracic epidural analgesia for thoracic surgery, with 
infusions of local anesthetic and opioid. These combi-
nations provide better analgesia at lower doses than 
either drug will alone.277 The use of epidural infusions 
has an excellent record for patient safety when used 
on routine postoperative surgical wards.278 The use of a 
paramedian approach to the epidural space in the mid-
thoracic levels (Fig. 66-53) has improved the success 
rate for many clinicians. Ultrasonographic guidance 
has not yet proved to be as useful for thoracic epidural 
catheter placement as it has for other types of regional 
blockade.279

Research has shed light on the pharmacology that 
underlies the synergy between local anesthetics and opi-
oids to produce segmental epidural analgesia. In a dou-
ble-blind randomized study, Hansdottir and associates280 
compared epidural infusions of lumbar sufentanil, tho-
racic sufentanil, and thoracic sufentanil plus bupivacaine 
for postthoracotomy analgesia. Infusions were titrated for 
equianalgesia at rest. Thoracic sufentanil plus bupivacaine 
provided significantly better analgesia with movement 
and less sedation than the other infusions. Although suf-
entanil dosages and serum levels were significantly lower 
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Figure 66-53. A, The paramedian approach to the epidural space 
is now favored by most anesthesiologists at the midthoracic levels. 
The needle is inserted 1 cm lateral to the superior tip of the spinous 
process and the advanced perpendicular to all planes to contact the 
lamina of the vertebral body immediately below. The needle is then 
“walked” up the lamina at an angle rostrally (45 degrees) and medially 
(20 degrees) until the rostral edge of the lamina is felt. The needle is 
then advanced over the edge of the lamina seeking a loss of resistance 
on entering the epidural space after traversing the ligamentum fla-
vum. B, The laminar approach is favored by some practitioners. The 
needle is inserted next to the rostral edge of the spinous process and 
advanced straight without any angle from the midline. (Reprinted with 
permission from Ramamurthy S: Thoracic epidural nerve block. In Wald-
man SD, Winnie AP, editors: Interventional pain management. Philadel-
phia, 1996, Saunders.)
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Figure 66-54. Diagram of the paraver-
tebral space. The space is bound medially 
by the vertebral body, posteriorly by the 
costotransverse ligaments and the heads of 
the ribs, and anteriorly by the endothoracic 
fascia and parietal pleura. (From Conacher 
ID, Slinger PD: Post-thoracotomy Analgesia. 
In Kaplan J, Slinger P, editors: Thoracic anes-
thesia, ed 3, Philadelphia, 2003, Churchill 
Livingstone.)
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in the combined sufentanil plus bupivacaine group than 
in the other two groups, lumbar cerebrospinal fluid lev-
els of sufentanil at 24 and 48 hours were higher in the 
combined group than in the thoracic sufentanil group. 
This suggests that the local anesthetic facilitates entry of 
the opioid from the epidural space into the cerebrospinal 
fluid.

In patients with severe emphysema, thoracic epi-
dural analgesic doses of bupivacaine do not cause any 
significant reduction in lung mechanics or increase 
in airway resistance.281 In volunteers, a thoracic level 
of epidural blockade increases FRC.282 This increase is 
largely caused by an increase in thoracic gas volume 
caused by a fall in the resting level of the diaphragm 
without a fall in tidal volume. Differences in lipid solu-
bility that create relatively minor clinical differences 
in the effects of opioids when used systemically cause 
major differences in the effects of these same opioids 
when used neuraxially. The highly lipid-soluble agents 
(e.g., fentanyl, sufentanil) are associated with narrow 
dermatomal spread, rapid onset, and low incidence of 
pruritis/nausea, and can be potentiated by epinephrine. 
However, these lipid-soluble agents have significant 
absorption and systemic effects when used as epidural 
infusions.283 For incisions that cover many dermatomes 
(e.g., sternotomy) or for procedures that have com-
bined abdominal and thoracic incisions (e.g., esopha-
gectomy), the hydrophilic opioids (e.g., morphine, 
hydromorphone) are preferable.

Paravertebral Block
The paravertebral space is a potential space deep to the 
endothoracic fascia that the intercostal nerve traverses as 
it passes from the intervertebral foramen en route to the 
intercostal space (Fig. 66-54). A catheter can be placed in 
the thoracic paravertebral space either percutaneously or 
by approaching the space anteriorly and directly when 
the chest is open intraoperatively.
There is also a combined percutaneous/direct-
vision method in which the tip of the Tuohy needle is 
advanced percutaneously into the paravertebral space 
under direct vision either during open thoracotomy or 
VATS. The tip of the needle is seen to enter the paraver-
tebral space and the pleura is not punctured. Saline is 
injected via the Tuohy needle to hydrodissect the para-
vertebral space, and an epidural catheter is passed into 
the pocket that has been created in the paravertebral 
space and then secured at the skin. The use of ultraso-
nographic guidance has been a major advance for percu-
taneous paravertebral injections and catheter placement 
(Fig. 66-55).284

Paravertebral local anesthetics provide a reliable multi-
level intercostal blockade that tends to be unilateral, with 
a low tendency to spread to the epidural space. Clini-
cally the analgesia is comparable with that from epidural 
local anesthetics.285 Studies comparing paravertebral ver-
sus thoracic epidural analgesia for thoracotomies have 
suggested the following advantages for paravertebral 
blockade286: comparable analgesia; fewer failed blocks; 
decreased risk of neuraxial hematoma; and less hypoten-
sion, nausea, or urinary retention. Because there is an 
option to place the paravertebral catheter under direct 
vision, this may contribute to the lower incidence of 
failed blocks versus thoracic epidural analgesia.

Paravertebral infusions in combination with NSAIDs 
and systemic opioids are a reasonable alternative to 
epidural techniques in children or patients with con-
traindications to neuraxial blockade.57 Using common 
therapeutic doses (e.g., 0.1 mL/kg/h of bupivacaine 0.5%), 
serum bupivacaine levels can approach toxic levels by 4 
days.287 An alternative regime for paravertebral infusions 
is lidocaine 1% (1 mL/10 kg/h; maximum 7 mL/h). It has 
not yet been demonstrated whether paravertebral anal-
gesia can contribute to a decrease in respiratory morbid-
ity in high-risk cases, which has been shown for thoracic 
epidural analgesia.288
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Figure 66-55. Ultrasound-guided 
paravertebral blockade. A, With 
the ultrasound probe in the para-
sagittal plane, a needle has been 
advanced from the cephalad bor-
der of the probe directed caudally 
passing under the transverse pro-
cess (TP) of the thoracic vertebra. 
The paravertebral space is between 
the costotransverse ligament (CTL) 
and the parietal pleura (PL). B, A 
bolus of local anesthetic (LA) has 
been injected into the paraverte-
bral space, so a catheter can then 
be passed into the space. (Courtesy 
Dr. M. Fiegel.)
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POSTOPERATIVE PAIN MANAGEMENT 
PROBLEMS

Shoulder Pain
After thoracotomy, as much as 80% of patients with a 
functioning epidural describe ipsilateral shoulder pain. 
Shoulder pain occurs after both thoracotomy and VATS 
and is thought to be primarily referred pain of diaphrag-
matic irritation transmitted by phrenic nerve afferents.274 
Other factors, including patient position during opera-
tion and major bronchus transection, have been incrimi-
nated, although the mechanisms are not clear. Several 
other causes of shoulder pain should be considered when 
evaluating a patient with shoulder pain postoperatively:
  

 1.  A chest drain placed too far into the apex of the hemi-
thorax will irritate the parietal pleura and cause shoul-
der pain. The postoperative chest radiograph should 
be reviewed and the chest drain partially withdrawn if 
this is suspected as the cause.

 2.  The posterior end of a large posterolateral thoracot-
omy incision may not be well blocked by a function-
ing thoracic epidural, and this may be described as 
shoulder pain. The extent of the sensory block should 
be determined on the skin. If inadequate block is a 
possibility, the thoracic epidural analgesia can be 
“topped-up.”

 3.  Patients with chronic arthralgia of the shoulder may 
experience an exacerbation from the intraoperative 
positioning of the ipsilateral arm. It is important to ask 
about shoulder problems preoperatively and to posi-
tion the arms in a manner that does not exacerbate 
shoulder problems.

  

Shoulder pain is refractory to thoracic epidural analge-
sia and requires antiinflammatory agents with or without 
opioids. Shoulder pain is usually transient and is often 
resolved completely by the second postoperative day. 
There are several reports of the use of nerve blocks to 
treat postthoracotomy shoulder pain. Phrenic nerve infil-
tration and interscalene brachial plexus block289 have 
had some success but carry a risk of causing diaphragm 
dysfunction.

Postthoracotomy Neuralgia and Chronic 
Incisional Pain
The transition of acute pain syndromes, associated with 
thoracic surgery, to chronic ones such as postthoracot-
omy neuralgia, may be partially preventable with anal-
gesic regimens that prophylactically block nerves and 
desensitize peripheral nerve endings and dorsal horn cells 
of nerves that are damaged by surgery.290

MANAGEMENT OF OPIOID-TOLERANT 
PATIENTS

The opioid-tolerant patient requiring thoracic surgery 
presents a significant challenge. Patients may be using 
physician-prescribed opioids for pain related to their tho-
racic pathology or other chronic pain syndromes. Active 
abusers of narcotics or those in a rehabilitation program 
who are receiving daily methadone are also included in 
this group. Whenever possible, patients should take their 
regular analgesia or methadone preoperatively; otherwise 
substitute opioids must be provided. The opioid doses 
required to produce adequate postoperative analgesia are 
increased.

A multimodal analgesic regimen is optimal. A choice 
must be made regarding the method of increased opioid 
delivery, either systemically or through an epidural solu-
tion. An increased narcotic dose may be provided in the 
epidural solution, or standard narcotic concentrations 
may be used in the epidural with additional systemic nar-
cotic. DeLeon-Casasola and Yarussi291 report that higher 
epidural doses of opioids are able to curtail the appearance 
of narcotic withdrawal in most patients. More frequently, 
the patient receives a standard or slightly increased con-
centration of opioid in the epidural infusion and addi-
tional systemic opioid to minimize the occurrence of 
withdrawal. A convenient way to provide drug delivery 
in patients not immediately able to take oral medication 
is in the form of a transdermal fentanyl patch. Systemic 
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opioids can be provided as a continuous IV infusion or in 
oral form.

Patient-controlled analgesic techniques are often dif-
ficult to manage in these patients and they may be best 
managed with fixed dosage regimens that are modified as 
needed. Ultimately, after dose titration the patient may be 
receiving both increased epidural opioid and greater than 
preoperative doses of systemic opioid, without significant 
side effects. Patients in whom epidural bupivacaine-mor-
phine analgesia is inadequate may respond to a switch to 
bupivacaine-sufentanil.292 Patients in drug rehabilitation 
programs with methadone may be reluctant to modify 
their methadone dose perioperatively, having struggled 
to establish a stable dose in the past. They frequently can 
take their full methadone dose throughout the periopera-
tive period.

Supplemental therapies to be considered for these 
patients include adding epinephrine 5 μg/mL to the 
epidural infusion solution and the addition of low-dose 
continuous IV ketamine infusions.293 All opioid-tolerant 
patients require frequent adjustment of analgesic doses. 
Despite this, pain scores of 4 to 5 out of 10 with movement 
are often the lowest that are achievable. The increased 
analgesic requirements of opioid-tolerant patients are for 
a longer duration postoperatively than the usual need for 
analgesia in opioid-naive patients.

Complete references available online at expertconsult.com

RefeRences

 1.  Slinger P, Darling G: Preanesthetic assessment for thoracic sur-
gery. In Slinger P, editor: Principles and practice of anesthesia for 
thoracic surgery, New York, 2011, Springer.

 2.  Licker M, et al: Ann Thorac Surg 81:1830, 2006.
 3.  Culver BH: Semin Thorac Cardiovasc Surg 13:92, 2001.
 4.  British Thoracic Society: Guidelines on the radical management 

of patients with lung cancer, Thorax 65:iii1, 2010.
 5.  Spiro SG, et al: Chest 132:149s, 2007.
 6.  Amar D, et al: Anesth Analg 110:1343, 2010.
 7.  National Emphysema Treatment Trial Research Group: A Random-

ized Trial Comparing Lung-Volume-Reduction Surgery with Medi-
cal Therapy for Severe Emphysema, N Engl J Med 348:2059, 2003.

 8.  Weisman IM: Semin Thorac Cardiovasc Surg 13:116, 2001.
 9.  Licker M, et al: Eur Resp J 37:1189, 2011.
 10.  Coyle EF: J Appl Physiol 98:2191, 2005.
 11.  Carter R, et al: Arch Phys Med Rehab 84:1158, 2003.
 12.  Ninan M, et al: Ann Thorac Surg 64:328, 1997.
 13.  Heerdt PM: Cardiovascular adaptation to lung resection. In Thoracic 

anesthesia, ed 3, Philadelphia, 2003, Churchill Livingstone, p 423.
 14.  Win T, et al: Ann Thorac Surg 78:1215, 2004.
 15.  Fleisher LA, et al: Anesth Analg 104:15, 2007.
 16.  ASA Committee on Practice Standards: Practice alert for the peri-

operative management of patients with coronary artery stents, 
Anesthesiology 110:22, 2009.

 17.  Wijeysundera ND, et al: Anesth Analg 113:s62, 2012.
 18.  Ritchie AJ, et al: Ann Thorac Surg 50:86, 1990.
 19.  Amar D, et al: Ann Thorac Surg 63:1374, 1997.
 20.  Amar D, et al: Chest 108:349, 1995.
 21.  Sekine Y, et al: Chest 120:1783, 2001.
 22.  Osaki T, et al: Ann Thorac Surg 57:188, 1994.
 23.  Spaggiari L, Scanagatta P: Curr Opin Oncol 19:84, 2007.
 24.  Schulte T, et al: Chest 135:322, 2009.
 25.  Tang SS, et al: Eur J Cardiothorac Surg 34:898, 2009.
 26.  Golledge J, Goldstraw P: Ann Thorac Surg 58:524, 1994.
 27.  Ishikawa S, et al: Anesth Analg 114:1256, 2012.
 28.  American Thoracic Society: Standards for the diagnosis and care 

of patients with chronic obstructive pulmonary disease, Am J Resp 
Crit Care Med 152:s78, 1995.
 29.  Parot S, et al: Am Rev Resp Dis 121:985, 1980.
 30.  Aubier M, et al: Am Rev Resp Dis 122:747, 1980.
 31.  Simpson SQ: Crit Care Med 30:258, 2002.
 32.  Hanson III CW, et al: Crit Care Med 24:23, 1996.
 33.  Douglas NJ, Flenley DC: Am Rev Resp Dis 141:1055, 1990.
 34.  Schulman DS, Mathony RA: Cardiol Clin 10:111, 1992.
 35.  Myles PE, et al: Br J Anaesth 74:340, 1995.
 36.  MacNee W: Am J Resp Crit Care Med 150:833, 1994.
 37.  Morgan MDL, et al: Thorax 44:533, 1989.
 38.  O’Donnell DE, et al: Am Rev Resp Dis 135:912, 1987.
 39.  Slinger P: Curr Rev Clin Anesth 15:169, 1995.
 40.  Ben-David B, et al: Anesth Analg 92:690, 2001.
 41.  Slinger P, Hickey DJ: Cardiothorac Vasc Anesth 12:133, 1998.
 42.  Warner DO: Anesthesiology 92:1467, 2000.
 43.  Kesten S: Clin Chest Med 18:174, 1997.
 44.  Vaporciyan AA, et al: Ann Thorac Surg 73:420, 2002.
 45.  Akrawi W, Benumof JL: J Cardiothorac Vasc Anesth 11:629, 1997.
 46.  Barrera R, et al: Chest 127:1977, 2005.
 47.  Thomsen T, et al: Br J Surg 96:451, 2009.
 48.  American Cancer Society 2012, www.cancer.org.
 49.  www.cancerresearchuk.org/cancer-info/cancerstats
 50.  Feinstein MB, Bach PB: Chest Surg Clin N Am 10:653, 2000.
 51.  de Perrot M, et al: J Clin Oncol 22:4351, 2004.
 52.  Levin KH: Neurol Clin 15:597, 1997.
 53.  Metha AC, et al: Chest 115:598, 1999.
 54.  Vaughan DJ, Brunner MD: Int Anesthesiol Clin 35:129, 1997.
 55.  Hartigan PM, Ng JM: Thorac Surg Clin 14:575, 2004.
 56.  Sleijfer S: Chest 120:617, 2001.
 57.  Davies RG, et al: Br J Anaesth 96:418, 2006.
 58.  Horlocker T, et al: Reg Anesth Pain Med 35:64, 2010.
 59.  Bayes J, et al: Anesth Analg 79:186, 1994.
 60.  Slinger P, et al: Can J Anaesth 39:1030, 1992.
 61.  Hurford WE, et al: Anesthesiology 64:841, 1987.
 62.  Lewis JW, et al: J Cardiothorac Vasc Anesth 6:705, 1992.
 63.  Katz JA, et al: Anesthesiology 56:164, 1982.
 64.  Naunheim KS, Virgo KS: Chest Surg Clin N Am 11:213, 2001.
 65.  Fujii S, et al: J Clin Anesth 16:347, 2004.
 66.  Hasan FM, et al: Crit Care Med 12:387, 1984.
 67.  Klein U, et al: Anesthesiology 88:346, 1998.
 68.  Bussieres J, Slinger P: Can J Anaesth 59:431, 2012.
 69.  Bardoczy GI, et al: Br J Anaesth 70:499, 1993.
 70.  ASA/SCA taskforce on TEE: Anesthesiology 112:1084, 2010.
 71.  Jaffe RA, et al: Anesth Analg 75:484, 1992.
 72.  Tang L, et al: Br J Anaesth 108:223, 2012.
 73.  Forget P, et al: Anesth Analg 111:910, 2010.
 74.  Campos JH: Thorac Surg Clin 15:71, 2005.
 75.  Eberle B, et al: J Cardiothorac Vasc Anesth 13:532, 1999.
 76.  Seymour AH: J Cardiothorac Vasc Anesth 17:299, 2003.
 77.  Bahk JH, Oh YS: J Cardiothorac Vasc Anesth 16:370, 1999.
 78.  Yasumoto M, et al: Eur J Anaesthesiol 23:42, 2006.
 79.  Boucek CD, et al: J Clin Anesth 10:557, 1998.
 80.  Brodsky JB, Lemmens JMH: J Cardiothorac Vasc Anesth 17:289, 2003.
 81.  Campos JH, Gomez MN: J Cardiothorac Vasc Anesth 16:246, 2002.
 82.  Campos J: Lung isolation. In Slinger P, editor: Principles and prac-

tice of anesthesia for thoracic surgery, New York, 2011, Springer, pp 
227-246.

 83.  Yüceyar L, et al: Acta Anaesthesiol Scand 47:622, 2003.
 84.  Weng W, et al: J Clin Anesth 14:529, 2002.
 85.  Peragallo RA, Swenson JD: Anesth Analg 91:300, 2000.
 86.  Soto RG, Oleszak SP: J Cardiothorac Vasc Anesth 20:131, 2006.
 87.  Sandberg WS: Anesth Analg 100:1728, 2005.
 88.  Narayanaswamy M, et al: Anesth Analg 108:1097, 2009.
 89.  Campos JH: Curr Opin Anaesthesiol 23:12, 2010.
 90.  Jones PM, et al: Can J Anaesth 54:677, 2007.
 91.  Tobias JD: J Clin Anesth 13:35, 2001.
 92.  Saito T, et al: Anesthesiology 89:1038, 1998.
 93.  Britt BA, Gordon RA: Can Anaesth Soc J 11:514, 1964.
 94.  Lawson NW: The lateral decubitus position. In Marton JT, edi-

tor: Positioning in anesthesia and surgery, ed 2, Philadelphia, 1987, 
Saunders, p 175.

 95.  Larsson A, et al: Br J Anaesth 59:585, 1987.
 96.  Lumb AB, editor: Nunn’s applied respiratory physiology, ed 7, Phila-

delphia, 2010, Churchill Livingstone, p 33.
 97.  Bachrendtz S, Klingstadt C: Acta Anaesthiol Scand 28:252, 1984.
 98.  Rehder K, et al: Anesthesiology 39:597, 1973.
 99.  Klingstedt C, et al: Acta Anaesthesiol Scand 34:315, 1990.

http://expertconsult.com
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref0010
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref0010
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref0010
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref0015
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref0020
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref0025
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref0025
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref0030
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref0035
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref0040
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref0040
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref0040
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref0045
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref0050
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref0055
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref0060
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref0065
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref0070
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref0070
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref0075
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref0080
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref0085
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref0085
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref0085
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref0090
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref0095
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref0100
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref0105
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref0110
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref0115
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref0120
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref0125
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref0130
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref0135
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref0140
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref0145
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref0145
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref0145
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref0150
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref0155
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref0160
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref0165
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref0170
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref0175
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref0180
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref0185
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref0190
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref0195
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref0200
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref0205
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref0210
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref0215
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref0220
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref0225
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref0230
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref0235
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref0240
http://www.cancer.org
http://www.cancerresearchuk.org/cancer-info/cancerstats
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref9255
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref0250
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref0255
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref0260
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref0265
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref0270
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref0275
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref0280
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref0285
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref0290
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref0295
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref0300
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref0305
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref0310
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref0315
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref0320
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref0325
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref0330
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref0335
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref0340
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref0345
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref0350
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref0355
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref0360
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref0365
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref0370
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref0375
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref0380
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref0385
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref0390
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref0395
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref0400
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref0405
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref0405
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref0405
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref0410
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref0415
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref0420
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref0425
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref0430
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref0435
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref0440
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref0445
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref0450
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref0455
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref0460
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref0465
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref0465
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref0465
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref0470
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref0475
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref0475
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref0480
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref0485
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref0490


Chapter 66: Anesthesia for Thoracic Surgery 2005
 100.  Chang H, et al: J Appl Physiol 92:745, 2002.
 101.  Johser J: Physiology of the lateral position, open chest and one-

lung ventilation. In Slinger P, editor: Principles and practice of anes-
thesia for thoracic surgery, Springer, 2011, p 72.

 102.  Klingstedt C, et al: Acta Anaesthesiol Scand 34:421, 1990.
 103.  Mushin WM, Rendell-Baker L: The origins of thoracic anesthesia, 

Park Ridge, 1991, Wood Library-Museum of Anesthesia, p 47.
 104.  Ray III JF, et al: Arch Surg 109:537, 1974.
 105.  Chappell D, et al: Anesthesiology 109:723, 2008.
 106.  Rooke GA, et al: Anesthesiology 86:1294, 1997.
 107.  Al-Abdullatief M, et al: Eur J Cardiothorac Surg 32:346, 2007.
 108.  Williams A, Kay J: Anesthesiology 92:1482, 2000.
 109.  Ko R, et al: Anesth Analg 108:1092, 2009.
 110.  Unzueta C, et al: Br J Anaesth 108:517, 2012.
 111.  Szegedi LL, et al: Anesth Analg 100:15, 2005.
 112.  Tarhan S, Lundborg RO: Can Anaesth Soc J 17:4, 1970.
 113.  Karzai W, Schwarzkopf K: Anesthesiology 110:1402, 2009.
 114.  Lumb AB, editor: Nunn’s applied respiratory physiology, ed 7, Phila-

delphia, 2010, Churchill Livingstone, p 104.
 115.  Watanabe S, et al: Anesth Analg 90:28, 2000.
 116.  Bardoczky GI, et al: Anesth Analg 90:35, 2000.
 117.  Eisenkraft JB: Br J Anaesth 65:63, 1990.
 118.  Moudgil R, et al: J Appl Physiol 98:390, 2005.
 119.  Talbot NP, et al: J Appl Physiol 98:1125, 2005.
 120.  Dorrington KL, et al: Am J Physiol Heart Circ Physiol 273:H1126, 

1997.
 121.  Ishikawa S, et al: Br J Anaesth 90:21, 2003.
 122.  Brimioulle S, et al: Cardiovasc Res 34:384, 1997.
 123.  Marshall C, et al: Anesthesiology 60:304, 1984.
 124.  Wang JY, et al: Br J Anaesth 81:850, 2000.
 125.  Wang JY, et al: Anaesthesia 55:167, 2000.
 126.  Benumof J: Anesthesiology 64:419, 1986.
 127.  Reid CW, et al: J Cardiothroac Vasc Anesth 10:860, 1997.
 128.  Slinger P, Scott WAC: Anesthesiology 82:940, 1995.
 129.  Russell WJ, James MF: Anaesth Intensive Care 32:644, 2004.
 130.  Kim SH, et al: J Anesth 26:568, 2012.
 131.  Kozian A, et al: Anesthesiology 114:1009, 2011.
 132.  Loepply JA, et al: J Appl Physiol 72:1787, 1993.
 133.  Larsson A, et al: Br J Anaesth 59:585, 1987.
 134.  Bardoczky GI, et al: Chest 110:180, 1996.
 135.  Pepe P, Marini JJ: Am Rev Resp Dis 126:166, 1982.
 136.  Szegedi LL, et al: Anesth Analg 84:1034, 1997.
 137.  van der Weff YD, et al: Chest 111:1278, 1997.
 138.  Unzueta MC, et al: Anesth Analg 104:1029, 2007.
 139.  Roze H, et al: Br J Anaesth 105:377, 2010.
 140.  Slinger P: Anesth Analg 103:268, 2006.
 141.  Slinger P, et al: Can J Anaesth 39:1030, 1992.
 142.  Hurford WE, et al: Anesthesiology 64:841, 1987.
 143.  Ribas J, et al: Chest 120:852, 2001.
 144.  Fujiwara M, et al: J Clin Anesth 13:473, 2001.
 145.  Capan LM, et al: Anesth Analg 59:847, 1980.
 146.  Rothen HU, et al: Br J Anaesth 71:788, 1993.
 147.  Slinger P, et al: Anesthesiology 68:291, 1988.
 148.  Hogue CW Jr: Anesth Analg 79:364, 1994.
 149.  Bailey S, et al: J Cardiothorac Vasc Anesth 12:239, 1998.
 150.  Nomoto Y, Kawamura M: Can J Anaesth 36:273, 1989.
 151.  Chen T-L, et al: Acta Anaesthesiol Scand 40:7, 1996.
 152.  Freden F, et al: Br J Anaesth 77:413, 1996.
 153.  Schwarzkopf K, et al: Anesth Analg 92:842, 2001.
 154.  Moutafis M, et al: Anesth Analg 94:830, 2002.
 155.  Doering EB, et al: Anesthesiology 87:18, 1997.
 156.  Russell WJ, et al: Anaesth Intensive Care 37:432, 2009.
 157.  Ku CM, et al: J Cardiothorac Vasc Anesth 37:432, 2009.
 158.  Campos JH: Anesth Analg 85:583, 1997.
 159.  Ishikawa S, et al: Br J Anaesth 90:21, 2003.
 160.  Abiad MG, et al: J Cardiothorac Vasc Anesth 9:89, 1995.
 161.  Antognini SF, Hanowell LH: Anesthesiology 74:1137, 1991.
 162.  Stolz D, et al: Chest 128:1756, 2005.
 163.  Slinger P, et al: J Cardiothorac Vasc Anesth 6:755, 1992.
 164.  Herth F, et al: Chest 119:1910, 2001.
 165.  Stephens KE, Wood DE: J Thorac Cardiovasc Surg 119:289, 2000.
 166.  Sullivan MT, Neff WB: Anesthesiology 50:473, 1979.
 167.  Hillier JE, et al: Anesth Analg 99:1610, 2004.
 168.  Van Der Spek AFL, et al: Br J Anaesth 60:709, 1988.
 169.  Metin M, et al: Ann Thorac Surg 73:250, 2002.
 170.  Lohser J, et al: J Cardiothorac Vasc Anesth 19:678, 2005.
 171.  Rintoul RC, et al: Eur Resp J 25:416, 2005.
 172.  Stammberger U, et al: Eur J Cardiothorac Surg 18:7, 2000.
 173.  Berry MF, et al: Ann Thorac Surg 89:1044, 2010.
 174.  Kaseda S, et al: Ann Thorac Surg 70:1644, 2000.
 175.  Yim AP, et al: Ann Thorac Surg 70:243, 2000.
 176.  McKenna RJ, et al: Ann Thorac Surg 81:421, 2006.
 177.  D’Amico TA: J Thorac Cardiovasc Surg 132:464, 2006.
 178.  Steenwyck B: Anesth Clin 30:699, 2012.
 179.  Cerfolio JR, et al: Chest 126:281, 2004.
 180.  Pompeo E, et al: Ann Thorac Surg 78:1761, 2004.
 181.  Hill SE, et al: Anesthesiology 104:1047, 2006.
 182.  Bagan P, et al: Ann Thorac Surg 80:2046, 2005.
 183.  Ramnath N, et al: Ann Thorac Surg 83:1831, 2007.
 184.  Powell ES, et al: J Cardiothorac Surg 4:41, 2009.
 185.  Alvarez J: Post-pneumonectomy pulmonary edema. In Slinger P, 

editor: Progress in thoracic anesthesia. Society of cardiovascular anes-
thesiologists monograph, Philadelphia, 2004, Lippincott Williams 
Wilkins, p 87.

 186.  Foroulis CN, et al: Eur J Cardiothorac Surg 26:508, 2004.
 187.  Zeldin RA, et al: J Thorac Cardiovasc Surg 87:359, 1984.
 188.  Licker M, et al: Anesth Analg 97:1558, 2003.
 189.  Fernandez-Perez ER, et al: Anesthesiology 105:14, 2006.
 190.  Schilling T, et al: Anesth Analg 101:957, 2005.
 191.  Foroulis CN, et al: Eur J Cardiothorac Surg 26:508, 2004.
 192.  Iglesias M, et al: Ann Thorac Surg 85:237, 2008.
 193.  de Perrot M, et al: J Thorac Cardiovasc Surg 13:111, 2007.
 194.  Dartevelle PG, et al: Ann Thorac Surg 46:68, 1988.
 195.  Cerfolio RJ, et al: Ann Thorac Surg 62:348, 1996.
 196.  McGlade DP, Slinger PD: Anesthesiology 99:1021, 2003.
 197.  Smithers BM, et al: Ann Surg 245:232, 2007.
 198.  Rentz J, et al: J Thorac Cardiovasc Surg 125:1114, 2003.
 199.  Tandon S, et al: Br J Anaesth 86:633, 2001.
 200.  Buise M, et al: Acta Anaesthiol Belg 59:257, 2008.
 201.  Al-Rawi OY, et al: Anesth Analg 106:884, 2008.
 202.  Michelet P, et al: Anesthesiology 105:911, 2006.
 203.  Sung H, Nelems B: Can J Anaesth 36:333, 1989.
 204.  Pross M, et al: Gastrointest Endosc 51:73, 2000.
 205.  Moskovitz AH, et al: Ann Thorac Surg 82:2031, 2006.
 206.  Eisenkraft JB, Neustein SM: Anesthesia for esophageal and medi-

astinal surgery. In Kaplan J, Slinger P, editors: Thoracic anesthesia, 
ed 3, Philadelphia, 2003, Churchill Livingstone, p 269.

 207.  Topsis J, et al: Anesth Analg 69:532, 1989.
 208.  Finley RJ, et al: Arch Surg 13:892, 2001.
 209.  Desa LA, et al: Ann R Coll Surg Engl 72:128, 1990.
 210.  Hindman B, Bert A: J Cardiothorac Anesth 1:438, 1987.
 211.  Au C, et al: Can J Anaesth 46:688, 1999.
 212.  Aouad MT, et al: Anesthesiology 92:187, 2000.
 213.  Pinsonneault C, et al: Can J Anaesth 46:439, 1999.
 214.  Watanabe Y, et al: Scand J Thorac Cardiovasc Surg 22:227, 1988.
 215.  Mueller DK, et al: Ann Thorac Surg 78:720, 2004.
 216.  Saravanan P, et al: Can J Anaesth 53:507, 2006.
 217.  Chan DT, et al: Ann Thorac Surg 84:225, 2007.
 218.  Wright CD, et al: J Thorac Cardiovasc Surg 112:1367, 1996.
 219.  Mulot A, et al: Anesth Analg 95:1122, 2002.
 220.  Travaline JM, et al: Chest 136:355, 2009.
 221.  Patane PS, et al: J Cardiothorac Anesth 4:229, 1990.
 222.  Williams A, Kay J: Anesthesiology 92:1482, 2000.
 223.  Tietjen CS, et al: J Clin Anesth 9:69, 1997.
 224.  Schipper PH, et al: Ann Thorac Surg 78:976, 2004.
 225.  Eagle C, Tang T: Can J Anaesth 42:168, 1995.
 226.  Jacob R, Sen S: Paediatr Anaesth 11:733, 2001.
 227.  Shen H, et al: Chest 121:284, 2002.
 228.  Trulock EP, et al: J Heart Lung Transplant 26:782, 2007.
 229.  Bittner HB, et al: Eur J Cardiothorac Surg 31:462, 2007.
 230.  Robinson RJ, et al: J Heart Lung Transplant 13:779, 1994.
 231.  Haddow GR, Brock-Utne JG: Acta Anaesthesiol Scand 43:960, 1999.
 232.  National Emphysema Treatment Trial Research Group: N Engl J 

Med 348:2059, 2003.
 233.  Tschernko EM, et al: Thorax 52:545, 1997.
 234.  Roue C, et al: Chest 110:28, 1996.
 235.  Zollinger A, et al: Anesth Analg 84:845, 1997.
 236.  Strange C, et al: BMC Pulm Med 7:10, 2007.
 237.  Kubota H, et al: Anesthesiology 67:587, 1987.
 238.  Fortin M, et al: J Cardiothorac Vasc Anesth 20:376, 2006.

http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref0495
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref0500
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref0500
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref0500
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref0505
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref0510
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref0510
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref0515
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref0520
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref0525
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref0530
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref0535
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref0540
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref0545
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref0550
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref0555
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref0560
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref0565
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref0565
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref0570
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref0575
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref0580
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref0585
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref0590
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref0595
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref0595
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref0600
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref0605
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref0610
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref0615
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref0620
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref0625
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref0630
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref0635
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref0640
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref0645
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref0650
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref0655
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref0660
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref0665
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref0670
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref0675
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref0680
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref0685
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref0690
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref0695
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref0700
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref0705
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref0710
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref0715
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref0720
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref0725
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref0730
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref0735
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref0740
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref0745
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref0750
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref0755
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref0760
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref0765
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref0770
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref0775
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref0780
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref0785
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref0790
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref0795
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref0800
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref0805
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref0810
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref0815
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref0820
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref0825
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref0830
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref0835
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref0840
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref0845
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref0850
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref0855
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref0860
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref0865
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref0870
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref0875
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref0880
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref0885
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref0890
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref0895
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref0900
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref0905
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref0910
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref0915
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref0920
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref0920
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref0920
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref0920
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref0925
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref0930
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref0935
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref0940
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref0945
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref0950
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref0955
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref0960
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref0965
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref0970
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref0975
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref0980
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref0985
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref0990
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref0995
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1000
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1005
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1010
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1015
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1020
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1025
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1025
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1025
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1030
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1035
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1040
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1045
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1050
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1055
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1060
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1065
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1070
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1075
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1080
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1085
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1090
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1095
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1100
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1105
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1110
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1115
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1120
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1125
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1130
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1135
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1140
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1145
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1150
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1155
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1155
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1160
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1165
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1170
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1175
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1180
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1185


PART V: Adult Subspecialty Management2006
 239.  Grant CA, et al: Br J Anaesth 96:127, 2006.
 240.  Manecke G: Semin Thorac Cardiovasc Surg 18:236, 2006.
 241.  Bussieres JS: Anesthiol Clin North America 19:543, 2001.
 242.  Ramirez- RJ: Dis Chest 50:581, 1966.
 243.  Huizar I, Kavuru MS: Curr Opin Pulm Med 50:64, 2009.
 244.  Bussieres JS: Whole lung lavage. In Slinger P, editor: Principles and 

practice of anesthesia for thoracic surgey, New York, 2011, Springer, 
p 497.

 245.  Nadeau MJ, et al: Anesth Analg 99:676, 2004.
 246.  Shamberger RC, et al: Surgery 118:468, 1995.
 247.  Vander Els NJ, et al: Chest 117:1256, 2000.
 248.  Hnatiuk OW, et al: Chest 120:1152, 2001.
 249.  Frawley G, et al: Anaesth Intensive Care 23:610, 1995.
 250.  McMahon CC, et al: Anaesthesia 52:150, 1997.
 251.  Pelton JJ, Ratner IA: Ann Thorac Surg 48:301, 1989.
 252.  Takeda S, et al: Ann Thorac Surg 68:2324, 1999.
 253.  Turkoz A, et al: Anesth Analg 102:1040, 2006.
 254.  Slinger P, Karsli C: Curr Opin Anaesthesiol 20:1, 2007.
 255.  Chait P, et al: Pediatr Radiol 35:S76, 2005.
 256.  Borenstein SH, et al: J Pediatr Surg 35:973, 2000.
 257.  Bechard P, et al: Anesthesiology 100:826, 2004.
 258.  White MC, Stoddart PA: Paediatr Anaesth 14:625, 2004.
 259.  Della Rocca G, et al: Can J Anaesth 50:547, 2003.
 260.  Leventhal SR, et al: Anesthesiology 53:26, 1980.
 261.  Eisenkraft JB, et al: Anesthesiology 65:79, 1986.
 262.  De Perrot M, et al: Eur J Cardiothorac Surg 24:677, 2003.
 263.  Schweizer A, et al: J Clin Anesth 10:678, 1998.
 264.  Azad SC, et al: Anaesthesist 49:9-17, 2000.
 265.  Baisi A, et al: J Thorac Cardiovasc Surg 123:1206, 2002.
 266.  Rippey JC, et al: CJEM 6:126, 2004.
 267.  Mehanna MJ, et al: J Thorac Imaging 22:280, 2007.
 268.  Sugarbaker DJ, et al: J Thorac Cardiovasc Surg 128:138, 2004.
 269.  Ali J, et al: Am J Surg 128:376, 1974.
 270.  Scawn NDA, et al: Anesth Analg 93:260, 2001.
 271.  Kavanagh BP, et al: Anesthesiology 81:737, 1994.
 272.  Mac TB, et al: J Cardiothorac Vasc Anesth 19:475, 2005.
 273.  Chow TKF, et al: Anesth Analg 87:1372, 1998.
 274.  Chrysostomou C, et al: Pediatr Crit Care Med 7:186, 2007.
 275.  Schnieder RF, et al: Chest 103:414, 1993.
 276.  Ballantyne JC, et al: Anesth Analg 86:598, 1998.
 277.  Wiebalck A, et al: Anesth Analg 85:124, 1997.
 278.  Moniche S, et al: Acta Anaesthesiol Scand 37:65, 1993.
 279.  Chin KJ, Karmakar MK: Anesthesiology 114:1446, 2011.
 280.  Hansdottir V, et al: Anesth Analg 83:394, 1996.
 281.  Gruber EM, et al: Anesth Analg 92:1015, 2001.
 282.  Warner DO, et al: Anesthesiology 85:761, 1996.
 283.  Ginosar Y, et al: Anesth Analg 97:1428, 2003.
 284.  Luyet C, et al: Br J Anaesth 102:534, 2009.
 285.  Casati A, et al: Eur J Anaesthesiol 7:1, 2006.
 286.  Davies RG, et al: Br J Anaesth 96:418, 2006.
 287.  Dauphin A, et al: Can J Anaesth 44:367, 1997.
 288.  Rigg JRA, et al: Lancet 359:1276, 2002.
 289.  Barak M, et al: J Cardiothorac Vasc Anesth 21:554, 2007.
 290.  Senturk M, et al: Anesth Analg 94:11, 2002.
 291.  de Leon-Casasola OA, Yarussi A: Curr Rev Pain 4:203, 2000.
 292.  de Leon-Casasola OA, Lema MJ: Anesthesiology 80:303, 1994.
 293.  Schmid R, et al: Pain 82:111, 1999.

http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1190
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1195
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1200
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1205
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1210
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1215
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1215
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1215
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1220
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1225
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1230
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1235
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1240
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1245
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1250
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1255
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1260
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1265
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1270
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1275
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1280
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1285
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1290
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1295
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1300
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1305
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1310
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1315
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1320
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1325
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1330
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1335
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1340
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1345
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1350
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1355
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1360
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1365
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1370
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1375
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1380
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1385
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1390
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1395
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1400
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1405
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1410
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1415
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1420
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1425
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1430
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1435
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1440
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1445
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1450
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1455
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1460


RefeRences

 1.  Slinger P, Darling G: Preanesthetic assessment for thoracic sur-
gery. In Slinger P, editor: Principles and practice of anesthesia for 
thoracic surgery, New York, 2011, Springer.

 2.  Licker M, Widikker I, Robert J, et al: Operative mortality and 
respiratory complications after lung resection for cancer: impact 
of chronic obstructive pulmonary disease and time trends, Ann 
Thorac Surg 81:1830, 2006.

 3.  Culver BH: Preoperative assessment of the thoracic surgery 
patient: pulmonary function testing, Semin Thorac Cardiovasc Surg 
13:92, 2001.

 4.  British Thoracic Society: Guidelines on the radical management 
of patients with lung cancer, Thorax 65:iii1, 2010.

 5.  Spiro SG, Gould MK, Colice GK: Initial evaluation of the patient 
with lung cancer. ACCP evidence-based clinical practice guide-
lines, Chest 132:149s, 2007.

 6.  Amar D, Munoz D, Weiji S, et al: A clinical prediction rule for 
pulmonary complications after thoracic surgery for primary lung 
cancer, Anesth Analg 110:1343, 2010.

 7.  National Emphysema Treatment Trial Research Group: A Random-
ized Trial Comparing Lung-Volume-Reduction Surgery with Medi-
cal Therapy for Severe Emphysema, N Engl J Med 348:2059, 2003.

 8.  Weisman IM: Cardiopulmonary exercise testing in the preopera-
tive assessment for lung resection surgery, Semin Thorac Cardio-
vasc Surg 13:116, 2001.

 9.  Licker M, Schnyder JM, Frey JG, et al: Impact of aerobic exercise 
capacity and procedure-related factors in lung cancer surgery, Eur 
Respir J 37:1189, 2011.

 10.  Coyle EF: Improved muscular efficiency as Tour de France cham-
pion matures, J Appl Physiol 98:2191, 2005.

 11.  Carter R, Holiday DB, Stocks J, et al: Predicting oxygen uptake 
for men and women with moderate to severe chronic obstructive 
pulmonary disease, Arch Phys Med Rehabil 84:1158, 2003.

 12.  Ninan M, Sommers KE, Landranau RJ, et al: Standardized exercise 
oximetry predicts post-pneumonectomy outcome, Ann Thorac 
Surg 64:328, 1997.

 13.  Heerdt PM: Cardiovascular adaptation to lung resection. In Thoracic 
anesthesia, ed 3, Philadelphia, 2003, Churchill Livingstone, p 423.

 14.  Win T, Larouche CM, Groves AM, et al: Use of quantitative 
lung scintigraphy to predict pulmonary function in lung cancer 
patients undergoing lobectomy, Ann Thorac Surg 78:1215, 2004.

 15.  Fleisher LA, Beckman JA, Brown KA, et al: ACC/AHA 2006 guide-
line update on perioperative cardiovascular evaluation for non-
cardiac surgery: focused update on perioperative beta-blocker 
therapy, Anesth Analg 104:15, 2007.

 16.  ASA Committee on Practice Standards: Practice alert for the peri-
operative management of patients with coronary artery stents, 
Anesthesiology 110:22, 2009.

 17.  Wijeysundera ND, Wijeysundera HC, Wasowicz M, et al: Risk of 
elective major non-cardiac surgery after coronary stent insertion, 
Anesth Analg 113:s62, 2012.

 18.  Ritchie AJ, Bowe P, Gibbons JRP: Prophylactic digitalisation for 
thoracotomy: a reassessment, Ann Thoracic Surg 50:86, 1990.

 19.  Amar D, Roistacher N, Burt ME, et al: Effects of diltiazem versus 
digoxin on dysrhythmias and cardiac function after pneumonec-
tomy, Ann Thorac Surg 63:1374, 1997.

 20.  Amar D, Roistacher N, Burt N, et al: Clinical and echocardio-
graphic correlates of symptomatic tachydysrhythmias after non-
cardiac thoracic surgery, Chest 108:349, 1995.

 21.  Sekine Y, Kesler KA, Behnia M, et al: COPD may increase the inci-
dence of refractory supraventricular arrhythmias following pulmo-
nary resection for non-small cell lung cancer, Chest 120:1783, 2001.

 22.  Osaki T, Shirakusa T, Kodate M, et al: Surgical treatment of lung 
cancer in the octogenarian, Ann Thorac Surg 57:188, 1994.

 23.  Spaggiari L, Scanagatta P: Surgery of non-small cell lung cancer in 
the elderly, Curr Opin Oncol 19:84, 2007.

 24.  Schulte T, Schniewind B, Dohrman p, et al: The extent of lung 
parenchyma resection significantly impacts long-term quality of life 
in patients with non-small cell lung cancer, Chest 135:322, 2009.

 25.  Tang SS, Redmond K, Griffiths M, et al: The mortality from 
acute respiratory distress syndrome after pulmonary resection is 
decreasing : a 10-year single institutional experience, Eur J Cardio-
thorac Surg 34:898, 2009.

 26.  Golledge J, Goldstraw P: Renal impairment after thoracotomy: inci-
dence, risk factors and significance, Ann Thorac Surg 58:524, 1994.
2006.e1

 27.  Ishikawa S, Greisdale DEG, Lohser J: Auite kidney injury after 
lung resection surgery, Anesth Analg 114:1256, 2012.

 28.  American Thoracic Society: Standards for the diagnosis and care 
of patients with chronic obstructive pulmonary disease, Am J Resp 
Crit Care Med 152:s78, 1995.

 29.  Parot S, Saunier C, Gauthier H, Milic-Emile J, Sadoul P: Breathing 
pattern and hypercapnia in patients with obstructive pulmonary 
disease, Am Rev Respir Dis 121:985, 1980.

 30.  Aubier M, Murciano D, Milic-Emili J, et al: Effects of the admin-
istration of O2 on ventilation and blood gases in patients with 
chronic obstructive pulmonary disease during acute respiratory 
failure, Am Rev Respir Dis 122:747, 1980.

 31.  Simpson SQ: Oxygen-induced acute hypercapnia in chronic 
obstructive pulmonary disease: what’s the problem? Crit Care Med 
30:258, 2002.

 32.  Hanson III CW, Marshall BE, Frasch HF, Marshall C: Causes of 
hypercarbia in patients with chronic obstructive pulmonary dis-
ease, Crit Care Med 24:23, 1996.

 33.  Douglas NJ, Flenley DC: Breathing during sleep in patients with 
obstructive lung disease, Am Rev Respir Dis 141:1055, 1990.

 34.  Schulman DS, Mathony RA: The right ventricle in pulmonary dis-
ease, Cardiol Clin 10:111, 1992.

 35.  Myles PE, Madder H, Morgan EB: Intraoperative cardiac arrest 
after unrecognized dynamic hyperinflation, Br J Anaesth 74:340, 
1995.

 36.  MacNee W: Pathophysiology of cor pulmonale in chronic 
obstructive pulmonary disease, Am J Respir Crit Care Med 150:833, 
1994.

 37.  Morgan MDL, Edwards CW, Morris J, Matthews HR: Origin and 
behavior of emphysematous bullae, Thorax 44:533, 1989.

 38.  O’Donnell DE, Sami R, Anthonisen NR, Younes M: Effect of 
dynamic airway compression on breathing pattern and respira-
tory sensation in severe chronic obstructive pulmonary disease, 
Am Rev Respir Dis 135:912, 1987.

 39.  Slinger P: Anesthesia for patients with COPD, Curr Rev Clin Anesth 
15:169, 1995.

 40.  Ben-David B, Stonebraker VC, Hershman R, et al: Survival after 
failed intraoperative resuscitation: a case of “Lazarus syndrome”, 
Anesth Analg 92:690, 2001.

 41.  Slinger P, Hickey D: The interaction between Applied PEEP and 
Auto-Peep during one-lung ventilation, J Cardiothorac Vasc Anesth 
12:133, 1998.

 42.  Warner DO: Preventing postoperative pulmonary complications, 
Anesthesiology 92:1467, 2000.

 43.  Kesten S: Pulmonary rehabilitation and surgery for end-stage lung 
disease, Clin Chest Med 18:174, 1997.

 44.  Vaporciyan AA, Merriman KW, Ece F, et al: Incidence of major 
pulmonary complications after pneumonectomy; association 
with timing of smoking cessation, Ann Thorac Surg 73:420, 2002.

 45.  Akrawi W, Benumof JL: A pathophysiological basis for informed 
preoperative smoking cessation counseling, J Cardiothorac Vasc 
Anesth 11:629, 1997.

 46.  Barrera R, Shi W, Amar D, et al: Smoking and timing of cessation. 
Impact on pulmonary complications after thoracotomy, Chest 
127:2005, 1977.

 47.  Thomsen T, Tonnesen H, Moller AM: Effect of preoperative smok-
ing cessation interventions on postoperative complications and 
smoking cessation, Br J Surg 96:451, 2009.

 48.  American Cancer Society. Home page. <www.cancer.org>
 49.  Cancer Research UK. CancerStats: Cancer Statistics for the UK. 

<www.cancerresearchuk.org/cancer-info/cancerstats> accessed ***.
 50.  Feinstein MB, Bach PB: Epidemiology of lung cancer, Chest Surg 

Clin N Am 10:653, 2000.
 51.  de Perrot M, Cherenko S, Waddell T, et al: Role of lung trans-

plantation in the treatment of bronchogenic carcinomas for 
patients with end-stage pulmonary disease, J Clin Oncol 22:4351, 
2004.

 52.  Levin KH: Paraneoplastic neuromuscular syndromes, Neurol Clin 
15:597, 1997.

 53.  Metha AC, Rafanan AL, Bulkley R, et al: Coronary spasm and car-
diac arrest during laser bronchoscopy, Chest 115:598, 1999.

 54.  Vaughan DJ, Brunner MD: Anesthesia for patients with the carci-
noid syndrome, Int Anesthesiol Clin 35:129, 1997.

 55.  Hartigan PM, Ng JM: Anesthetic strategies for patients undergoing 
extrapleural pneumonectomy, Thorac Surg Clin 14:575, 2004.

 56.  Sleijfer S: Bleomycin-induced pneumonitis, Chest 120:617, 2001.

http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1465
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1465
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1465
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1470
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1470
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1470
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1470
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1475
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1475
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1475
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1480
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1480
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1485
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1485
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1485
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1490
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1490
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1490
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1495
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1495
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1495
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1500
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1500
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1500
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1505
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1505
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1505
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1510
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1510
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1515
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1515
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1515
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1520
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1520
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1520
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1525
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1525
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1530
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1530
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1530
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1535
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1535
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1535
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1535
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1540
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1540
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1540
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1545
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1545
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1545
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1550
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1550
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1555
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1555
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1555
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1560
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1560
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1560
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1565
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1565
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1565
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1570
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1570
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1575
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1575
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1580
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1580
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1580
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1585
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1585
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1585
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1585
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1590
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1590
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1595
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1595
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1600
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1600
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1600
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1605
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1605
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1605
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1610
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1610
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1610
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1610
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1615
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1615
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1615
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1620
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1620
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1620
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1625
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1625
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1630
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1630
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1635
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1635
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1635
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1640
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1640
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1640
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1645
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1645
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1650
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1650
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1650
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1650
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1655
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1655
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1660
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1660
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1660
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1665
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1665
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1665
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1670
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1670
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1675
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1675
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1680
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1680
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1680
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1685
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1685
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1685
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1690
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1690
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1690
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1695
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1695
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1695
http://www.cancer.org
http://www.cancerresearchuk.org/cancer-info/cancerstats
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref9720
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref9720
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1705
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1705
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1705
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1705
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1710
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1710
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1715
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1715
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1720
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1720
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1725
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1725
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1730


References2006.e2
 57.  Davies RG, Myles PL, Graham JM: A comparison of the analgesic 
efficacy and side-effects of paravertebral vs. epidural blockade for 
thoracotomy—a systematic review and meta-analysis of random-
ized trials, Br J Anaesth 96:418, 2006.

 58.  Horlocker T, Wedel D, Rowlinson J, et al: Regional anesthesia in 
the patient receiving anti-thrombolytic therapy. ASRA guidelines, 
Reg Anesth Pain Med 35:64, 2010.

 59.  Bayes J, Slater EM, Hadberg PS, Lawson D: Obstruction of a dou-
ble-lumen tube by a saber-sheath trachea, Anesth Analg 79:186, 
1994.

 60.  Slinger P, Suissa S, Triolet W: Predicting arterial oxygenation dur-
ing one-lung anaesthesia, Can J Anaesth 39:1030, 1992.

 61.  Hurford WE, Kokar AC, Strauss HW: The use of ventilation/perfu-
sion lung scans to predict oxygenation during one-lung anesthe-
sia, Anesthesiology 64:841, 1987.

 62.  Lewis JW, Serwin JP, Gabriel FS, Bastaufar M, Jacobsen G: The util-
ity of a double-lumen tube for one-lung ventilation in a variety 
of non-cardiac thoracic surgical procedures, J Cardiothorac Vasc 
Anesth 6:705, 1992.

 63.  Katz JA, Lavern RG, Fairley HB, et al: Pulmonary oxygen exchange 
during endobronchial anesthesia, effect of tidal volume and PEEP, 
Anesthesiology 56:164, 1982.

 64.  Naunheim KS, Virgo KS: Postoperative surveillance following 
lung cancer resection, Chest Surg Clin North Am 11:213, 2001.

 65.  Fujii S, Kikura M, Takada T, et al: A non-invasive partial carbon 
dioxide rebreathing technique for measurement of pulmonary 
blood flow is also a useful oxygenation monitor during one-lung 
ventilation, J Clin Anesth 16:347, 2004.

 66.  Hasan FM, Mangala A, Corrao WM, Bramnan FS: Effect of cathe-
ter position on thermodilution cardiac output during continuous 
positive pressure ventilation, Crit Care Med 12:387, 1984.

 67.  Klein U, Karzai W, Bloos F, et al: Role of fiberoptic bronchoscopy 
in conjunction with the use of double-lumen tubes for thoracic 
anesthesia, Anesthesiology 88:346, 1998.

 68.  Bussieres J, Slinger P: Correct positioning of double-lumen tubes, 
Can J Anaesth 59:431, 2012.

 69.  Bardoczy GI, Lievarlet M, Engleman E, Defrancquen P: Continu-
ous spirometry for detection of double-lumen endobronchial tube 
displacement, Br J Anaesth 70:499, 1993.

 70.  ASA/SCA taskforce on TEE: Practice guidelines for perioperative 
TEE, Anesthesiology 112:1084, 2010.

 71.  Jaffe RA, Pinto FS, Schmittger I: Aspects of mechanical ventilation 
affecting intra-atrial shunt flow during general anesthesia, Anesth 
Analg 75:484, 1992.

 72.  Tang L, Kazan R, Taddei R, et al: Reduced cerebal oxygen satura-
tion during thoracic surgery predicts early postoperative cognitive 
dysfunction, Br J Anaesth 108:223, 2012.

 73.  Forget P, Lois F, de Kock M: Goal-directed fluid management based 
on the pulse oximeter-derived path variability index reduces lactate 
levels and improves fluid management, Anesth Analg 111:910, 2010.

 74.  Campos JH: Progress in lung separation, Thorac Surg Clin 15:71, 2005.
 75.  Eberle B, Weiler N, Vogel N, et al: Computed tomography based 

tracheobronchial image reconstruction allows selection of the 
individually appropriate double-lumen tube size, J Cardiothorac 
Vasc Anesth 13:532, 1999.

 76.  Seymour AH: The relationship between the diameters of the adult 
cricoid ring and main tracheobronchial tree: a cadaver study to 
investigate the basis for double-lumen tube selection, J Cardiotho-
rac Vasc Anesth 17:299, 2003.

 77.  Bahk JH, Oh YS: Prediction of double-lumen tracheal tube depth, 
J Cardiothorac Vasc Anesth 16:370, 1999.

 78.  Yasumoto M, Higa K, Nitahara K, et al: Optimal depth of inser-
tion of left-sided double-lumen endobronchial tubes cannot be 
predicted from body height in below average-sized adult patients, 
Eur J Anaesthesiol 23:42, 2006.

 79.  Boucek CD, Landreneau R, Freeman JA, et al: A comparison of 
techniques for placement of double-lumen endobronchial tubes, 
J Clin Anesth 10:557, 1998.

 80.  Brodsky JB, Lemmens JMH: Left double-lumen tubes: clinical expe-
rience with 1,170 patients, J Cardiothorac Vasc Anesth 17:289, 2003.

 81.  Campos JH, Gomez MN: Pro: right-sided double-lumen endotra-
cheal tubes should be used routinely in thoracic surgery, J Cardio-
thorac Vasc Anesth 16:246, 2002.

 82.  Campos J: Lung isolation. In Slinger P, editor: Principles and prac-
tice of anesthesia for thoracic surgery, New York, 2011, Springer, pp 
227-246.
 83.  Yüceyar L, Kaynak K, Canturk E, et al: Bronchial rupture with a 
left-sided polyvinylchloride double-lumen tube, Acta Anaesthesiol 
Scand 47:622, 2003.

 84.  Weng W, DeCrosta DJ, Zhang H: Tension pneumothorax during 
one-lung ventilation: a case report, J Clin Anesth 14:529, 2002.

 85.  Peragallo RA, Swenson JD: Congenital tracheal bronchus: the 
inability to isolate the right lung with a Univent bronchial blocker 
tube, Anesth Analg 91:300, 2000.

 86.  Soto RG, Oleszak SP: Resection of the Arndt bronchial blocker 
during stapler resection of the left lower lobe, J Cardiothorac Vasc 
Anesth 20:131, 2006.

 87.  Sandberg WS: Endobronchial blocker dislodgment leading to 
pulseless electrical activity, Anesth Analg 100:1728, 2005.

 88.  Narayanaswamy M, McRae K, Slinger P, et al: Choosing a lung 
isolation device for thoracic surgery: a randomized trial of three 
bronchial blockers versus double-lumen tubes, Anesth Analg 108: 
1097, 2009.

 89.  Campos JH: Lung Isolation Techniques for Patients with Difficult 
Airway, Curr Opin Anaesthesiol 23:12-17, 2010.

 90.  Jones PM, Harle CC, Turkstra TP: The GlideScope(R) Cobalt videolar-
yngoscope—a novel single-use device, Can J Anaesth 54:677, 2007.

 91.  Tobias JD: Variations on one-lung ventilation, J Clin Anesth 13:35, 
2001.

 92.  Saito T, Naruke T, Carney E, et al: New double intrabronchial tube 
(Naruke tube) for tracheostomized patients, Anesthesiology 89: 
1038, 1998.

 93.  Britt BA, Gordon RA: Peripheral nerve injuries associated with 
anaesthesia, Can Anaesth Soc J 11:514, 1964.

 94.  Lawson NW: The lateral decubitus position. In Marton JT, edi-
tor: Positioning in anesthesia and surgery, ed 2, Philadelphia, 1987,  
Saunders, p 175.

 95.  Larsson A, Malmkvist G, Warner O: Variations in lung volume and 
compliance during pulmonary surgery, Br J Anaesth 59:585, 1987.

 96.  Lumb AB, editor: Nunn’s applied respiratory physiology, ed 7, Phila-
delphia, 2010, Churchill Livingstone, p 33.

 97.  Bachrendtz S, Klingstadt C: Differential ventilation and selective 
PEEP during anaesthesia in the lateral decubitus posture, Acta 
Anaesthiol Scand 28:252, 1984.

 98.  Rehder K, Wenthe FM, Sesslar AD: Function of each lung during 
mechanical ventilation with ZEEP and with PEEP in man anesthe-
tized with thiopental-meperidine, Anesthesiology 39:597, 1973.

 99.  Klingstedt C, Hedenstierna G, Lundqvist A, et al: The influence 
of body position and differential ventilation on lung dimensions 
and atelectasis formation in anaesthetized man, Acta Anaesthesiol 
Scand 34:315, 1990.

 100.  Chang H, Lai-Fook SJ, Domino KB, et al: Spatial distribution of 
ventilation and perfusion in anesthetized dogs in lateral postures, 
J Appl Physiol 92:745, 2002.

 101.  Johser J: Physiology of the lateral position, open chest and one-
lung ventilation. In Slinger P, editor: Principles and practice of anes-
thesia for thoracic surgery, New York, Springer, 2011, p 72.

 102.  Klingstedt C, Hedenstierna G, Baehrendtz S, et al: Ventilation- 
perfusion relationships and atelectasis formation in the supine 
and lateral positions during conventional mechanical and differ-
ential ventilation, Acta Anaesthesiol Scand 34:421, 1990.

 103.  Mushin WM, Rendell-Baker L: The origins of thoracic anesthesia, 
Park Ridge, 1991, Wood Library-Museum of Anesthesia, p 47.

 104.  Ray III JF, Yost L, Moallem S, et al: Immobility, hypoxemia and 
pulmonary arteriovenous shunting, Arch Surg 109:537, 1974.

 105.  Chappell D, Jacob M, Hofman-Keifer K: A rational approach to 
perioperative fluid management, Anesthesiology 109:723, 2008.

 106.  Rooke GA, Choi JH, Bishop MS: The effect of isoflurane, halo-
thane, sevoflurane and thiopental/nitrous oxide on respirator 
resistance after tracheal intubation, Anesthesiology 86:1294, 1997.

 107.  Al-Abdullatief M, Wahood A, Al-Shirawi N, et al: Awake anesthe-
sia for major thoracic surgical procedures, Eur J Cardiothorac Surg 
32:346, 2007.

 108.  Williams A, Kay J: Thoracic epidural anesthesia for thoracoscopy, 
rib resection, and thoracotomy in a patient with a bronchopleural 
fistula postpneumonectomy, Anesthesiology 92:1482, 2000.

 109.  Ko R, Kruger M, McRae K, et al: The use of air in the inspired gas 
mixture during two-lung ventilation delays lung collapse during 
one-lung ventilation, Anesth Analg 108:1092, 2009.

 110.  Unzueta C, Tusman G, Suarez-Sipman F, et al: Alveolar recruit-
ment improves ventilation during thoracic surgery: a randomized 
controlled trial, Br J Anaesth 108:517, 2012.

http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1735
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1735
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1735
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1735
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1740
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1740
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1740
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1745
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1745
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1745
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1750
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1750
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1755
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1755
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1755
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1760
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1760
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1760
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1760
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1765
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1765
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1765
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1770
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1770
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1775
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1775
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1775
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1775
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1780
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1780
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1780
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1785
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1785
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1785
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1790
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1790
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1795
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1795
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1795
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1800
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1800
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1805
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1805
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1805
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1810
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1810
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1810
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1815
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1815
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1815
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1820
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1825
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1825
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1825
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1825
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1830
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1830
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1830
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1830
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1835
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1835
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1840
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1840
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1840
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1840
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1845
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1845
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1845
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1850
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1850
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1855
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1855
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1855
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1860
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1860
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1860
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1865
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1865
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1865
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1870
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1870
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1875
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1875
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1875
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1880
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1880
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1880
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1885
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1885
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1890
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1890
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1890
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1890
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1895
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1895
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1900
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1900
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1905
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1905
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1910
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1910
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1910
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1915
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1915
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1920
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1920
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1920
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1925
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1925
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1930
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1930
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1935
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1935
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1935
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1940
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1940
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1940
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1945
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1945
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1945
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1945
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1950
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1950
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1950
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1955
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1955
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1955
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1960
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1960
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1960
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1960
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1965
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1965
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1970
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1970
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1975
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1975
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1980
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1980
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1980
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1985
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1985
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1985
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1990
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1990
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1990
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1995
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1995
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref1995
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2000
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2000
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2000


References 2006.e3
 111.  Szegedi LL, Van der Linden P, Ducart A, et al: The effects of acute 
isovolemic hemodilution on oxygenation during one-lung venti-
lation, Anesth Analg 100:15, 2005.

 112.  Tarhan S, Lundborg RO: Effects of increased expiratory pressure on 
blood gas tensions and pulmonary shunting during thoracotomy 
with the use of the Carlens catheter, Can Anaesth Soc J 17:4, 1970.

 113.  Karzai W, Schwarzkopf K: Hypoxemia during one-lung ventila-
tion, Anesthesiology 110:1402, 2009.

 114.  Lumb AB, editor: Nunn’s applied respiratory physiology, ed 7, Phila-
delphia, 2010, Churchill Livingstone, p 104.

 115.  Watanabe S, Noguchi E, Yamada S, et al: Sequential changes in 
arterial oxygen tension in the supine position during one-lung 
ventilation, Anesth Analg 90:28, 2000.

 116.  Bardoczky GI, Szegedi LL, d’Hollander AA, et al: Two-lung and 
one-lung ventilation in patients with chronic lung disease: the 
effects of position and FiO2, Anesth Analg 90:35, 2000.

 117.  Eisenkraft JB: Effects of anaesthetics on the pulmonary circula-
tion, Br J Anaesth 65:63, 1990.

 118.  Moudgil R, Michelakis D, Archer SL: Hypoxic pulmonary vaso-
constriction, J Appl Physiol 98:390, 2005.

 119.  Talbot NP, Balanos GM, Dorrington KL, Robbins PA: Two tempo-
ral components within the human pulmonary vascular response 
to 2h of isocapnic hypoxia, J Appl Physiol 98:1125, 2005.

 120.  Dorrington KL, Clar C, Young JD, et al: Time course of the human 
vascular response to 8 hours of isocapnic hypoxia, Am J Physiol 
Heart Circ Physiol 273:H1126, 1997.

 121.  Ishikawa S, Nakazawa K, Makita K: Progressive changes in arterial 
oxygenation during one-lung anesthesia are related to the response 
to compression of the non-dependent lung, Br J Anaesth 90:21, 2003.

 122.  Brimioulle S, Vachiery J-L, Brichant J-F, et al: Sympathetic modu-
lation of hypoxic pulmonary vasoconstriction in intact dogs, Car-
diovasc Res 34:384, 1997.

 123.  Marshall C, Lindgren L, Marshall C, Lindgren L, Marshall BE: 
Effects of the halothane, enflurane and isoflurane on hypoxic 
pulmonary vasoconstriction in dogs, Anesthesiology 60:304, 1984.

 124.  Wang JY, Russel GN, Page RD, et al: A comparison of the effects 
of sevoflurane and isoflurane on arterial oxygenation during one-
lung anesthesia, Br J Anesth 81:850, 2000.

 125.  Wang JY, Russel GN, Page RD, et al: A comparison of the effects 
of desflurane and isoflurane on arterial oxygenation during one-
lung ventilation, Anaesthesia 55:167, 2000.

 126.  Benumof J: Isoflurane anesthesia and arterial oxygenation during 
one-lung ventilation, Anesthesiology 64:419, 1986.

 127.  Reid CW, Slinger PD, Lewis S: Comparison of the effects of propofol-
alfentanil versus isoflurane anesthesia on arterial oxygenation dur-
ing one-lung anesthesia, J Cardiothroac Vasc Anesth 10:860, 1997.

 128.  Slinger P, Scott WAC: Arterial oxygenation during one-lung anes-
thesia: a comparison of enflurane and isoflurane, Anesthesiology 
82:940, 1995.

 129.  Russell WJ, James MF: The effects on arterial haemoglobin oxy-
gen saturation and on shunt of increasing cardiac output with 
dopamine or dobutamine during one-lung ventilation, Anaesth 
Intensive Care 32:644, 2004.

 130.  Kim SH, Jung KT, AN TH: Effects of tidal volume and PEEP on 
arterial blood gases and pulmonary mechanics during one-lung 
ventilation, J Anesth 26:568, 2012.

 131.  Kozian A, Schilling T, Schutze H: Ventilatory protective strategies 
during thoracic surgery, Anesthesiology 114:1009, 2011.

 132.  Loepply JA, Scotto P, Riedel CE, et al: Effects of acid/base status 
on acute pulmonary vasoconstriction and gas exchange, J Appl 
Physiol 72:1787, 1993.

 133.  Larsson A, Malmkvist G, Werner O: Variations in lung volume 
and compliance during pulmonary surgery, Br J Anaesth 59:585, 
1987.

 134.  Bardoczky GI, Yernault JC, Engleman E, et al: Intrinsic positive 
end-expiratory pressure during one-lung ventilation for thoracic 
surgery, Chest 110:180, 1996.

 135.  Pepe P, Marini JJ: Occult positive end-expiratory pressure in 
mechanically ventilated patients with airflow obstruction, Am Rev 
Respir Dis 126:166, 1982.

 136.  Szegedi LL, Bardocky GI, Engleman EE, d’Hollander AA: Air-
way pressure changes during one-lung ventilation, Anesth Analg 
84:1034, 1997.

 137.  van der Weff YD, van der Houwen HK, Heijamans PJM, et al: Post-
pneumonectomy pulmonary edema. A retrospective analysis of 
incidence and possible risk factors, Chest 111:1278, 1997.
 138.  Unzueta MC, Casas JI, Moral MV: Pressure-controlled versus vol-
ume-controlled ventilation during one-lung ventilation for tho-
racic surgery, Anesth Analg 104:1029, 2007.

 139.  Roze H, Lafargue M, Batoz H, et al: Pressure-controlled ventila-
tion and intrabronchial pressure during one-lung ventilation, Br J 
Anaesth 105:377, 2010.

 140.  Slinger P: Pro: low tidal volume is indicated for one-lung ventila-
tion, Anesth Analg 103:268, 2006.

 141.  Slinger P, Suissa S, Triolet W: Predicting arterial oxygenation dur-
ing one-lung anaesthesia, Can J Anaesth 39:1030, 1992.

 142.  Hurford WE, Kokar AC, Strauss HW: The use of ventilation/perfu-
sion lung scans to predict oxygenation during one-lung anesthe-
sia, Anesthesiology 64:841, 1987.

 143.  Ribas J, Jimenez MJ, Barbera JA, et al: Gas exchange and pulmo-
nary hemodynamics during lung resection in patients at increased 
risk, Chest 120:852, 2001.

 144.  Fujiwara M, Abe K, Mashimo T: The effect of positive end-expiratory 
pressure and continuous positive airway pressure on the oxygen-
ation and shunt fraction during one-lung ventilation with propofol 
anesthesia, J Clin Anesth 13:473, 2001.

 145.  Capan LM, Turndorf H, Patel C, et al: Optimization of arterial 
oxygenation during one-lung anesthesia, Anesth Analg 59:847, 
1980.

 146.  Rothen HU, Sporrc B, Engberg G, Weyemius G, Hedenstierna G: 
Re-expansion of atelectasis during general anesthesia: a computed 
tomographic study, Br J Anaesth 71:788, 1993.

 147.  Slinger P, Triolet W, Wilson J: Improving arterial oxygenation 
during one-lung ventilation, Anesthesiology 68:291, 1988.

 148.  Hogue CW Jr: Effectiveness of low levels of non-ventilated lung 
continuous positive airway pressure in improving oxygenation 
during one-lung ventilation, Anesth Analg 79:364, 1994.

 149.  Bailey S, Mikhail M, Haddy S, Thangathurai D: Problems with 
CPAP during one-lung ventilation for thoracoscopic surgery,  
J Cardiothorac Vasc Anesth 12:239, 1998.

 150.  Nomoto Y, Kawamura M: Pulmonary gas exchange effects by 
nitroglycerine, dopamine and dobutamine during one-lung ven-
tilation in man, Can J Anaesth 36:273, 1989.

 151.  Chen T-L, Ueng TH, Huang C-H, et al: Improvement of arterial 
oxygenation by selective infusion of prostagladin E1 to the ven-
tilated lung during one-lung ventilation, Acta Anaesthesiol Scand 
40:7, 1996.

 152.  Freden F, Berglund JE, Reber A, Hogman M, Hedenstierna G: Inha-
lation of a nitric oxide synthase inhibitor to a hypoxic lung lobe 
in anaesthetized pigs, Br J Anaesth 77:413, 1996.

 153.  Schwarzkopf K, Klein U, Schreiber T, et al: Oxygenation dur-
ing one-lung ventilation: the effects of inhaled nitric oxide and 
increasing levels of inspired fraction of oxygen, Anesth Analg 
92:842, 2001.

 154.  Moutafis M, Dalibon N, Liu N, et al: The effects of intravenous 
Almitrene on oxygenation and hemodynamics during one-lung 
ventilation, Anesth Analg 94:830, 2002.

 155.  Doering EB, Hanson III CW, Reily DJ, et al: Improvement in oxy-
genation by phenylephrine and nitric oxide in patients with adult 
respiratory distress syndrome, Anesthesiology 87:18, 1997.

 156.  Russell WJ: Intermittent positive airway pressure to manage 
hypoxemia during one-lung anaesthesia, Anaesth Intensive Care 
37:432, 2009.

 157.  Ku CM, Slinger P, Waddell T: A novel method of treating hypox-
emia during one-lung ventilation for thoracoscopic surgery, J Car-
diothorac Vasc Anesth 37:432, 2009.

 158.  Campos JH: Effects on oxygenation during selective lobar versus 
total lung collapse with or without continuous positive airway 
pressure, Anesth Analg 85:583, 1997.

 159.  Ishikawa S, Nakazawa K, Makita K: Progressive changes in arte-
rial oxygenation during one-lung anesthesia are related to the 
response to compression of the non-dependent lung, Br J Anaesth 
90:21, 2003.

 160.  Abiad MG, Cohen E, Krellenstein DL, Schulman SR, Greely ES: 
Anesthetic management for resection of a giant pulmonary arte-
rio-venous malformation, J Cardiothorac Vasc Anesth 9:89, 1995.

 161.  Antognini SF, Hanowell LH: Intraoperative hypoxemia compli-
cating sequential resection of bilateral pulmonary metastases, 
Anesthesiology 74:1137, 1991.

 162.  Stolz D, Chhajed PN, Leuppi J, et al: Nebulized lidocaine for flexible 
bronchoscopy. A randomized, double-blind, placebo-controlled 
trial, Chest 128:1756, 2005.

http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2005
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2005
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2005
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2010
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2010
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2010
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2015
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2015
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2020
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2020
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2025
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2025
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2025
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2030
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2030
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2030
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2035
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2035
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2040
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2040
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2045
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2045
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2045
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2050
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2050
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2050
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2055
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2055
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2055
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2060
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2060
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2060
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2065
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2065
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2065
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2070
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2070
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2070
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2075
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2075
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2075
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2080
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2080
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2085
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2085
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2085
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2090
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2090
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2090
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2095
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2095
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2095
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2095
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2100
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2100
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2100
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2105
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2105
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2110
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2110
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2110
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2115
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2115
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2115
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2120
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2120
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2120
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2125
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2125
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2125
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2130
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2130
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2130
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2135
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2135
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2135
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2140
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2140
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2140
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2145
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2145
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2145
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2150
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2150
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2155
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2155
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2160
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2160
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2160
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2165
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2165
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2165
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2170
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2170
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2170
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2170
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2175
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2175
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2175
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2180
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2180
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2180
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2185
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2185
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2190
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2190
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2190
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2195
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2195
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2195
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2200
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2200
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2200
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2205
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2205
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2205
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2205
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2210
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2210
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2210
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2215
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2215
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2215
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2215
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2220
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2220
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2220
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2225
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2225
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2225
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2230
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2230
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2230
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2235
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2235
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2235
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2240
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2240
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2240
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2245
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2245
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2245
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2245
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2250
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2250
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2250
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2255
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2255
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2255
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2260
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2260
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2260


References2006.e4
 163.  Slinger P, Robinson R, Shennib H, et al: Alternative Anesthetic 
Technique for Laser Resection of a Carinal Obstruction, J Cardio-
thorac Vasc Anesth 6:755, 1992.

 164.  Herth F, Becker HD, LoCicero III J, et al: Successful bronchoscopic 
placement of tracheobronchial stents without fluoroscopy, Chest 
119:1910, 2001.

 165.  Stephens KE, Wood DE: Bronchoscopic management of central 
airway obstruction, J Thorac Cardiovasc Surg 119:289, 2000.

 166.  Sullivan MT, Neff WB: A modified Sanders ventilating system for 
rigid-wall bronchoscopy, Anesthesiology 50:473, 1979.

 167.  Hillier JE, Toma TP, Gillbe CE: Bronchoscopic lung volume reduc-
tion in patients with severe emphysema: anesthetic management, 
Anesth Analg 99:1610, 2004.

 168.  Van Der Spek AFL, Spargo PM, Norton ML: The physics of lasers 
and implications for their use during airway surgery, Br J Anaesth 
60:709, 1988.

 169.  Metin M, Sayar A, Turna A, et al: Extended cervical mediastinos-
copy in the diagnosis of anterior mediastinal masses, Ann Thorac 
Surg 73:250, 2002.

 170.  Lohser J, Donington JS, Mitchell JD, et al: Case 5—2005: anes-
thetic management of major hemorrhage during mediastinos-
copy, J Cardiothorac Vasc Anesth 19:678, 2005.

 171.  Rintoul RC, Skwarski KM, Murchison JT, et al: Endobronchial and 
endoscopic ultrasound-guided real-time fine-needle aspiration for 
mediastinal staging, Eur Respir J 25:416, 2005.

 172.  Stammberger U, Steinacher C, Hillinger S, et al: Early and long-
term complaints following video-assisted thoracoscopic surgery: 
evaluation in 173 patients, Eur J Cardiothorac Surg 18:7, 2000.

 173.  Berry MF, Villamizar-Ortiz NR, Tong BC, et al: Pulmonary func-
tion tests do not predict pulmonary complications after thoraco-
scopic lobectomy, Ann Thorac Surg 89:1044, 2010.

 174.  Kaseda S, Aoki T, Hangai N, et al: Better pulmonary function and 
prognosis with video-assisted thoracic surgery than with thora-
cotomy, Ann Thorac Surg 70:1644, 2000.

 175.  Yim AP, Wan S, Lee TW, et al: VATS lobectomy reduces cytokine 
responses compared with conventional surgery, Ann Thorac Surg 
70:243, 2000.

 176.  McKenna RJ, Houck W, Fuller CB: Video-assisted thoracic surgery 
lobectomy: experience with 1,100 cases, Ann Thorac Surg 81:421, 
2006.

 177.  D’Amico TA: Thoracoscopic lobectomy: evolving and improving, 
J Thorac Cardiovasc Surg 132:464, 2006.

 178.  Steenwyck B, Lyerly R 3rd: Advancements in robotic-assisted tho-
racic surgery, Anesthesiol Clin 30:699, 2012.

 179.  Cerfolio JR, Bryant AS, Sheils TM, et al: Video-assisted thoraco-
scopic surgery using single-lumen endotracheal tube anesthesia, 
Chest 126:281, 2004.

 180.  Pompeo E, Mineo D, Rogliani P, et al: Feasibility and results of 
awake thoracoscopic resection of solitary pulmonary nodules, 
Ann Thorac Surg 78:1761, 2004.

 181.  Hill SE, Keller RA, Stafford-Smith M, et al: Efficacy of single-dose, 
multilevel paravertebral nerve blockade for analgesia after thora-
coscopic procedures, Anesthesiology 104:1047, 2006.

 182.  Bagan P, Berna P, Das Neves Pereiera JC, et al: Sleeve lobectomy 
versus pneumonectomy: tumor characteristics and comparative 
analysis of feasibility and results, Ann Thorac Surg 80:2046, 2005.

 183.  Ramnath N, Demmy TL, Antun A, et al: Pneumonectomy for 
bronchogenic carcinoma: analysis of factors predicting survival, 
Ann Thorac Surg 83:1831, 2007.

 184.  Powell ES, Pearce AC, Cook D, et al: UK pneumonectomy out-
come study, J Cardiothorac Surg 4:41, 2009.

 185.  Alvarez J: Post-pneumonectomy pulmonary edema. In Slinger P, 
editor: Progress in thoracic anesthesia. Society of cardiovascular anes-
thesiologists monograph, Philadelphia, 2004, Lippincott Williams 
Wilkins, p 187.

 186.  Foroulis CN, Kotoulas CS, Kakouros S, et al: Study on the late 
effect of pneumonectomy on right heart pressures using Doppler 
echocardiography, Eur J Cardiothorac Surg 26:508, 2004.

 187.  Zeldin RA, Normadin D, Landtwig BS, et al: Postpneumonectomy 
pulmonary edema, J Thorac Cardiovasc Surg 87:359, 1984.

 188.  Licker M, Perrot M, Spiliopoulos A, et al: Risk factors for acute 
lung injury after thoracic surgery for lung cancer, Anesth Analg 
97:1558, 2003.

 189.  Fernandez-Perez ER, Keegan MT, Brown DR, et al: Intraoperative 
tidal volume as a risk factor for respiratory failure after pneumo-
nectomy, Anesthesiology 105:14, 2006.
 190.  Schilling T, Kozian A, Huth C, et al: The pulmonary immune 
effects of mechanical ventilation in patients undergoing thoracic 
surgery, Anesth Analg 101:957, 2005.

 191.  Foroulis CN, Kotoulas CS, Kakouros S, et al: Study on the late 
effect of pneumonectomy on right heart pressure using Doppler 
echocardiography, Eur J Cardiothorac Surg 26:508, 2004.

 192.  Iglesias M, Martinez E, Badia JR, Macchiarini P: Extrapulmonary 
ventilation for unresponsive severe acute respiratory distress syn-
drome after pulmonary resection, Ann Thorac Surg 85:237, 2008.

 193.  de Perrot M, Uy K, Anraku M, et al: Impact of lymph node metas-
tasis in outcome alter extrapleural pneumonectomy for malig-
nant pleural mesothelioma, J Thorac Cardiovasc Surg 13:111, 2007.

 194.  Dartevelle PG, Khalife J, Chapelier A, et al: Tracheal sleeve pneu-
monectomy for bronchogenic carcinoma: a report of 55 cases, 
Ann Thorac Surg 46:68, 1988.

 195.  Cerfolio RJ, Allen MS, Trastek VF, et al: Lung resection in patients 
with compromised pulmonary function, Ann Thorac Surg 62: 
348, 1996.

 196.  McGlade DP, Slinger PD: The elective combined use of a double-
lumen tube and endobronchial blocker to provide selective lobar 
isolation for lung resection following contralateral lobectomy, 
Anesthesiology 99:1021, 2003.

 197.  Smithers BM, Gotley DC, Martin I, et al: Comparison of the out-
comes between open and minimally invasive esophagectomy, 
Ann Surg 245:232, 2007.

 198.  Rentz J, Bull D, Harpole D, et al: Transthoracic versus transhiatal 
esophagectomy: a prospective study of 945 patients, J Thorac Car-
diovasc Surg 125:1114, 2003.

 199.  Tandon S, Batchelor A, Bullock R, et al: Peri-operative risk factors 
for acute lung injury after elective oesophagectomy, Br J Anaesth 
86:633, 2001.

 200.  Buise M, Van Bommel J, Mehra M, et al: Pulmonary morbidity fol-
lowing esophagectomy is decreased after introduction of a multi-
modal anesthetic regimen, Acta Anaesthiol Belg 59:257, 2008.

 201.  Al-Rawi OY, Pennefather S, Page RD, et al: The effect of thoracic 
epidural bupivacaine and an intravenous adrenalin infusion on 
gastric tube blood flow during esophagectomy, Anesth Analg 
106:884, 2008.

 202.  Michelet P, D’Journo XB, Roch A, et al: Protective ventilation 
influences systemic inflammation after esophagectomy: a ran-
domized controlled study, Anesthesiology 105:911, 2006.

 203.  Sung H, Nelems B: Tracheal tear during laryngopharyngectomy 
and transhiatal oesophagectomy, Can J Anaesth 36:333, 1989.

 204.  Pross M, Manger T, Reinheckel T, et al: Endoscopic treatment of 
clinically symptomatic leaks of thoracic esophageal anastomoses, 
Gastrointest Endosc 51:73, 2000.

 205.  Moskovitz AH, Rizk NP, Venkatraman E, et al: Mortality increases 
for octogenarians undergoing esophagogastrectomy for esopha-
geal cancer, Ann Thorac Surg 82:2031, 2006.

 206.  Eisenkraft JB, Neustein SM: Anesthesia for esophageal and medi-
astinal surgery. In Kaplan J, Slinger P, editors: Thoracic anesthesia, 
ed 3, Philadelphia, 2003, Churchill Livingstone, p 269.

 207.  Topsis J, Kinas H, Kandall S: Esophageal perforation—a complica-
tion of neonatal resuscitation, Anesth Analg 69:532, 1989.

 208.  Finley RJ, Clifton JC, Stewart KC, Graham AJ, Worsley DF: Lapa-
roscopic Heller myotomy improves esophageal emptying and the 
symptoms of achalasia, Arch Surg 13:892, 2001.

 209.  Desa LA, Spencer J, McPherson S: Surgery for achalasia cardiae: 
the Dor operation, Ann R Coll Surg Engl 72:128, 1990.

 210.  Hindman B, Bert A: Malignant esophago-respiratory tract fistulas: 
anesthetic considerations for exclusion procedures using esopha-
geal bypass, J Cardiothorac Anesth 1:438, 1987.

 211.  Au C, White SA, Grant R: A novel intubation technique for tra-
cheoesophageal fistula in adults, Can J Anaesth 46:688, 1999.

 212.  Aouad MT, Berzina CE, Baraka AS: Aspiration after anesthesia in a 
patient with a Zenker diverticulum, Anesthesiology 92:187, 2000.

 213.  Pinsonneault C, Fortier J, Donati F: Tracheal resection and recon-
struction, Can J Anaesth 46:439, 1999.

 214.  Watanabe Y, Murakami S, Iwa T, et al: The clinical value of high-
frequency jet ventilation in major airway reconstructive surgery, 
Scand J Thorac Cardiovasc Surg 22:227, 1988.

 215.  Mueller DK, Becker J, Schell SK, et al: An alternative method of 
neck flexion after tracheal resection, Ann Thorac Surg 78:720, 2004.

 216.  Saravanan P, Marnane C, Morris EAJ: Extubation of the surgically 
resected airway–a role for remifentanil and propofol infusions, 
Can J Anaesth 53:507, 2006.

http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2265
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2265
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2265
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2270
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2270
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2270
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2275
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2275
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2280
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2280
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2285
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2285
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2285
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2290
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2290
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2290
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2295
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2295
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2295
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2300
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2300
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2300
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2305
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2305
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2305
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2310
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2310
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2310
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2315
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2315
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2315
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2320
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2320
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2320
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2325
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2325
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2325
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2330
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2330
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2330
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2335
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2335
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2340
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2340
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2345
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2345
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2345
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2350
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2350
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2350
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2355
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2355
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2355
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2360
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2360
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2360
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2365
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2365
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2365
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2370
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2370
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2375
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2375
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2375
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2375
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2380
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2380
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2380
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2385
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2385
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2390
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2390
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2390
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2395
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2395
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2395
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2400
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2400
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2400
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2405
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2405
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2405
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2410
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2410
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2410
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2415
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2415
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2415
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2420
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2420
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2420
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2425
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2425
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2425
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2430
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2430
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2430
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2430
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2435
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2435
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2435
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2440
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2440
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2440
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2445
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2445
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2445
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2450
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2450
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2450
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2455
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2455
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2455
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2455
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2460
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2460
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2460
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2465
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2465
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2470
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2470
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2470
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2475
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2475
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2475
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2480
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2480
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2480
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2485
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2485
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2490
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2490
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2490
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2495
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2495
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2500
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2500
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2500
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2505
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2505
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2510
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2510
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2515
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2515
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2520
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2520
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2520
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2525
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2525
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2530
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2530
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2530


 217.  Chan DT, Sihoe AD, Chan S, et al: Surgical treatment for empy-
ema thoracis: is video-assisted thoracic surgery “Better” than tho-
racotomy? Ann Thorac Surg 84:225, 2007.

 218.  Wright CD, Wain JC, Mathisen DJ, et al: Postpneumonectomy bron-
chopleural fistula after sutured bronchial closure: incidence, risk fac-
tors, and management, J Thorac Cardiovasc Surg 112:1367, 1996.

 219.  Mulot A, Sepulveda S, Haberer JP, et al: Diagnosis of postpneu-
monectomy bronchopleural fistula using inhalation of oxygen or 
nitrous oxide, Anesth Analg 95:1122, 2002.

 220.  Travaline JM, McKenna RJ, De Giacomo T, et al: Treatment of 
persistent pulmonary air leaks using endobronchial valves, Chest 
136:355, 2009.

 221.  Patane PS, Snell BA, Mahla ME: Awake fiberoptic endobronchial 
intubation, J Cardiothorac Anesth 4:229, 1990.

 222.  Williams A, Kay J: Thoracic epidural anesthesia for thoracoscopy, 
rib resection, and thoracotomy in a patient with a bronchopleural 
fistula postpneumonectomy, Anesthesiology 92:1482, 2000.

 223.  Tietjen CS, Simon BA, Helfaer MA: Permissive hypercapnia with 
high-frequency oscillatory ventilation and one-lung isolation for 
intraoperative management of lung resection in a patient with 
multiple bronchopleural fistulae, J Clin Anesth 9:69, 1997.

 224.  Schipper PH, Meyers BF, Battafarano RJ, et al: Outcomes after 
resection of giant emphysematous bullae, Ann Thorac Surg 78:976, 
2004.

 225.  Eagle C, Tang T: Anesthetic management of a patient with a 
descending thoracic aortic aneurysm and severe bilateral bullous 
pulmonary disease, Can J Anaesth 42:168, 1995.

 226.  Jacob R, Sen S: The anaesthetic management of deliberately cre-
ated bronchoatmospheric fistula in bilateral pulmonary hydatids, 
Paediatr Anaesth 11:733, 2001.

 227.  Shen H, Lu FL, Wu H, et al: Management of tension pneumato-
cele with high-frequency oscillatory ventilation, Chest 121:284, 
2002.

 228.  Trulock EP, Christie JD, Edwards LB, et al: Registry of the Interna-
tional Society for Heart and Lung Transplantation: twenty-fourth 
official adult lung and heart-lung transplantation report-2007,  
J Heart Lung Transplant 26:782, 2007.

 229.  Bittner HB, Binner C, Lehmann S, et al: Replacing cardiopulmo-
nary bypass with extracorporeal membrane oxygenation in lung 
transplantation operations, Eur J Cardiothorac Surg 31:462, 2007.

 230.  Robinson RJ, Shennib H, Norclerc M: Slow-rate, high-pressure 
ventilation: a method of management of difficult transplant 
recipients during sequential double lung transplantation for cys-
tic fibrosis, J Heart Lung Transplant 13:779, 1994.

 231.  Haddow GR, Brock-Utne JG: A non-thoracic operation for a 
patient with single-lung transplantation, Acta Anaesthesiol Scand 
43:960, 1999.

 232.  National Emphysema Treatment Trial Research Group: A ran-
domized trial comparing lung-volume-reduction surgery with 
medical therapy for severe emphysema, N Engl J Med 348:2059, 
2003.

 233.  Tschernko EM, Wisser W, Wanke T: Changes in ventilatory 
mechanics and diaphragmatic function after lung volume reduc-
tion surgery in patients with COPD, Thorax 52:545, 1997.

 234.  Roue C, Mal H, Sleiman C, et al: Lung volume reduction in 
patients with severe diffuse emphysema, Chest 110:28, 1996.

 235.  Zollinger A, Zaugg M, Weder W, et al: Video-assisted thoracoscopic 
volume reduction surgery in patients with diffuse pulmonary 
emphysema gas exchange and anesthesiological management, 
Anesth Analg 84:845, 1997.

 236.  Strange C, Herth FJ, Kovitz KL, et al: Design of the Endobron-
chial Valve for Emphysema Palliation Trial (VENT): a non-surgical 
method of lung volume reduction, BMC Pulm Med 7:10, 2007.

 237.  Kubota h, Kubota Y, Toyoda Y, et al: Selective blind endobronchial 
intubation in children and adults, Anesthesiology 67:587, 1987.

 238.  Fortin M, Turcotte R, Gleeton O, Bussieres JS: Catheter induced 
pulmonary artery rupture; using balloon occlusion to avoid lung 
isolation, J Cardiothorac Vasc Anesth 20:376, 2006.

 239.  Grant CA, Dempsey G, Harrison J, Jones T: Tracheo-innominate 
artery fistula after percutaneous tracheostomy: three case reports 
and a clinical review, Br J Anaesth 96:127, 2006.

 240.  Manecke G: Anesthesia for pulmonary endarterectomy, Sem Tho-
rac Cardiovasc Surg 18:236, 2006.

 241.  Bussieres JS: Whole lung lavage, Anesth Clin North Am 19:543, 
2001.

 242.  Ramirez- RJ: Bronchopulmonary lavage, Dis Chest 50:581, 1966.
References 2006.e5

 243.  Huizar I, Kavuru MS: Alveolar proteinosis syndrome: pathogen-
esis, diagnosis and management, Curr Opin Pulm Med 50:64, 
2009.

 244.  Bussieres JS: Whole lung lavage. In Slinger P, editor: Principles and 
practice of anesthesia for thoracic surgery, New York, 2011, Springer, 
p 497.

 245.  Nadeau MJ, Cote D, Bussieres JS: The Combination of Inhaled Nitric 
Oxide and Pulmonary Artery Balloon Inflation Improves Oxygen-
ation During Whole-Lung Lavage, Anesth Analg 99:676, 2004.

 246.  Shamberger RC, Hozman RS, Griscom NT, et al: Prospective evalu-
ation by computed tomography and pulmonary function tests of 
children with mediastinal masses, Surgery 118:468, 1995.

 247.  Vander Els NJ, Sorhage F, Bach AM, et al: Abnormal flow volume 
loops in patients with intrathoracic Hodgkin’s disease, Chest 
117:1256, 2000.

 248.  Hnatiuk OW, Corcoran PC, Sierra P: Spirometry in surgery for 
anterior mediastinal masses, Chest 120:1152, 2001.

 249.  Frawley G, Low J, Brown TCK: Anaesthesia for an anterior medias-
tinal mass with ketamine and midazolam infusion, Anaesth Inten-
sive Care 23:610, 1995.

 250.  McMahon CC, Rainey L, Fulton B, Conacher I: Central airway 
compression, Anaesthesia 52:150, 1997.

 251.  Pelton JJ, Ratner IA: A technique of airway management in 
children with obstructed airway due to tumor, Ann Thorac Surg 
48:301, 1989.

 252.  Takeda S, Miyoshi S, Omori K, et al: Surgical rescue for life-threat-
ening hypoxemia caused by a mediastinal tumor, Ann Thorac Surg 
68:2324, 1999.

 253.  Turkoz A, Gulcan O, Tercan F: Hemodynamic Collapse Caused by 
a Large Unruptured Aneurysm of the Ascending Aorta in an 18 
Year Old, Anesth Analg 102:1040, 2006.

 254.  Slinger P, Karsli C: Management of the patient with a large ante-
rior mediastinal mass: recurring myths, Curr Opin Anaesthesiol 
20:1, 2007.

 255.  Chait P, Rico L, Amaral J, et al: Ultrasound-guided core biopsy of 
mediastinal masses in children, Pediatr Radiol 35:S76, 2005.

 256.  Borenstein SH, Gerstle T, Malkin D, et al: The effects of prebiopsy 
corticosteroid treatment on the diagnosis of mediastinal lym-
phoma, J Pediatr Surg 35:973, 2000.

 257.  Bechard P, Letourneau L, Lacasse Y, et al: Perioperative cardio-
respiratory complications in adults with mediastinal mass: inci-
dence and risk factors, Anesthesiology 100:826, 2004.

 258.  White MC, Stoddart PA: Anesthesia for thymectomy in children 
with myasthenia gravis, Paediatr Anaesth 14:625, 2004.

 259.  Della Rocca G, Coccia C, Diana L, et al: Propofol or sevoflurane 
anesthesia without muscle relaxants allow the early extubation of 
myasthenic patients, Can J Anaesth 50:547, 2003.

 260.  Leventhal SR, Orkin FK, Hirsh RA: Predicting postoperative venti-
latory need in myasthenia gravis, Anesthesiology 53:26, 1980.

 261.  Eisenkraft JB, Papatestas AE, Kahn CH, et al: Predicting the need 
for postoperative mechanical ventilation in myasthenia gravis, 
Anesthesiology 65:79, 1986.

 262.  De Perrot M, Bril V, McRae K, et al: Impact of minimally invasive 
trans-cervical thymectomy on outcome in patients with myasthe-
nia gravis, Eur J Cardiothorac Surg 24:677, 2003.

 263.  Schweizer A, de Perrot M, Hohn L, et al: Massive contralateral 
pneumonia following thoracotomy for lung resection, J Clin 
Anesth 10:678, 1998.

 264.  Azad SC, Groh J, Beyer A, et al: Continuous peridural analgesia 
vs patient-controlled intravenous analgesia for pain therapy after 
thoracotomy, Anaesthesist 49:9, 2000.

 265.  Baisi A, Cioffi U, Nosotti M, et al: Intrapericardial left pneumonec-
tomy after induction chemotherapy: the risk of cardiac hernia-
tion, J Thorac Cardiovasc Surg 123:1206, 2002.

 266.  Rippey JC, Rao S, Fatovich D: Blunt traumatic rupture of the peri-
cardium with cardiac herniation, CJEM 6:126, 2004.

 267.  Mehanna MJ, Israel GM, Katigbak M, Rubinowitz AN: Cardiac 
Herniation After Right Pneumonectomy: Case Report and Review 
of the Literature, J Thorac Imaging 22:280, 2007.

 268.  Sugarbaker DJ, Jaklitsch MT, Bueno R, et al: Prevention, early 
detection, and management of complications after 328 consecu-
tive extrapleural pneumonectomies, J Thorac Cardiovasc Surg 
128:138, 2004.

 269.  Ali J, Weisel RD, Layug AB, et al: Consequences of postopera-
tive alterations in respiratory mechanics, Am J Surg 128:376, 
1974.

http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2535
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2535
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2535
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2540
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2540
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2540
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2545
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2545
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2545
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2550
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2550
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2550
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2555
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2555
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2560
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2560
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2560
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2565
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2565
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2565
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2565
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2570
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2570
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2570
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2575
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2575
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2575
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2580
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2580
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2580
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2585
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2585
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2585
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2590
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2590
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2590
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2590
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2595
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2595
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2595
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2600
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2600
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2600
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2600
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2605
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2605
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2605
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2610
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2610
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2610
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2610
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2615
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2615
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2615
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2620
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2620
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2625
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2625
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2625
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2625
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2630
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2630
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2630
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2635
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2635
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2640
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2640
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2640
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2645
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2645
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2645
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2650
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2650
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2655
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2655
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2660
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2665
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2665
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2665
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2670
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2670
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2670
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2675
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2675
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2675
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2680
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2680
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2680
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2685
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2685
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2685
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2690
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2690
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2695
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2695
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2695
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2700
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2700
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2705
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2705
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2705
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2710
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2710
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2710
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2715
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2715
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2715
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2720
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2720
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2720
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2725
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2725
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2730
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2730
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2730
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2735
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2735
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2735
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2740
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2740
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2745
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2745
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2745
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2750
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2750
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2755
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2755
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2755
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2760
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2760
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2760
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2765
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2765
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2765
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2770
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2770
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2770
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2775
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2775
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2775
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2780
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2780
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2785
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2785
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2785
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2790
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2790
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2790
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2790
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2795
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2795
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2795


References2006.e6

 270.  Scawn NDA, Pennefather SH, Soorae A, et al: Ipsilateral shoulder 
pain after thoracotomy with epidural analgesia: the influence of 
phrenic nerve infiltration with lidocaine, Anesth Analg 93:260, 
2001.

 271.  Kavanagh BP, Katz J, Sandler AN: Pain control after thoracic sur-
gery. A review of current techniques, Anesthesiology 81:737, 1994.

 272.  Mac TB, Girard F, Chouinard P, et al: Acetaminophen decreases 
early post-thoracotomy ipsilateral shoulder pain in patients with 
thoracic epidural analgesia, J Cardiothorac Vasc Anesth 19:475, 2005.

 273.  Chow TKF, Penberthy AJ, Goodchild CS: Ketamine as an adjunct 
to morphine in postthoracotomy analgesia, Anesth Analg 87:1372, 
1998.

 274.  Chrysostomou C, Di Filippo S, Manrique AM, et al: Use of dexme-
detomidine in children after cardiac and thoracic surgery, Pediatr 
Crit Care Med 7:186, 2007.

 275.  Schnieder RF, Villamena PC, Harvey J, Surick BG, Surick IW, Beattie 
EJ: Lack of efficacy of intrapleural bupivacaine for post-operative 
analgesia following thoracotomy, Chest 103:414, 1993.

 276.  Ballantyne JC, Carr JB, deFerranti S, et al: The comparative effects 
of postoperative analgesic therapies on pulmonary outcome: 
cumulative meta-analysis of randomized, controlled trials, Anesth 
Analg 86:598, 1998.

 277.  Wiebalck A, Brodner G, Van Aken H: The effects of adding sufen-
tanil to bupivacaine for post-operative patient controlled analge-
sia, Anesth Analg 85:124, 1997.

 278.  Moniche S, Hjortso N-C, Blemmer T, et al: Blood pressure and 
heart rate during orthostatic stress and walking with continuous 
postoperative epidural bupivacaine/morphine, Acta Anaesthesiol 
Scand 37:65, 1993.

 279.  Chin KJ, Karmakar MK: Ultrasonography of the adult thoracic 
and lumbar spine for central neuraxial blockade, Anesthesiology 
114:1446, 2011.

 280.  Hansdottir V, Wostenborghs R, Nordberg G: The pharmacokinet-
ics of continuous epidural sufentanil and bupivacaine infusion 
after thoracotomy, Anesth Analg 83:394, 1996.

 281.  Gruber EM, Tschernko EM, Kritzinger M, et al: The effects of tho-
racic epidural analgesia with bupivacaine 0.25% on ventilatory 
mechanics in patients with severe chronic obstructive pulmonary 
disease, Anesth Analg 92:1015, 2001.
 282.  Warner DO, Warner MA, Ritman EL: Human chest wall function 
during epidural anesthesia, Anesthesiology 85:761, 1996.

 283.  Ginosar Y, Riley ET, Angst MS: The Site of Action of Epidural 
Fentanyl in Humans: the Difference Between Infusion and Bolus 
Administration, Anesth Analg 97:1428, 2003.

 284.  Luyet C, Eichenberger U, Greif R, et al: Ultrasound guided para-
vertebral puncture and placement of catheters in human cadav-
ers, Br J Anaesth 102:534, 2009.

 285.  Casati A, Alessandrini P, Nuzzi M, et al: A prospective, random-
ized, blinded comparison between continuous thoracic para-
vertebral and epidural infusion of 0.2% Ropivacaine after lung 
resection surgery, Eur J Anaesthesiol 7:1, 2006.

 286.  Davies RG, Myles PS, Graham JM: A comparison of the analgesic 
efficacy and side-effects of paravertebral vs. epidural blockade for 
thoracotomy, Br J Anaesth 96:418, 2006.

 287.  Dauphin A, Gupta RN, Young JE, Morton WD: Serum bupivacaine 
concentrations during continuous extrapleural infusion, Can J 
Anaesth 44:367, 1997.

 288.  Rigg JRA, Jamrozik K, Myles P, et al: Epidural anaesthesia and anal-
gesia and outcome of major surgery: a randomized trial, Lancet 
359:1276, 2002.

 289.  Barak M, Iaroshevski D, Poppa E, et al: Low-volume interscalene 
brachial plexus block for post-thoracotomy shoulder pain, J Car-
diothorac Vasc Anesth 21:554, 2007.

 290.  Senturk M, Ozcan PE, Talu GK, et al: The effects of three different 
analgesia techniques on long-term post-thoracotomy pain, Anesth 
Analg 94:11, 2002.

 291.  de Leon-Casasola OA, Yarussi A: Physiopathology of opioid toler-
ance and clinical approach to the opioid tolerant patient, Curr Rev 
Pain 4:203, 2000.

 292.  de Leon-Casasola OA, Lema MJ: Epidural bupivicaine/sufent-
anil therapy for postoperative pain control in patients tolerant 
to opioid and unresponsive to epidural bupivicaine/morphine, 
Anesthesiology 80:303, 1994.

 293.  Schmid R, Sandler AN, Katz J: Use and efficacy of low dose ket-
amine in the management of acute postoperative pain, Pain 
82:111, 1999.

http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2800
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2800
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2800
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2800
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2805
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2805
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2810
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2810
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2810
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2815
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2815
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2815
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2820
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2820
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2820
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2825
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2825
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2825
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2830
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2830
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2830
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2830
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2835
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2835
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2835
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2840
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2840
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2840
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2840
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2845
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2845
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2845
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2850
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2850
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2850
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2855
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2855
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2855
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2855
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2860
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2860
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2865
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2865
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2865
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2870
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2870
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2870
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2875
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2875
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2875
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2875
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2880
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2880
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2880
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2885
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2885
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2885
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2890
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2890
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2890
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2895
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2895
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2895
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2900
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2900
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2900
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2905
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2905
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2905
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2910
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2910
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2910
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2910
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2915
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2915
http://refhub.elsevier.com/B978-0-7020-5283-5.00066-7/ref2915


C h a p t e r  6 7

Anesthesia for Cardiac Surgical 
Procedures
NANCY A. NUSSMEIER • MUHAMMAD F. SARWAR • BRUCE E. SEARLES •  
LINDA SHORE-LESSERSON • MARC E. STONE • ISOBEL RUSSELL

K e y  P o i n t s

 •  Common cardiac surgical procedures in adults include coronary revascularization 
with either cardiopulmonary bypass (CPB) or off pump, as well as cardiac valve 
repair or replacement for valvular regurgitation or stenosis, surgical management 
of heart failure (e.g., ventricular assist devices, extracorporeal membrane 
oxygenation, cardiac transplantation), initial repair of or reoperation for 
congenital heart disease, surgical ablation of atrial fibrillation, pericardiocentesis or 
pericardiectomy, and repair of traumatic injuries to the heart or thoracic aorta.

 •  Patients undergoing “redo” cardiac surgery (i.e., those who have previously had 
a median sternotomy) warrant special concern about the possibility of sudden, 
massive hemorrhage (see also Chapter 61). At least 2 units of blood should be 
immediately available for all such cases.

 •  The choice of anesthetic drugs and techniques for inducing anesthesia should 
include consideration of the patient’s cardiac pathophysiology and other comorbid 
conditions. Hypotension may result from vasodilation secondary to decreased 
sympathetic tone induced by anesthetics, particularly in patients with poor left 
ventricular function. Conversely, hypertension may occur from preinduction anxiety 
or sympathetic stimulation caused by laryngoscopy and endotracheal intubation.

 •  During the prebypass period, hemodynamic and metabolic stability of the patient 
should be achieved while making preparations for CPB. The degree of surgical 
stimulation varies markedly during this period.

 •  CPB activates the extrinsic and intrinsic coagulation pathways and alters platelet 
function through the influence of hemodilution, hypothermia, and contact 
activation by bypass circuit materials (see also Chapter 62).

 •  Problems that may occur during the postbypass or postoperative time periods 
include hypotension resulting from surgical or technical failure, left or right 
ventricular dysfunction, vasoplegic syndrome, or left ventricular outflow tract 
obstruction. Other potential problems include dysrhythmias, pulmonary 
complications (e.g., atelectasis, bronchospasm, mucus or blood plugging of 
the endotracheal tube, pulmonary edema, hemothorax, pneumothorax), the 
potential for awareness, metabolic disturbances (e.g., hypokalemia, hyperkalemia, 
hypocalcemia, hypomagnesemia, hyperglycemia), and bleeding and coagulopathy.

 •  In 2007, with an update in 2011, the Society of Thoracic Surgeons (STS) and 
the Society of Cardiovascular Anesthesiologists published a joint statement on 
practice guidelines for transfusion and blood conservation in cardiac surgery. The 
guidelines include recommendations regarding the following: (1) use of drugs that 
decrease postoperative bleeding, including antifibrinolytic drugs; (2) techniques 
for conserving blood, including cell saver sequestration, retrograde priming of the 
pump, and normovolemic hemodilution; and (3) implementation of transfusion 
algorithms supported with point-of-care testing (see also Chapters 61 and 63).

 •  The incidence of overt postoperative stroke after isolated coronary artery bypass 
grafting surgery has decreased significantly to 1.2% despite the more frequent 
and current prevalence of diabetes mellitus and hypertension. The major risk factor 

Acknowledgment:  The editors and publisher would like to thank Drs. Michael C. Hauser and Alina M. Grigore 
for contributing a chapter on this topic to the seventh edition of this work. It has served as the foundation for the 
current chapter.
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PART V: Adult Subspecialty Management2008
for central nervous system injury or dysfunction is particulate and microgaseous 
emboli; other factors include cerebral hypoperfusion and the inflammatory 
response to surgery and CPB.

 •  Current STS guidelines state that blood glucose levels should be maintained at 
less than 180 mg/dL throughout the perioperative period, although many centers 
treat cardiac surgical patients somewhat more aggressively with continuous 
insulin infusions in an attempt to keep glucose levels lower than 150 mg/dL. 
Hypoglycemia should be avoided.

 •  Postoperative pain after median sternotomy or thoracotomy causes enhanced 
sympathetic tone and may lead to myocardial ischemia secondary to increased 
heart rate, pulmonary vascular resistance, myocardial work, and myocardial 
oxygen consumption. Furthermore, pain may cause “splinting” that interferes 
with the patient’s ability to cough and clear secretions and leads to postoperative 
respiratory insufficiency.

 •  Common procedures performed in “hybrid” operating rooms or cardiac 
interventional suites include electrophysiology procedures, percutaneous 
management of valvular lesions, placement of occlusion or umbrella devices to 
close atrial or ventricular septal defects, insertion of percutaneous ventricular assist 
devices, and stenting of thoracic or abdominal aortic aneurysms.

K e y  P o i n t s — c o n t ’ d
CARDIOVASCULAR DISEASE IN THE 
TWENTY-FIRST CENTURY

AGE, GENDER, AND RACE

An estimated 82,600,000 U.S. adults (<1 in 3) have one 
or more types of cardiovascular disease (CVD), of whom 
approximately half are 60 years old or older.1 The preva-
lence of CVD will likely increase because of the “graying” 
of the United States (i.e., the aging of our population) and 
the increasing incidences of obesity and hypertension.2 
Although mortality from coronary artery disease (CAD) 
specifically has decreased since the 1970s, CVD remains 
the leading cause of death for both men and women 
in the United States (Fig. 67-1). Furthermore, approxi-
mately 7,453,000 inpatient cardiovascular operations 
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Figure 67-1. Cardiovascular disease (CVD) and other major causes of 
death for all male and female members of the U.S. population in 2008. 
(From Roger VL, Go AS, Lloyd-Jones DM, et al: Heart disease and stroke 
statistics—2012 update: a report from the American Heart Association, 
Circulation 2012;225:e2-e220.)
and procedures are performed yearly in the United States, 
with direct and indirect costs totaling approximately 
$300 billion.1 As the current health care reforms expand 
treatment coverage, these costs will probably increase.2

Despite the common perception that CVD affects 
mainly men, this is true only in younger age groups. The 
sex distribution of CVD changes with age; CVD becomes 
equally prevalent between the sexes by the age of 60 years, 
and by the age of 80 years, more women than men are 
affected.1 The impact of CVD on the health status of U.S. 
women has gained recognition and is the focus of public 
education efforts such as the “Go Red for Women” cam-
paign sponsored by the American Heart Association (AHA) 
and the “Red Dress” project sponsored by the Depart-
ment of Health and Human Services, the National Insti-
tutes of Health, and the National Heart Lung and Blood 
Institute.3 Furthermore, a series of editorials and articles 
in the Journal of Thoracic and Cardiovascular Surgery4 and 
gender-specific practice guidelines for coronary artery 
surgery in the Annals of Thoracic Surgery5 have emphasized 
sex differences that affect patients who undergo cardiac 
surgical procedures. For example, using internal mam-
mary artery (IMA) grafts significantly reduces mortality 
in patients of both sexes, but, until more recently, these 
grafts were underused in women.5 Although some studies 
have shown that women’s short-term survival is worse 
than men’s after coronary artery bypass grafting (CABG) 
surgery,6 others have found that 5-year post-CABG sur-
vival is actually better in women than in men.7

Mortality resulting from CVD has been consistently 
more frequent in black than white patients.1 In 2008, 
the overall CVD-related death rate per 100,000 persons 
was 390.4 for black male patients, 287.2 for white male 
patients, 277.4 for black female patients, and 200.5 for 
white female patients. Furthermore, racial disparities have 
been reported in outcomes after CABG: both unadjusted 
mortality rates and mortality rates adjusted for patient-
related characteristics are higher in black patients than in 
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white patients.8 In fact, as an unfortunate consequence of 
the public release of quality information through CABG 
“report cards” in certain states, institutions and individual 
surgeons may use “racial profiling” in selecting patients 
for CABG.9 For example, in New York State, physicians’ 
avoidance of racial and ethnic minorities, who may be 
at a higher risk for poor outcomes, may have temporarily 
widened the disparity in CABG use among white versus 
black and Hispanic patients.

GENETIC INFLUENCES

Evolving rapidly beyond racial considerations (which are 
increasingly losing their medical and scientific meaning 
in the “melting pot” of the United States), perioperative 
genomics is the study of the unique biologic makeup of 
surgical patients. This field holds promise for uncovering 
the biologic reasons that patients with similar risk factors 
can have dramatically different perioperative clinical out-
comes.10 Patients with complex comorbid conditions are 
exposed to controlled trauma in the cardiac surgical oper-
ating room (Fig. 67-2). The hope is that preoperative risk 
assessment and outcome prediction will soon include test-
ing for genetic markers related to individual differences 
in inflammatory, thrombotic, and vascular responses to 
stress related to cardiopulmonary bypass (CPB) and to the 
operation itself.

One example is the prevention of perioperative myo-
cardial infarction (MI). Mechanisms in the pathogenesis 
of myonecrosis include the complex acute inflammatory 
response to surgery and CPB. Functional genetic vari-
ants in cytokine and leukocyte-endothelial interaction 
pathways are independently associated with the severity 
of myonecrosis after cardiac surgery.11 Increased concen-
trations of the most extensively studied inflammatory 
marker, C- reactive protein (CRP), are associated with 
increased mortality in patients who undergo CABG.12 
Both increased baseline plasma CRP levels and acute phase 
increase in postoperative plasma CRP levels are geneti-
cally determined.13 Another pathophysiologic process in 
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Figure 67-2. Biologic systems and mechanistic pathways geneti-
cally associated with perioperative adverse events. (Redrawn from 
 Podgoreanu MV, Schwinn DA: New paradigms in cardiovascular  medicine: 
emerging technologies and practices: perioperative genomics, J Am Coll 
Cardiol 46:1965-1977, 2005.)
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perioperative MI is coagulation variability with a tendency 
toward thrombosis. Polymorphisms in platelet activation14 
and thrombin formation15 have been associated with myo-
cardial injury and with mortality after cardiac surgery.

Genetic factors have been associated with other post-
operative complications. Common genetic variants of 
CRP and interleukin-6 (IL-6) are significantly associated 
with the risk of stroke16 and cognitive decline after car-
diac surgery.17 Angiotensin-converting enzyme (ACE) 
gene polymorphisms predict a patient’s risk of respiratory 
complications that necessitate prolonged mechanical 
ventilation after cardiac surgery.18

In summary, researchers are just beginning to discover 
genetic and molecular determinants that predispose 
patients to adverse events after cardiac surgery.10 Rapid 
metabolic phenotyping approaches to diagnostic testing 
may soon be available for use in preoperative risk strati-
fication, as well as real-time intraoperative diagnosis that 
affects decisions regarding monitoring and surgical and 
critical care.19,20

APPROACH TO ANESTHESIA FOR  
THE ADULT CARDIAC PATIENT

PREOPERATIVE EVALUATION, 
PREPARATION, AND MONITORING

Heart and Vascular System
ElEctrocardiography. Standard monitoring of cardiac 
surgical patients by electrocardiography (ECG) involves 
using the five-lead electrode system (see Chapter 47). An 
electrode is placed on each extremity, and one precordial 
electrode is placed in the V5 position (on the left anterior 
axillary line at the fifth intercostal space). Ischemia detec-
tion is greatest (75%) with the V5 lead. This sensitivity 
increases to 80% when lead II is paired with a V5 lead.21 
The addition of a second precordial lead, V4, increases the 
sensitivity, thus making it possible to detect nearly 100% 
of ischemic episodes.22 Currently, most ECG monitors 
can perform ST-segment analysis automatically with high 
sensitivity and specificity for detecting ischemia.

Despite appropriate lead selection and the use of auto-
mated ST-segment monitoring, perioperative ECG moni-
toring has important limitations. Visual inspection of the 
ECG on the monitor has low sensitivity in diagnosing isch-
emic changes, and automated ST-segment analysis depends 
on the computer’s ability to set the isoelectric and J-point 
reference points accurately. During cardiac surgical proce-
dures, the set points should be checked before and after 
bypass, especially persistent changes in heart rate, because 
the reference points chosen at the beginning of the case 
may not be accurate under conditions that may arise later.23

artErial and cEntral VEnous prEssurE Monitoring. 
Invasive arterial cannulation and monitoring comprise 
a standard of care for cardiac surgical patients (see also 
Chapter 45). Patients’ comorbidities often include labile 
hypertension, atherosclerotic CVD, or both. Furthermore, 
cardiac surgical technique frequently causes sudden, rapid 
changes in arterial blood pressure resulting from factors 
such as direct compression of the heart, impaired venous 
return caused by retraction and cannulation of the great 
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vessels, and arrhythmias resulting from mechanical stim-
ulation.24 In addition, sudden, significant blood loss may 
induce hypovolemia and hypotension. Finally, during 
nonpulsatile CPB, noninvasive blood pressure record-
ings are not accurate. Intraarterial monitoring provides 
continuous, real-time, beat-to-beat assessment of arterial 
perfusion pressure and waveform throughout the cardiac 
surgical procedure. Having an indwelling arterial catheter 
also enables the frequent drawing of arterial blood for 
laboratory analyses.24

Although the radial artery is the most commonly 
accessed site, the femoral, brachial, ulnar, dorsalis pedis, 
posterior tibial, and axillary arteries can also be used. The 
pressures measured in the peripheral arteries are different 
from the central aortic pressure because the arterial wave-
form becomes progressively more distorted as the signal 
is transmitted down the arterial system.24 Although the 
mean arterial pressure (MAP) measured in the peripheral 
arteries is usually similar to the central aortic pressure, 
this may change after CPB is initiated.25 When cannulat-
ing a radial artery, one should consider the native state 
of the collateral circulation in the hand and the possible 
surgical use of a radial artery free graft as an arterial con-
duit. If a radial arterial graft is to be harvested, it is usually 
taken from the nondominant hand or arm; thus, the arte-
rial line should be placed on the dominant side.

Central venous access is also standard of care during 
cardiac surgery. In addition to monitoring central venous 
pressure (CVP), central venous access provides a portal for 
intravascular volume replacement, pharmacologic ther-
apy, and the insertion of other invasive monitors, such 
as pulmonary artery (PA) catheters. In addition, a CVP 
catheter can be used to measure the filling pressure of the 
right ventricle and estimate intravascular volume status.24 
Although the CVP does not directly reflect left-sided heart 
filling pressure, it may be used as an estimate of left-sided 
pressures in patients with good left ventricular (LV) func-
tion. Following trends is more useful than relying on an 
individual measurement.24 In many patients, using a cen-
tral venous catheter may offer a better risk-to-benefit ratio 
than using a PA catheter.26 For the accurate measurement 
of pressure, the distal end of the catheter must lie within 
one of the large intrathoracic veins or the right atrium.24

An internal jugular vein is most commonly selected 
for catheterization because it provides ease of approach 
and optimal distance from the operative field. A femoral 
or subclavian vein can be considered as well, but groin 
access can be challenging in obese patients and may 
be inappropriate if femoral bypass cannula placement 
or vein graft harvesting is necessary. The subclavian 
approach is also imperfect because it is associated with 
an increased risk of catheter obstruction during sternal 
retraction.

The use of ultrasound is being rapidly adopted through-
out the United States for facilitating the placement of 
central venous catheters and reducing the complications 
associated with them.27 Although ultrasound-guided 
central catheter placement is easily accomplished and 
appears to improve patients’ outcomes, concerns regard-
ing the associated costs of the required hardware and 
training are reasons for the lack of universal adoption of 
this technique (Box 67-1).
pulMonary artEry cathEtErization. The PA catheter is a 
flow-directed catheter typically placed through an intro-
ducer in the central venous compartment via the internal 
jugular, subclavian, or femoral vein (see also Chapter 45). 
This catheter can measure PA pressure (PAP), CVP, and pul-
monary capillary wedge pressure (PCWP). However, the 
PCWP can both overestimate and underestimate LV filling 
pressure (Box 67-2). Some PA catheters are designed with 
a thermistor to register blood temperature changes, which 
are used to calculate right-sided heart cardiac output (CO) 

Benefits*

Greater success rate on first attempt
Fewer overall attempts
Better access in patients with difficult neck anatomy (e.g., resulting 

from obesity or prior surgery)
Fewer complications (e.g., carotid artery puncture, anticoagulant-

enhanced bleeding)
Visible vessel patency, anatomic variants
Relatively inexpensive technology

ConCerns

Need for personnel to be trained to maintain aseptic technique 
when using sterile probe sheaths

Requirement for additional training
Inability to show surface anatomy
Potential loss of landmark-guided skills when needed for  

emergency central venous catheterization

BOX 67-1 Some of the Recognized Benefits 
of and Concerns About Ultrasound-Guided 
Central Venous Cannulation

Modified from Kaplan JA, Reich DL, Savino JS, editors: Kaplan’s cardiac  
anesthesia: the echo era, ed 6, St. Louis, 2011, Saunders, p 426.

*Ultrasonic guidance of internal jugular vein cannulation can be particularly 
advantageous in patients with difficult neck anatomy (e.g., short neck, 
obesity) or prior neck surgery, anticoagulated patients, and infants.

PCWP > LVeDP

Positive-pressure ventilation
PEEP
Increased intrathoracic pressure
Non-West lung zone III PAC placement
Chronic obstructive pulmonary disease
Increased pulmonary vascular resistance
Left atrial myxoma
Mitral valve disease (e.g., stenosis, regurgitation)

PCWP < LVeDP

Noncompliant left ventricle (e.g., ischemia, hypertrophy)
Aortic regurgitation (premature closure of the mitral valve)
LVEDP > 25 mm Hg

BOX 67-2 Conditions Resulting in 
Discrepancies Between Pulmonary Capillary 
Wedge Pressure and Left Ventricular  
End-Diastolic Pressure

Modified from Tuman KJ, Carroll CC, Ivankovich AD: Pitfalls in interpretation 
of pulmonary artery catheter data, Cardiothorac Vasc Anesth Update  
2:1, 1991.

LVEDP, Left ventricular end-diastolic pressure; PAC, pulmonary artery 
catheter; PCWP, pulmonary capillary wedge pressure; PEEP, positive end-
expiratory pressure.
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or ejection fraction (EF) by thermodilution. PA catheters 
may also have oximetric capabilities to measure mixed 
venous oxygen saturation (SvO2). Thus, a PA catheter can 
be used to assess intravascular volume status, measure CO, 
measure SvO2, and derive hemodynamic parameters.24

The CO, the amount of blood delivered to the tissues 
by the heart, is of particular interest to cardiac anesthesi-
ologists. The product of stroke volume and heart rate, CO 
is affected by preload, afterload, heart rate, and contractil-
ity. PA catheters capable of measuring CO continuously 
were introduced into clinical practice in the 1990s.24 The 
correlation of continuous CO measurements with those 
measurements obtained by using the intermittent ther-
modilution method is good in physiologically and ther-
mally stable prebypass and postbypass periods.

Continuous monitoring of SvO2 provides a means 
to estimate the adequacy of oxygen delivery relative to 
oxygen consumption.24 Decreases in SvO2 may indicate 
decreased CO, increased oxygen consumption, decreased 
arterial oxygen saturation, or decreased hemoglobin con-
centration. If it is assumed that oxygen consumption and 
arterial oxygen content are constant, changes in SvO2 
should reflect changes in CO.24 However, London and 
colleagues found that continuous SvO2 monitoring did 
not lead to better outcomes than standard PA catheter 
monitoring.28

Pacing PA catheters are also commercially available. 
Electrode PA catheters include five electrodes for atrial, 
ventricular, or atrioventricular (AV) sequential pacing. 
Paceport PA catheters (Edwards Lifesciences, Irvine, CA) 
have a port for the insertion of a ventricular wire or of 
both atrial and ventricular wires for temporary pacing.

The risk-to-benefit ratio involved in using PA cath-
eters has been a subject of controversy since the 1990s. 
Complications of PA catheter placement include those 
mentioned in the section on CVP placement, as well 
as transient arrhythmias, complete heart block, pulmo-
nary infarction, endobronchial hemorrhage, thrombus 
formation, catheter knotting and entrapment, valvular 
damage, and thrombocytopenia.24 In addition, a com-
mon complication is incorrect interpretation of the data 
obtained from the PA catheter, with resultant incorrect 
treatment of the patient.29 Schwann and colleagues pub-
lished a large, international, prospective observational 
study showing that using a PA catheter was associated 
with a more frequent risk of a composite mortality and 
morbidity outcome than using a CVP alone in patients 
undergoing CABG surgery.26 Smaller observational tri-
als have also associated the PA catheter with increased 
morbidity and decreased survival in cardiac surgical 
patients.30,31

Currently, the trend in the United States is to be selec-
tive in deciding which patients may benefit from a PA 
catheter, especially with the widespread use of transesoph-
ageal echocardiography (TEE). Absolute contraindications 
to PA catheter placement include tricuspid or pulmonic 
valvular stenosis, right atrial (RA) or right ventricular 
(RV) masses, and tetralogy of Fallot.24 Relative contrain-
dications include severe arrhythmias and newly inserted 
pacemaker wires (which may be dislodged by the catheter 
during insertion). Clearly, patients undergoing low-risk 
cardiac surgical procedures can be managed safely without 
PA catheter placement.24 However, many cardiac surgeons 
and anesthesiologists still use the device in high-risk car-
diac operations and in patients with right-sided heart fail-
ure (HF) or pulmonary hypertension, particularly to assist 
in postoperative management (Box 67-3).

transEsophagEal Echocardiography. TEE is used in 
many, if not most, cardiac surgical procedures in the 
current era. See Chapter 46 for a thorough discussion of 
this extraordinarily valuable diagnostic and monitoring 
modality.

Central Nervous System
risk for injury. The incidence of overt postoperative 
stroke after isolated CABG decreased significantly from 
1.6% in the year 2000 to 1.2% in the year 2009, despite 
the greater prevalence of diabetes mellitus and hyperten-
sion in the current era.32 A more subtle entity, postop-
erative cognitive decline (POCD), has also been described 
in numerous studies.33 However, the measurement of 
POCD is complicated by variations in the tests used to 
assess cognitive function, the timing of these tests, and 
the diagnostic and statistical definitions of decline.34 
Furthermore, studies have shown that compared with 
nonsurgical and healthy controls, patients who undergo 
CABG have similar rates of cognitive decline 1 year post-
operatively.35,36

Risk factors for CNS injury or dysfunction after cardiac 
surgery are listed in Box 67-4.37 The most common cause 
is thought to be particulate or microgaseous emboli.38,39 
Other factors include cerebral hypoperfusion, particularly 
in patients with cerebrovascular disease, and the inflam-
matory response to surgery and CPB.40,41

Monitoring

Transesophageal and epiaorTic echocardiography. TEE 
allows direct visualization of the first segment of the 
ascending aorta, the middle distal segment of the aor-
tic arch, and a good portion of the descending thoracic 
aorta. However, the distal segment of the ascending aorta 
and the proximal midportion of the aortic arch cannot 
be visualized well because of the interposition of the tra-
chea and bronchi between the TEE probe and these aortic 
structures. Instead, epiaortic imaging with a handheld, 
high-frequency probe placed over the ascending aorta or 

Major procedures involving large fluid shifts or blood loss in 
patients with

Right-sided heart failure, pulmonary hypertension
Severe left-sided heart failure not responsive to therapy
Cardiogenic or septic shock or multiple organ failure
Hemodynamic instability requiring inotropes or intraaortic 

 balloon counterpulsation
Surgery of the aorta requiring suprarenal cross-clamping
Hepatic transplantation
Orthotopic heart transplantation

BOX 67-3 Possible Clinical Indications for 
Pulmonary Artery Catheter Monitoring

Modified from Kaplan JA, Reich DL, Savino JS, editors: Kaplan’s cardiac  
anesthesia: the echo era, ed 6, St. Louis, 2011, Saunders, p 435.
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aortic arch can be used to visualize aortic segments that 
are in the TEE probe’s “blind spot.”

The echocardiographic finding of atheromatous dis-
ease of the aorta has been linked to CNS injury in cardiac 
surgical patients.42 Atherosclerosis of the ascending aorta 
is present in 20% to 40% of cardiac surgical patients, and 
the percentage increases with age. The severity of ath-
eromatous disease of the aorta is a strong predictor of 
death and stroke after CABG (Table 67-1).43 Using TEE 
to guide cannula placement or surgical technique sig-
nificantly reduced the stroke rate in a series of 500 con-
secutive patients compared with controls in a statewide 
database.44 Avoiding instrumentation of the ascend-
ing aorta (the “no touch technique”) in patients with 
severe aortic atherosclerosis has been advocated.45 The 
addition of epiaortic scanning of the ascending aorta 
increases the sensitivity of intraoperative echocardiog-
raphy in identifying significant atheromatous disease in 
this segment of the aorta. Certainly, this combination of 
techniques is superior to surgical palpation in detecting 
such disease.46

cerebral oximeTry. Cerebral oximetry uses near-infra-
red spectroscopy technology similar to that used in pulse 

emBoLization

HyPoPerfusion

infLammation

infLuenCing faCtors

Aortic atheromatous plaque
Cerebrovascular disease
Altered cerebral autoregulation
Hypotension
Intracardiac debris
Air
Cerebral venous obstruction on bypass
Cardiopulmonary bypass circuit surface
Reinfusion of unprocessed shed blood
Cerebral hyperthermia
Hypoxia

BOX 67-4 Mechanisms of and Contributing 
Factors to Neurologic Lesions

From Kaplan JA, Reich DL, Savino JS, editors: Kaplan’s cardiac anesthesia: 
the echo era, ed 6, St. Louis, 2011, Saunders, p 1070.

TABLE 67-1 GRADING AORTIC ATHEROSCLEROSIS 

Aortic Atheromatous  
Disease Echocardiographic Findings

Grade 1 Normal or mild intimal thickening
Grade 2 Severe intimal thickening

No protruding atheromas
Grade 3 Atheroma protruding <5 mm into  

the lumen
Grade 4 Atheroma protruding ≥5 mm into  

the lumen
Grade 5 Atheroma of any size with a mobile 

component

Modified from Béïque FA, Joffe D, Tousignant G, Konstadt S: Echocardiography-
based assessment and management of atherosclerotic disease of the thoracic 
aorta, J Cardiothorac Vasc Anesth 12:206-220, 1998.
oximeters (see also Chapter 49). Light-emitting electrodes 
are placed on the patient’s forehead, lateral to the mid-
line, and over both frontal cortices. Because the skull is 
 translucent to infrared light, and because oxygenated 
blood and deoxygenated blood have different absorption 
characteristics when exposed to infrared light of two dif-
ferent wavelengths, regional cerebral oxygen saturation 
(rSO2) can be computed from the returning signal. The de-
sign of the cerebral oximeter enables it to measure change 
from the patient’s own established baseline and to moni-
tor both frontal lobes simultaneously.

The use of near-infrared spectroscopy has been studied 
in the perioperative setting; a relative decrease in rSO2 to 
less than 80% of the preoperative baseline or to absolute 
levels less than 50% increased the incidence of adverse 
postoperative outcomes.47,48 These outcomes include 
POCD,49 stroke,50 organ dysfunction, mortality,51,52 and 
length of hospital stay.53 A physiologically derived treat-
ment algorithm for management of perioperative cerebral 
oxygen desaturation has been proposed (Fig. 67-3).54 As 
noted by Murkin,37 an important confounder in evaluat-
ing the role of monitoring cerebral oximetry is the efficacy 
of treatment for cerebral desaturation.

A baseline rSO2 that is low even though the patient is 
breathing supplemental oxygen (absolute value ≤50%) is 
an independent risk factor for 30-day and 1-year mortal-
ity.55 A baseline rSO2 could act as a refined marker for 
preoperative risk stratification and help clinicians identify 
patients who require more intensive monitoring and care 
in the postoperative period.55,56

Transcranial doppler. Transcranial Doppler (TCD) 
 involves the ultrasonic interrogation of blood flow ve-
locity through the middle cerebral or common carotid 
arteries as an indirect measure of cerebral blood flow.47 
The technology has been used extensively as a research 
tool. For example, in conjunction with cerebral oxime-
try, TCD has been used to delineate the limits of cer-
ebral  autoregulation during CPB.57 TCD can also detect 
cerebral emboli. Contrary to previous information, an 
association between TCD-detected emboli and POCD is 
questionable.58,59

A primary limitation of TCD technology has been 
its inability to discern gaseous from solid emboli.47,58 
Other general limitations of TCD technology include 
the following: (1) the quality of information is heavily 
user dependent; (2) accuracy requires stable and precise 
probe placement, which can be quite cumbersome; and  
(3) information is affected by patient-related characteris-
tics, such as skin thickness. These difficulties have limited 
use of this technology in the perioperative setting.47

elecTroencephalography and bispecTral index moni-
Toring. The electroencephalogram (EEG), recorded from 
multiple adhesive or screw-in scalp electrodes, represents 
surface cerebral cortical activity (see also Chapters 13 and 
14). Awake patients produce a pattern of EEG readings 
that differs from the pattern produced by patients who 
are under anesthesia. Establishing a baseline and moni-
toring the changes from that baseline form the premise of 
EEG monitoring. Changes in the frequency of EEG signals 
(slower brain waves) and the reduction of wave ampli-
tude may indicate changes in cortical neuronal function 
that warrant concern.
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Figure 67-3. Algorithm for the 
use of brain oximetry. CT, Com-
puted tomography; ICHT, intra-
cranial hypertension; MAP, mean 
arterial pressure; MRI, magnetic 
resonance imaging; O2, oxygen; 
Paco2, partial pressure of arterial car-
bon dioxide; Sao2, arterial oxygen 
saturation; SvO2, mixed venous 
oxygen saturation. (Redrawn from 
Denault A, Deschamps A, Murkin JM: 
A proposed algorithm for the intraop-
erative use of cerebral near-infrared 
spectroscopy, Semin Cardiothorac 
Vasc Anesth 11:274-281, 2007.)
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Multichannel EEG monitoring is not routinely used 
in cardiac surgery. However, a resurgence of interest in 
single- or dual-channel processed EEG monitoring, such 
as the bispectral index (BIS), has occurred.47,60,61 The BIS 
has been studied as a means to monitor for intraoperative 
awareness, to reduce overall anesthetic consumption, and 
to provide information on cerebral perfusion. However, 
controversy surrounds the usefulness of BIS monitoring 
in reducing intraoperative awareness.47,62-64 Similarly, the 
effectiveness of BIS monitoring in either guiding the safe 
reduction of anesthetic dosing or contributing to the suc-
cess of fast tracking has not been demonstrated by ran-
domized clinical trials in cardiac surgical patients.60

With respect to cerebral ischemia, sudden EEG changes 
during cardiac surgery and CPB can be attributable to cor-
rectable problems such as superior vena cava (SVC) obstruc-
tion or severe decrease in CO.60 The latest iteration of the 
BIS monitor incorporates bilateral frontal EEG channels, 
which may increase its ability to detect unilateral fron-
tal ischemia, especially if anesthesia is stable, if the insult 
is sudden, extended, or located in the frontal area, and 
if the preoperative EEG was normal.60,65 However, many 
variables may confuse EEG interpretation during cardiac 
surgery. These include hypothermia, the pharmacologic 
suppression of EEG signals, and interference produced by 
pump mechanics. In addition, the EEG measures only cor-
tical activity, so ischemic or embolic injury that occurs 
below the level of the cortex may go undetected. There-
fore, the EEG and derived indices are neither sensitive nor 
specific in detecting cerebral ischemia.60

summary. Currently, evidence-based recommendations 
cannot be made regarding the efficacy of treatment for 
abnormal values. Although not yet recognized as a clini-
cal standard of care, neuromonitoring will likely continue 
to be the subject of significant research effort.

Renal System
Acute kidney injury (AKI) after cardiac surgery remains a 
significant cause of postoperative morbidity, increased cost 
of care, later development of chronic kidney disease, and 
short-term as well as long-term mortality (see also Chapter 
101).66 Although the pathogenesis of AKI is multifactorial, 
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control of some specific factors may limit its incidence in 
cardiac surgical patients. Bellomo and associates identified 
six major injury pathways of cardiac surgery–associated 
AKI: toxins (both exogenous and endogenous), metabolic 
factors, ischemia-reperfusion injury, neurohormonal acti-
vation, inflammation, and oxidative stress.67

Randomized trials of specific potential preventive 
measures for AKI after cardiac surgery are few. Cer-
tainly, all potentially nephrotoxic drugs should be 
avoided in the perioperative period (Box 67-5).66,68 
Hydration is, of course, a universally accepted compo-
nent of strategies to prevent contrast nephropathy.68 
Unfortunately, no pharmacologic strategy has defini-
tive efficacy in preventing early AKI.68 Atherosclerosis 
of the ascending aorta appears to be an independent 
risk factor for AKI.67

Intraoperative TEE should be used to identify patients 
at increased risk for thromboembolic phenomena.67,68 
Although observational studies have suggested a possible 
benefit of off-pump procedures and avoidance of aor-
tic manipulation, definitive evidence is lacking.67,68 For 
cardiac surgical cases that require CPB, the duration of 
aortic cross-clamping should be limited if possible, espe-
cially in patients who are at a higher-than-normal risk 
for renal complications, such as patients with preexisting 
renal insufficiency.67 Hemodynamic instability should be 
addressed quickly, and intravascular volume should be 
maintained or rapidly restored.67,68 Finally, perioperative 
hyperglycemia should be avoided.67,68

Clearly, definition of measures that may prevent AKI 
after cardiac surgery is needed.67,68 The cost of this com-
plication to the patient and to society is probably higher 
than previously thought.66

Endocrine System
glucosE control. Hyperglycemia in surgical patients is 
a consequence of the inflammatory or stress response 
to the trauma of surgery. Components of this response 
include an endocrine response (i.e., increased production 
of counterregulatory hormones such as cortisol, growth 
hormone, glucagon, and catecholamines) (Fig. 67-4), an 
immune response resulting in increased cytokine produc-
tion, an autonomic response resulting in increased sym-
pathetic stimulation, and altered insulin signaling. These 
changes increase glucose production, decrease glucose 
elimination during CPB, and induce insulin resistance, 
thereby causing hyperglycemia.69

All patients are at risk for developing hyperglycemia 
during cardiac surgery. Older patients, diabetic patients, 
and patients with CAD are particularly prone to peri-
operative hyperglycemia. Although cardiac surgery 
without CPB initiates a stress response, CPB increases 
this response manyfold.69 The degree of hyperglyce-
mia depends on several variables associated with the 
use of CPB, such as the pump prime fluid selected and 
the degree of hypothermia induced. Epinephrine and 
other inotropic drugs may contribute to hyperglycemia 
after CPB by stimulating hepatic glycogenolysis and 
gluconeogenesis.

Impaired fasting glucose blood levels before cardiac 
surgery and persistently increased glucose levels during 
and immediately after surgical procedures are predictive 
of longer hospital stay and increased perioperative mor-
bidity and mortality in both diabetic and nondiabetic 
patients.70,71 However, in diabetic patients undergo-
ing cardiac operations, hyperglycemia may only partly 
explain the increased risk for adverse outcomes.71 Immu-
nologic abnormalities common to diabetic patients, such 
as decreased chemotaxis, phagocytosis, opsonization, 
bacterial killing, and antioxidant defense, also promote 
adverse outcomes by increasing diabetic patients’ risk of 
infection.72

Glucose blood levels should be controlled, begin-
ning in the preoperative period and continuing until 
discharge.73 However, in a classic study, patients were 
randomly assigned to intensive intraoperative insulin 
treatment (to maintain glucose levels at 80 to 100 mg/
dL) or to standard insulin treatment (to keep glucose 
levels <200 mg/dL).74 Surprisingly, the investigators 
reported a statistically nonsignificant increase in the 
incidence of death and stroke in the group receiving 
intensive insulin treatment. The precise value necessary 
for achieving glycemic control during surgical proce-
dures is not well defined.71,75 Current Society of Tho-
racic Surgeons (STS) guidelines state that blood glucose 
levels should be kept lower than 180 mg/dL throughout 
the perioperative period.76 Some cardiac surgical cen-
ters more aggressively administer continuous insulin 
infusions in an attempt to keep glucose levels lower 
than 150 mg/dL.

thyroid horMonE. Abnormal thyroid function ulti-
mately affects cardiac function in many ways (Table 67-2).  
During cardiac surgery, the effect of CPB on thyroid 
hormone production is uncertain. Both increased and 
decreased levels of thyroid hormone can occur during 
or immediately after CPB. Free triiodothyronine (T3), 
the biologically active form of the thyroid hormone, is 
frequently reduced in cardiac patients because of the 
reduced activity of the 5′-monodeiodinase responsible for 
converting thyroxine (T4) into T3 in peripheral tissues.77 
This low T3 syndrome has been described in patients with 
impaired contractility and enhanced risk for MI and HF, 
as well as in adults and children after CPB.78 Preexisting 

Radiocontrast agents
Aminoglycosides
Amphotericin
Nonsteroidal antiinflammatory drugs
β-Lactam antibiotics (specifically contribute to interstitial 

nephropathy)
Sulfonamides
Acyclovir
Methotrexate
Cisplatin
Cyclosporine
Tacrolimus
Angiotensin-converting enzyme inhibitors
Angiotensin receptor blockers

BOX 67-5 Drugs That Contribute  
to Kidney Injury

Modified from Bellomo R, Kellum JA, Ronco C: Acute kidney injury, Lancet 
380:756-766, 2012.
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Figure 67-4. A, Plasma levels of epinephrine (Epi) during cardiac surgery. Bars indicate standard error of the mean. X-clamp, Cross-clamp. B 
and C, Levels of cortisol during cardiac surgery. ECC, Extracorporeal circulation; Midop, intraoperatively; N.S., not significant; op, operatively; PCV, 
packed cell volume; Postop, postoperatively; Preop, preoperatively. (A, Redrawn from Reves JG, Karp RB, Buttner EE, et al: Neuronal and adrenomedul-
lary catecholamine release in response to cardiopulmonary bypass in man, Circulation 66:49-55, 1982; B and C, from Taylor KM, Jones JV, Walker MS, 
et al: The cortisol response during heart-lung bypass, Circulation 54:20-25, 1976.)

TABLE 67-2 EFFECTS OF THYROID DYSFUNCTION ON HEMODYNAMICS AND CARDIAC FUNCTION 

Parameter Normal Values Hyperthyroidism Hypothyroidism

Blood volume (% of normal value) 100 105.5 84.5
Heart rate (beats/min) 72-84 88-130 60-80
Cardiac output (L/min) 4.0-6.0 >7.0 <4.5
Systemic vascular resistance (dyne•sec•cm−5) 1,500-1,700 700-1,200 2,100-2,700
Left ventricular ejection fraction (%) >50 >65 ≤60
Isovolumic relaxation time (msec) 60-80 25-40 >80

Reprinted with permission from Klein I, Ojamaa K: Thyroid hormone and the cardiovascular system, N Engl J Med 344:501-509, 2001. Copyright © 2001  
Massachusetts Medical Society.
thyroid dysfunction can occasionally be severely aggra-
vated by CPB because of hypothermia, nonpulsatile blood 
flow, and reduced conversion of T4 to T3.

Notably, hypothyroidism is more common in female 
than in male patients undergoing CABG.79 Zindrou and 
associates noted a 17% higher mortality rate in women who 
underwent CABG while receiving thyroxine replacement 
therapy for hypothyroidism.80 A review of the literature 
by Edwards and colleagues concluded that ensuring a peri-
operative euthyroid state in women with hypothyroidism 
who were undergoing CABG could be helpful in reducing 
the perioperative mortality of these patients.5 Although 
subclinical hypothyroidism and low T3 syndrome have an 
effect on CABG outcome in both women and men, further 
studies are needed before routine preoperative evaluation 
of thyroid function can be recommended.81
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Hematologic System
Bleeding is the primary complication of cardiac opera-
tions that require CPB (see also Chapter 62). In fact, 10% 
to 15% of blood product use in the United States is associ-
ated with cardiac surgery, and this fraction is increasing, 
largely because of the increasing complexity of cardiac 
surgical procedures.82 Real-world data obtained from a 
large sample of patients and entered into STS Adult Car-
diac Surgery Database suggest that 50% of patients who 
undergo cardiac surgical procedures receive a blood 
transfusion. Complex cardiac operations such as “redo” 
procedures, aortic operations, and the implantation of 
ventricular assist devices (VADs) require blood transfusion 
much more often than do simpler operations.83,84 Donor 
blood is viewed as a scarce resource that is associated with 
increased health care costs and significant risk to patients 
(see also Chapters 61 to 63). Furthermore, perioperative 
blood transfusion is associated with worse short-term and 
long-term outcomes.85,86 Hence, reducing bleeding and 
blood transfusions has become a major focus of quality 
improvement efforts in cardiac surgery.82

hEparin as an anticoagulant

overview of heparin. Since its discovery by Jay McLean, 
MD, in 1915, heparin has stood the test of time and re-
mains the primary anticoagulant used in cardiac op-
erations that require CPB. The mechanism underlying 
heparin’s anticoagulant effect centers on the heparin mol-
ecule’s ability to bind simultaneously to antithrombin III 
and thrombin. Modern nomenclature refers to antithrom-
bin III as antithrombin (AT). The binding process is medi-
ated by a unique pentasaccharide sequence that binds to 
AT. The proximity of AT and thrombin, mediated by the 
heparin molecule, allows AT to inhibit the procoagulant 
effect of thrombin by binding to the active-site serine resi-
due of the thrombin molecule.87 The inhibitory effect of 
AT is increased 1000-fold in the presence of heparin. The 
heparin-AT complex can affect several coagulation factors, 
but factor Xa and thrombin are the most sensitive to in-
hibition by heparin, and thrombin is 10 times more sen-
sitive to the inhibitory effects of unfractionated heparin 
than is factor Xa.88

Only approximately one third of the heparin molecules 
in a dose of heparin contain the critical pentasaccharide 
segment that is needed for high-affinity binding to AT.89 
Thus, relatively large doses are required to produce the 
anticoagulant effect necessary for CPB. In fact, dosing of 
heparin for CPB is somewhat empiric. After a baseline 
activated clotting time (ACT) is measured (the normal 
range is 80 to 120 seconds), a dose of 300 to 400 units/kg  
of heparin is given as an intravenous bolus. Commer-
cially available assays are used for calculating the patient’s 
dose-responsiveness to heparin in vitro. Some practition-
ers administer heparin at the dose that is indicated by 
such an in vitro dose-response assay. Subsequent heparin 
dosing for extracorporeal circulation (ECC) is targeted at 
maintaining ACT values longer than 480 seconds. Also 
available is a heparin concentration monitor that uses 
protamine titration analysis for ex vivo calculation of the 
whole blood heparin concentration. This result is often 
used as an adjunct to the ACT value of 480 seconds in 
confirming an adequate heparin concentration for CPB. 
Unfortunately, ACT test results vary substantially with 
clinical conditions and the particular platform used for 
measurement. Thus, the evidence supporting the use of 
a threshold of 480 seconds is almost entirely anecdotal.

The dose of heparin used in patients on CPB is based 
on early landmark work published by Bull and coauthors 
in 1975.90 A small study that sought evidence of throm-
bin activity during CPB in nonhuman primates and pedi-
atric patients found results supporting a safe lower limit 
for ACT of 400 seconds.91 In 1979, Doty and colleagues 
proposed a simplified dosing regimen guided by ACT val-
ues without dose-response curves.92 The data and recom-
mendations from these few studies constitute the primary 
basis for current heparin dosing protocols.

Despite heparin’s historic and continued role in anti-
coagulation for patients maintained on CPB, it is not a 
perfect anticoagulant. Intrinsic and extrinsic pathway 
coagulation occurs despite heparin administration, and 
platelets can still be activated by contact with bypass 
circuitry and by heparin directly.93,94 Alternative antico-
agulants are discussed briefly in the section on heparin-
induced thrombocytopenia (HIT).

moniToring of anTicoagulaTion. Using ACT to monitor 
the effectiveness of heparin is not an exact science (see 
also Chapter 62). Tremendous variability is observed in 
patients’ anticoagulation responses to a given dose of hep-
arin; reasons for this variability include variations in levels 
of heparin-binding proteins and AT. Hence, ACT values 
correlate poorly with actual heparin concentrations. Nev-
ertheless, since the publication of Bull and colleagues’ early 
work,90 ACT has been the mainstay of anticoagulation 
monitoring in cardiac operations that require CPB.

Many different ACT measurement devices are com-
mercially available, and each uses a different platform for 
clot detection and endpoint signaling. However, they all 
involve the addition of whole blood to a tube or channel 
containing a contact-phase activator. The activator can be 
celite, kaolin, glass, or any combination thereof. The sam-
ple is warmed to 37° C before the measurement technique 
is performed. Clot formation occurs, and the measure-
ment ends when a change in velocity, pressure, oscilla-
tion, electromagnetic forces, or even color is observed, 
depending on the particular platform of measurement.95

Several clinical variables can affect the ACT (Table 
67-3). In addition to physiologic variations, the design 
of ACT measurement devices (which varies across their 
many manufacturers) also affects ACT normal and ther-
apeutic values. ACTs also correlate poorly with whole 
blood and plasma heparin levels, and responses to 
heparin differ somewhat between adult and pediatric 

TABLE 67-3 CLINICAL VARIABLES THAT CAN 
AFFECT THE ACTIVATED CLOTTING TIME

Hemodilution Prolongs ACT in heparinized patients
Hypothermia Prolongs ACT
Thrombocytopenia Prolongs ACT
Platelet inhibitors Prolongs ACT
Platelet lysis Shortens ACT
Aprotinin Prolongs only celite ACT
Surgical stress Shortens ACT

ACT, Activated clotting time.
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patients.96 Some authors argue that, because of its poor 
correlation with heparin concentration, ACT alone is not 
an adequate monitor of heparin efficacy, and that simul-
taneous or adjunct monitoring of heparin concentration 
should also be used during CPB. Prolongation of ACT by 
non–heparin-related clinical factors, such as hypother-
mia, hemodilution, or quantitative or qualitative plate-
let abnormalities, is a well-documented phenomenon, 
and the anesthesiologist must understand these factors 
to determine whether it is safe to reduce the heparin 
dose when the ACT is prolonged. The poor correlation 
between ACT and measured heparin concentration also 
makes it possible that a dose reduction will render the 
heparin concentration inadequate, even when the ACT 
remains within an acceptable range.

Some point-of-care (POC) monitors, such as the Hepcon 
HMS system (Medtronic Perfusion Systems, Minneapolis, 
Minn.), use a protamine titration assay to calculate the 
heparin concentration. Despotis and associates suggest that 
monitoring and maintaining heparin concentration—and 
thus giving larger doses of heparin—actually protect the 
hemostatic system and may decrease transfusion require-
ments.97 However, other investigators have not been able 
to confirm that higher doses of heparin confer better 
hemostatic protection; markers of ongoing coagulation are 
essentially the same whether traditional ACT monitoring 
or heparin concentration monitoring is used.98

The high-dose thrombin time (HiTT) is a modification 
of the thrombin time that is designed to measure the high 
levels of heparin that are used during CPB.99 Unlike ACT, 
the HiTT correlates well with heparin concentration, both 
before and during CPB, and it is not affected by hemodi-
lution and hypothermia. As a measure of thrombin inhi-
bition, the HiTT is a more specific test of heparin’s effect 
on thrombin than ACT, and it appears to possess less arti-
factual variability.94 Aprotinin and preoperative heparin 
infusions do not affect HiTT values.99

proTamine and reversal of anTicoagulaTion. Protamine, 
which has been in clinical use for as long as heparin has, 
 remains the heparin reversal drug of choice in cardiac sur-
gery. The protamine dose required to reverse heparin is 
somewhat controversial. In the first published study to ex-
amine this question, Bull and associates chose a dose of 1.3 
mg protamine for every 100 units of heparin to provide a 
slight excess of protamine from a projected needed amount 
of 1.2 mg for every 100 units of heparin.100 In current prac-
tice, dosing usually follows one of the following protocols:

 1.  Protamine is administered according to the total 
amount of heparin given (i.e., 1 to 1.3 mg protamine 
per 100 units of heparin). This method may result in 
luxuriant protamine doses, which reduce any theoretic 
or real risks of heparin rebound but may put the patient 
at higher risk for bleeding events because of the antico-
agulant effect of protamine.95,101

 2.  Protamine is administered at a dose calculated from 
the heparin concentration, which is measured by a 
prota mine titration assay. If the heparin concentration 
is not measured, the protamine dose can be graphi-
cally derived by plotting ACT values throughout the 
case and creating heparin dose-response curves. The 
amount of protamine used in this method is based on 
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the circulating concentration of heparin in the patient 
at the time of reversal. Because, theoretically, no excess 
protamine exists, these patients may be at risk for 
heparin rebound and therefore may require additional 
protamine. In a small study conducted in patients 
undergoing valve surgery, administering protamine in 
two divided doses by titration resulted in a larger dose 
but reduced bleeding, presumably by treating heparin 
rebound.102

uniquE hEMatologic considErations in cardiac surgEry.
hemaTologic effecTs of cardiopulmonary bypass. The 
 hematologic effects of CPB are myriad. Exposure of blood 
to the surfaces of the extracorporeal circuit is a profound 
stimulus for inflammatory up-regulation, and activation 
of the hemostatic system is a component of the normal 
inflammatory response. According to traditional models 
of hemostasis, ECC activates both the intrinsic and ex-
trinsic coagulation pathways and directly impairs platelet 
function. Intrinsic pathway activation can occur by con-
tact activation and the conversion of factor XII to fac-
tor XIIa on the various surfaces of the CPB circuit.103 The 
tissue factor generated from the wound and the circulat-
ing tissue thromboplastin combine to cause the extrinsic 
activation of coagulation by cell-mediated hemostasis, 
which involves tissue factor–bearing leukocytes and acti-
vated endothelial cells. Tissue factor pathway generation 
of thrombin has a primary role in CPB-associated hemo-
stasis abnormalities (Fig. 67-5).103,104

In addition to activating both extrinsic and intrinsic 
coagulation pathways, CPB directly impairs platelet func-
tion through a variety of mechanisms. Platelets express on 
their surface numerous glycoproteins that serve as recep-
tors for several circulating ligands, such as fibrinogen, 
thrombin, and collagen (Fig. 67-6).103 The components 
of the bypass circuit adsorb circulating proteins that can 
serve as foci for platelet attraction and adherence. These 
surface-bound platelets activate and release the contents 
of their cytoplasmic granules, which can then serve as 
localized sources of thrombin generation, or they may 
embolize to initiate microvascular thrombosis.103

Fibrinolytic activity is also increased by CPB. Contact 
activation leads to the activation of factor XII, prekalli-
krein, and high-molecular-weight kininogen (HMWK), 
which causes endothelial cells to produce tissue plasmin 
activator (t-PA), and lysis of fibrin and fibrinogen ensues 
(Fig. 67-7).103

The vascular endothelium is itself an active substrate 
that is sensitive to circulating mediators, and it expresses 
and releases anticoagulant and procoagulant factors. When 
exposed to hypoxia or inflammatory mediators during 
CPB, the endothelium responds and can induce a relatively 
prothrombotic state marked by tissue factor up-regulation, 
accelerated platelet adhesion, and increased expression of 
leukocyte adhesion molecules (Fig. 67-8).103,105

heparin resisTance, alTered heparin responsiveness, 
and anTiThrombin. Heparin resistance is marked by the 
inability to raise the ACT to therapeutic levels after ad-
ministration of the recommended doses of unfraction-
ated heparin. Some investigators have defined heparin 
resistance as an ACT of less than 480 seconds after 500 
units/kg of intravenous heparin are administered.106,107 
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Others have defined heparin resistance as an ACT of less 
than 400 seconds at any time during the course of CPB 
and heparin administration.108 Heparin resistance can re-
sult from a congenital deficiency or abnormality of AT, 
which requires treatment with AT to restore heparin’s 
anticoagulant properties. More often, however, heparin 
resistance is the result of an acquired condition caused by 
the patient’s disease status and physiologic state. Giving 
these patients larger doses of heparin may augment the 
ACT value; therefore, a more accurate term for describ-
ing these clinical findings is altered heparin responsive-
ness.109 This alteration can result from an acquired AT 
deficiency, increased levels of heparin-binding proteins, 
activated platelets, sepsis, or other conditions. In a small 
study of cardiac surgical patients stratified by their his-
tory of preoperative heparin use, altered heparin respon-
siveness was found in approximately 40% of the patients 
who had received preoperative heparin therapy.107
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Reported risk factors for altered heparin responsive-
ness include AT levels less than 60% of normal, preopera-
tive heparin therapy, and a platelet count greater than 
300,000/μL.108 Ranucci and associates also found that 
low postoperative AT levels were predictive of a longer 
length of stay in the intensive care unit (ICU),110 and oth-
ers have associated low AT levels with adverse myocardial 
outcomes.111 Not all heparin resistance is AT mediated; 
thus, it is critical to understand the physiologic factors 
that contribute to the altered heparin responsiveness so 
that appropriate treatment can be instituted.112-115

The most common treatment for altered heparin 
responsiveness is supplemental heparin. In refractory 
cases, treatment with AT concentrate, or recombinant 
AT, in doses that are calculated to produce 80% to 100% 
AT activity, restores heparin responsiveness. When AT 
is used for this purpose, careful neutralization with pro-
tamine and attention to hemostasis are essential because 
AT augments the effect of heparin and thereby slightly 
increases postoperative bleeding.112

heparin rebound. Heparin rebound is clinical bleed-
ing that occurs within approximately 1 hour of pro-
tamine neutralization. It is accompanied by coagula-
tion test results indicating residual heparinization, 
such as a prolonged partial thromboplastin time (PTT) 
or thrombin time and increased anti–factor Xa activ-
ity. Mechanisms of heparin rebound include slow dis-
sociation of  protein-bound heparin after protamine 
clearance, more rapid clearance of protamine than of 
heparin, lymphatic return of extracellular sequestered 
heparin, and the clearance of an unknown heparin 
antagonist.109 Heparin rebound is rare, yet it is more 
likely to occur when the protamine dose is based on 
the residual heparin concentration at the end of CPB 
than when protamine is given as a ratio to the total 
heparin administered, because using this ratio usually 
results in a slight “overdose.” With coagulation moni-
toring, heparin rebound is easily prevented or treated 
with supplemental protamine.

heparin-induced ThrombocyTopenia. HIT is an immune-
mediated prothrombotic disorder that occurs in patients 
exposed to heparin. Antibodies form against the pro-
tein platelet factor 4 (PF4) when PF4 has formed a com-
plex with heparin. Although PF4 is found in only trace 
amounts in human plasma and is stored in platelet α 
granules, the presence of heparin increases plasma PF4 
concentrations 15- to 30-fold by displacing bound PF4 
on endothelial cell surfaces. PF4 is also expressed on the 
surface membrane of activated platelets by membrane fu-
sion with the α-granule membrane; thus, PF4 is exposed 
and available to bind with heparin.116 The resulting PF4-
heparin complex on the platelet surface is recognized by 
a specific immunoglobulin G (IgG), which binds to the 
complex and leads to immunologically mediated platelet 
activation. Hyperaggregability of these activated platelets 
is the hallmark of HIT and is responsible for its prothrom-
botic complications.

A common presentation in patients with HIT is a 
reduction in the platelet count to less than 100,000/μL 
or to less than 50% of the baseline count.117 The inci-
dence of seroconversion after CPB and heparin expo-
sure is quite frequent (20% to 50%).117,118 However, the 
reported prevalence of clinical HIT after CPB is only 1% 
to 3%.118 Thus, the risk of HIT in cardiac surgical patients 
with postoperative seroconversion is less than 10%. The 
strength of the immunologic response, not the mere pres-
ence of PF4 or heparin antibodies, may determine which 
patients are prone to HIT and are at risk for thrombo-
embolic complications.117,118 The presence of preopera-
tive antibody, in addition to postoperative antibody, has 
been associated with increased morbidity after cardiac 
surgery.119 This morbidity takes the form of gut ischemia, 
renal dysfunction, limb ischemia, and other prothrom-
botic events.

Management of the cardiac surgical patient with HIT 
must include a careful risk-to-benefit analysis. The likeli-
hood that a patient has true disease and is at increased risk 
for a thrombotic event must be weighed against the risks 
posed by using an alternative anticoagulant to heparin. 
The urgency of the surgical procedure is also an impor-
tant factor that can affect decision making. It is prefer-
able, when possible, to defer the operation until antibody 
titers have become undetectable or only weakly positive, 
which may occur after 90 days.118 If surgical postpone-
ment is not practical, then other therapeutic options must 
be considered (Boxes 67-6 and 67-7). Currently, the direct 
thrombin inhibitors are used as the anticoagulants of 
choice. Hirudin and argatroban are approved by the U.S. 
Food and Drug Administration (FDA) for use in patients 
with HIT-related thrombosis.120 The use of these drugs 
as anticoagulants for CPB is fraught with hemorrhagic 
complications. Bivalirudin has been approved by the FDA 
for use in percutaneous interventions and, because of its 
short half-life, has been favored as an anticoagulant for 
CPB in patients with HIT.121-124 However, no drug other 
than heparin has FDA approval for specific use as an 
anticoagulant in patients undergoing CPB.109 Boxes 67-6 
and 67-7 summarize therapeutic options and alternative 
anticoagulant strategies for the patient with HIT whose 

 1.  Ancrod
 2.  Low-molecular-weight heparin or heparinoid (test first)
 3.  Alternative thrombin inhibitor (hirudin, bivalirudin, argatroban)
 4.  Using a single dose of heparin, promptly neutralizing it with 

protamine, and
 a.  Delaying surgery so antibodies can regress or
 b.  Using plasmapheresis to decrease antibody levels or
 c.  Inhibiting platelets with iloprost, aspirin and dipyridamole 

(Persantine), abciximab, or RGD blockers

In all cases:

 1.  No heparin in flush solutions
 2.  No heparin-bonded catheters
 3.  No heparin lock intravenous ports

No agent is currently indicated for anticoagulation in  
cardiopulmonary bypass.

BOX 67-6 Therapeutic Options for 
Anticoagulation for Cardiopulmonary 
Bypass in Patients With Heparin-Induced 
Thrombocytopenia

Modified from Kaplan JA, Reich DL, Savino JS, editors: Kaplan’s cardiac  
anesthesia: the echo era, ed 6, St. Louis, 2011, Saunders, p 966.

RGD, Receptor glycoprotein–derived.
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operation cannot be deferred until seronegativity is docu-
mented. Figure 67-9 delineates how each alternative drug 
inhibits factor Xa, thrombin, or fibrinogen.

proTamine reacTions. Protamine is associated with 
several hemodynamic effects that can be categorized by 
their presentation and mechanism. Adverse reactions 
to protamine range from moderate hypotension to 
more profound and hemodynamically significant reac-
tions that can increase in-hospital mortality risk.125,126 
The clinical presentation of these reactions serves as 
a starting point for understanding their mechanistic 
relationships. Commonly, these reactions are classi-
fied as type I, type II, or type III. A type I protamine 
reaction involves isolated hypotension, with normal 
to low filling pressures and normal airway pressures. 
This reaction is usually mild and responds to volume 
infusion, slowing of protamine infusion, and the gen-
tle titration of vasoactive medications. Type II reac-
tions include moderate to severe hypotension and 
include features of anaphylactoid reactions, such as 
bronchoconstriction. Anaphylactoid reactions include 
protamine sensitivity reactions that are classically im-
munologic or allergic in that they are immunoglobulin  
E (IgE) antibody mediated. Nonimmunologic mecha-
nisms may involve IgG antibodies or complement ac-
tivation. Type III reactions are thought to be caused by 
large heparin-protamine complexes that lodge in the 
 pulmonary circulation, cause the release of mediators, 
and result in severe hypotension and elevated PA pres-
sures that may lead to acute RV failure. This is obviously 
a profound response, resulting in global cardiovascular 
collapse or necessitating the reinstitution of CPB be-
cause of intractable RV failure. Fortunately, catastrophic 
hypotension and intractable RV failure are relatively 
rare events on the spectrum of protamine reactions.126

Mechanistic explanations for protamine reactions 
include endothelial nitric oxide release, mast cell degran-
ulation, and histamine release associated with rapid infu-
sion.109 A study by Kimmel and colleagues found that 
neutral protamine Hagedorn insulin use, documented 
fish allergy, and a history of nonprotamine medical aller-
gies were independent risk factors for protamine hyper-
sensitivity reactions.127 In this study, 39% of patients 
who presented for cardiac surgery had one or more of 
these risk factors. Other possible but unconfirmed risk 
factors include prior exposure to protamine, a history of 
vasectomy, decreased LV function, and hemodynamic 
instability.127 The site of injection does not influence the 
incidence of protamine reactions.128 Pretreatment with 
histamine blockade is not preventive.109

Ancrod
Low-molecular-weight heparins
Factor Xa inhibitors
Bivalirudin or other direct thrombin inhibitors (hirudin, argatroban)
Platelet receptor inhibitors

BOX 67-7 Potential Alternative 
Anticoagulants for Cardiopulmonary Bypass

From Kaplan JA, Reich DL, Savino JS, editors: Kaplan’s cardiac anesthesia: 
the echo era, ed 6, St. Louis, 2011, Saunders, p 967.
The following principles summarize the treatment 
options for all patients and for those at risk for intraop-
erative protamine reactions:

 1.  Protamine should be administered slowly (i.e., over ≥5 
minutes).

 2.  In patients with documented adverse events related 
to protamine, consideration should be given to not 
rechallenging the patient with protamine. Pharma-
cologic alternatives to protamine can be considered, 
or a decision can be made not to reverse heparin.  
Consideration may be given to using non–heparin-
based CPB, performing off-pump coronary artery 
bypass (OPCAB) with an alternative to heparin, or, if 
heparin is used, administering nonprotamine heparin 
reversal drugs such as PF4 or heparinase, or simply 
waiting for heparin’s effects to dissipate.

 3.  Hypotension associated with protamine reversal of 
heparin often is ameliorated by simply slowing or 
pausing protamine infusion while volume is infused 
through intravenous lines or the aortic cannula. 
Vasoactive medications, such as phenylephrine or 
ephedrine, or increased inotropic support may be 
necessary.

 4.  Severe or intractable hypotension, with or without 
evidence of pulmonary circulatory involvement, bron-
chospasm, or overt RV failure, demands immediate 
aggressive attention, intervention, and planning for a 
potential return to CPB. Steps to consider include the 
following:

 a.  Reheparinization to prepare the patient for a return 
to CPB and to reduce heparin-protamine complex 
size. If hemodynamics permit, a low dose of heparin 
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Figure 67-9. Alternatives to heparin. Newer anticoagulants are 
shown in the boxes on the right side of the figure; these drugs 
inhibit factor Xa, thrombin, or fibrinogen. LMWH, Low-molec-
ular-weight heparin. (From Kaplan JA, Reich DL, Savino JS, editors: 
Kaplan’s cardiac anesthesia: the echo era, ed 6, St. Louis, 2011, 
Saunders, p 968.)
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(70 units/kg) may be tried first while supportive 
treatment continues, followed by a full CPB dose 
of heparin (300 units/kg) if it becomes necessary to 
return the patient to CPB.

 b.  Inotropic support, either by infusion or by 
intermittent bolus administration, is warranted. 
Epinephrine and norepinephrine are acceptable 
options, and milrinone may be considered if the 
patient’s hemodynamic status permits.

 c.  If the patient’s hemodynamic status allows, 
nebulized albuterol is helpful in the management 
of bronchospasm and elevated airway pressures.

anTifibrinolyTic Therapy: prophylaxis for bleeding. Pro-
phylactic use of antifibrinolytic drugs before CPB reduces 
bleeding and transfusion requirements in cardiac surgi-
cal patients in randomized trials and in multiple meta- 
analyses.129 The most well-known antifibrinolytic drugs 
include the synthetic lysine analogues ε-aminocaproic acid 
(EACA) and tranexamic acid (TA) and the serine protease 
inhibitor aprotinin. Presumably, the blood-sparing ef-
fects of the synthetic drugs result from the inhibition of 
fibrinolysis by their binding to the lysine-binding sites on 
plasmin. This also has platelet protective properties because 
plasmin’s antiplatelet effects are also inhibited by antago-
nist binding.

Aprotinin is a direct enzymatic inhibitor of plasmin 
and has other protease-inhibiting properties that confer 
its antiinflammatory and antikallikrein effects. How-
ever, aprotinin was notably associated with increases 
in post-CPB creatinine values and other adverse organ 
system outcomes in large-scale observational tri-
als.130 When a randomized prospective trial showed an 
increase in mortality in the aprotinin group, despite a 
reduction in bleeding, the drug was removed from the 
global market.131 Although the causes of death in the 
aprotinin-treated patients were not found to be related 
to thrombosis or other drug-related effects, aprotinin 
was rendered unavailable for commercial use for years 
after publication of this study. The decision to remove 
aprotinin from clinical use was revisited on reevaluation 
of these study data,131 and aprotinin has been reintro-
duced in Canada and other countries specifically for use 
as labeled in CABG surgery.

hypercoagulable sTaTes. The use of antifibrinolytics 
has become common in cardiac operations that require 
CPB. The use of antifibrinolytic drugs and prohemo-
static drugs and blood products to treat bleeding has 
brought to light the risk of thrombosis in CPB, during 
which feedback mechanisms are critical and homeosta-
sis is perturbed. All patients incur this risk of thrombosis 
as consumptive coagulopathy increases, but the risk is 
greatly increased in patients with congenital or acquired 
thrombophilic states.132 These states may be important 
in view of current practices that involve pharmacologi-
cally inhibiting fibrinolytic pathways in cardiac surgical 
patients.

The factor V Leiden (FVL) mutation is the most com-
mon inherited thrombophilic disorder; its prevalence 
is 3% to 7% in white populations.132,133 Mechanisti-
cally and clinically, FVL has been implicated in throm-
botic complications in cardiac operations, most often 
those involving a period of circulatory arrest and the 
use of antifibrinolytics.134-136 In a review of FVL muta-
tion, Donahue gave the following summation and 
recommendations132:

 •  Cardiac surgical patients who are heterozygous for the 
FVL mutation bleed less than do noncarriers.

 •  The risk of early graft thrombosis may be increased in 
patients with FVL deficiency.

 •  The use of antifibrinolytic drugs may increase 
thrombotic risk in patients with FVL.

 •  Anecdotal evidence suggests that in patients with 
FVL mutation who are exposed to deep hypothermic 
circulatory arrest, antifibrinolytics increase thrombotic 
risk.

  

For further information on congenital thrombophilic 
states, the reader is referred to a review article by Crowther 
and Kelton.137

cardiac surgical paTienTs Taking anTicoagulanT or 
 anTiThromboTic drugs. Antithrombotic therapy in cardiac 
surgical patients has many roles and applications. Pa-
tients with ischemic heart disease can be managed short- 
or long-term with pharmacologic drugs that may include 
aspirin, AT inhibitors (heparins), direct thrombin inhibi-
tors, or an array of platelet inhibitors (adenosine diphos-
phate [ADP] receptor inhibitors and glycoprotein IIb/IIIa 
[Gp IIb/IIIa] receptor inhibitors). Patients with a history 
of peripheral vascular disease, valvular heart disease, or 
low ventricular ejection states can similarly be managed 
with some form of antithrombotic therapy that may also 
include warfarin. Frequently, patients arrive for surgery 
while receiving multiple antithrombotic medications. 
Thus, postoperative bleeding is a common but challeng-
ing complication of cardiac surgery, especially when the 
bleeding risk posed by CPB itself is considered.

The use of percutaneous coronary interventions such as 
angioplasty and intracoronary stent deployment for isch-
emic heart disease has led to the use of antithrombotic 
medications to maintain stent patency and to prevent stent 
thrombosis. The American College of Cardiology and AHA 
(ACC/AHA) guidelines for percutaneous coronary interven-
tion recommend (on the basis of class I evidence) the use 
of both aspirin and clopidogrel for at least 1 year after drug-
eluting stent placement.138 The administration of thieno-
pyridine antiplatelet drugs in addition to aspirin increases 
the risk of bleeding after cardiac surgery139; however, it is 
unclear whether aspirin alone increases this risk. Abundant 
evidence (mostly level B evidence from small, retrospec-
tive, nonrandomized studies) suggests that the ADP recep-
tor antagonist clopidogrel (Plavix) has been associated with 
excessive perioperative bleeding in patients who undergo 
CABG.140,141 This trend has even been reported in the 
OPCAB population, although not consistently.142-144 Some 
authors have recommended a 5- to 7-day delay after dis-
continuation of clopidogrel in patients who require CABG. 
However, two more recent studies suggested that a 3-day 
delay may be sufficient to lessen bleeding risk and pro-
vide safe outcomes.145 Furthermore, most surgeons do not 
wait the recommended 5 to 7 days before proceeding with 
CABG.146 It is likely that a 5- to 7-day delay is not necessary, 
but some interval between the discontinuation of clopido-
grel and CABG is supported by the available evidence.139
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Patients with a history of Gp IIb/IIIa receptor blockade 
as a part of their acute coronary syndrome management 
are at risk of increased bleeding and blood component use 
when they are given abciximab, especially within 12 hours 
of cardiac surgery.147-149 Shorter-acting Gp IIb/IIIa receptor 
antagonists do not seem to increase bleeding or adverse 
outcomes and in fact may improve myocardial outcomes 
when Gp IIb/IIIa blockers are in use.150 The interval 
between the discontinuation of antiplatelet therapy and 
cardiac or noncardiac surgery is critical to preventing 
thrombotic events without increasing the risk of bleeding. 
These decisions regarding the cessation of therapy can be 
guided by knowledge of drug pharmacology and testing of 
antiplatelet drug efficacy.

Enoxaparin, a low-molecular-weight heparin, 
increases transfusion rates and the risk of surgical reex-
ploration when it is used in association with CPB.151 
Low-molecular-weight heparin may also decrease heparin 
responsiveness.152,153

Patients who present for cardiac surgery with residual 
warfarin effects may benefit by having enhanced anti-
coagulation during CPB. Postoperatively, if excessive 
bleeding is noted and is confirmed by hemostasis testing, 
factor replacement can be performed with blood products 
or pharmacologic prothrombin complex concentrates.

Patients with atrial fibrillation may be maintained on 
new antithrombotic therapeutic drugs that include AT 
drugs (dabigatran) and factor Xa inhibitors (rivaroxaban). 
These drugs are potent and long-acting, and they have no 
antidote, so one would expect that treating cardiac surgi-
cal patients with these drugs would increase their bleed-
ing risk. These drugs have only relatively recently been 
prescribed for atrial fibrillation; no recommendations on 
their use in cardiac surgery currently exist.

In summary, patients who present for cardiac surgery 
with preexisting, pharmacologically induced inhibition 
of the hemostatic system may have undesirable post-CPB 
bleeding. The diagnosis and treatment of this complication 
should be the same whether the derangement is a function 
of CPB itself, coexisting pharmacologic inhibition, or both. 
The management and treatment of persistent postopera-
tive bleeding are discussed in the section on problems in 
the postoperative period.

INDUCTION OF ANESTHESIA AND THE 
PREBYPASS PERIOD

Premedication
The anesthesiologist should ensure that appropriate med-
ications are administered with a sip of water on the morn-
ing of surgery. With a few exceptions, patients should 
receive their usual long-term medications, particularly 
β-adrenergic blocking drugs, on the day of surgery. The 
clinician should be aware that ACE inhibitors (ACEIs), 
if administered on the day of surgery, may increase the 
patient’s propensity for hypotension.154 With respect to 
aspirin, it is well recognized that aspirin administration in 
the early postoperative period reduces the risk of ischemic 
complications after CABG surgery.155 However, patients 
who receive aspirin immediately preoperatively may 
have more mediastinal bleeding and greater transfusion 
requirements. A consensus statement published by the 
STS recommends that low-intensity antiplatelet drugs 
(e.g., aspirin) be discontinued before cardiac surgery to 
reduce patients’ blood transfusion requirements, but this 
should be done only in purely elective cases in patients 
without acute coronary syndromes.82

However, drugs that inhibit the platelet P2Y12 receptor 
should be discontinued before operative coronary revas-
cularization (either on-pump or off-pump), if possible.82 
The interval between drug discontinuation and opera-
tion is determined from the drug’s pharmacodynamics 
but may be as short as 3 days for irreversible inhibitors 
of the P2Y12 platelet receptor. POC tests are available 
to measure platelet ADP responsiveness. These tests are 
not perfect; they lack sensitivity and specificity.156-158 
Nonetheless, POC tests that show normal platelet ADP 
responsiveness after administration of an initial dose 
of clopidogrel indicate P2Y12 resistance with as much 
as 85% specificity.156,158 More accurate tests are avail-
able but are not POC tests.156,159 The routine addition of 
P2Y12 inhibitors to aspirin therapy early after CABG may 
increase the risk of reexploration and subsequent opera-
tion and is not indicated by available evidence except 
in those patients who satisfy the criteria for ACC/AHA 
guideline–recommended dual antiplatelet therapy (e.g., 
patients who present with acute coronary syndromes or 
who have recently received drug-eluting coronary stents).

The prospect of undergoing cardiac surgery provokes 
anxiety in most patients. Furthermore, the insertion of 
intravenous and arterial catheters is painful and must be 
done before anesthesia is induced. The resultant anxiety 
and pain can lead to undesirable sympathetic stimula-
tion, with consequent tachycardia and hypertension. The 
first step in preventing this cycle is thoroughly explaining 
the anticipated anesthetic techniques and procedures to 
the patient. Premedication with a narcotic or anxiolytic 
drug, or both, to mitigate pain and anxiety is usually indi-
cated before the patient is transported to the operating 
suite. Supplemental intravenous drugs—commonly mid-
azolam and possibly fentanyl—are usually necessary dur-
ing radial artery cannulation before anesthesia is induced. 
However, in patients with low CO secondary to conges-
tive HF (CHF), sedation should be performed judiciously 
to avoid myocardial depression and resultant hypoten-
sion. Moreover, in patients with significant pulmonary 
hypertension, oversedation and respiratory depression 
leading to hypercapnia or hypoxia must be avoided.

Induction of Anesthesia
In preparing for induction, the clinician should have the 
following drugs immediately available: vasopressors (e.g., 
phenylephrine, ephedrine, calcium chloride, readily avail-
able vasopressin), one or more inotropes (e.g., ephedrine; 
epinephrine; readily available norepinephrine, dopamine, 
or dobutamine), one or more vasodilators (e.g., nitroglyc-
erin, nitroprusside, nicardipine), an anticholinergic drug 
(atropine), antiarrhythmic drugs (e.g., lidocaine, esmolol, 
magnesium, amiodarone, adenosine), and heparin.160 
Commonly administered drugs should be drawn up and 
ready for administration by bolus or infusion, as appropri-
ate; agents that are used less commonly should be read-
ily available in the operating room. Protamine should 
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be readily available, but many institutions require that 
protamine be stored in unique packaging or at a separate, 
nearby location to prevent inadvertent, inappropriate, or 
premature administration.

Furthermore, the selected antibiotic should be ready 
to administer according to Surgical Care Improvement 
Project (SCIP) guidelines. The STS recommends a cepha-
losporin as the primary prophylactic antibiotic for car-
diac surgery; the drug should be administered within  
1 hour before incision.161 In patients who are allergic to 
penicillin, vancomycin is administered within 2 hours 
of incision. Finally, antifibrinolytic drugs are commonly 
used to minimize bleeding and the need for transfu-
sion during cardiac surgery. The only currently avail-
able  antifibrinolytic drugs are TA and EACA; both reduce 
total blood loss and decrease the number of patients who 
require blood transfusion during cardiac procedures.82

Anesthetic drugs and techniques for inducing anesthe-
sia should be selected with consideration of the patient’s 
cardiac pathophysiology and other comorbid conditions. 
No single “recipe” can guarantee hemodynamic stabil-
ity during anesthetic induction. Hypotension may result 
from a relatively hypovolemic state and vasodilation 
secondary to a reduction in sympathetic tone induced 
by anesthetics. Hypotension is particularly common in 
patients with poor LV function. Conversely, in patients 
with good myocardial function, hypertension may occur 
during induction because of preinduction anxiety or 
sympathetic stimulation caused by laryngoscopy and 
endotracheal intubation.

The radial artery or an alternative site should be can-
nulated before induction of anesthesia to monitor arterial 
pressure on a beat-to-beat basis. If the radial artery is being 
harvested as a vascular conduit, the contralateral radial 
or brachial artery or a femoral artery can be cannulated. 
Noninvasive blood pressure measurement can be used to 
check the accuracy of pressure readings if the arterial cath-
eter is “positional” or “dampened.” Of course, basic moni-
tors, including the ECG and pulse oximeter, should also be 
used during the induction of anesthesia. During any car-
diac surgical procedure, central venous access is necessary 
to facilitate volume infusion, possibly including transfu-
sion therapy, and to ensure that vasoactive agents are 
administered directly into the central circulation. A cen-
tral venous catheter, a PA catheter, or both can be placed 
either before or after anesthesia is induced, although an 
increasing number of anesthesiologists defer central line 
placement until after anesthetic induction. The urinary 
bladder catheter, nasogastric tube, TEE probe, and any 
additional temperature monitors (e.g., a nasopharyngeal 
probe) are positioned after induction of anesthesia.

When choosing anesthetic drugs and doses during 
induction and maintenance, one should consider any 
pharmacodynamic properties that could affect arterial 
blood pressure, heart rate, or CO, as well as the desir-
ability of “early” extubation of the trachea (i.e., within 
a few hours after the operation is completed). Anesthesia 
is most commonly induced with an opioid and a seda-
tive-hypnotic (etomidate, thiopental, propofol, or mid-
azolam). All anesthetics decrease arterial blood pressure 
by decreasing sympathetic tone, decreasing systemic vas-
cular resistance (SVR), inducing bradycardia, or directly 
depressing myocardial function. The only exception is 
ketamine, which has sympathomimetic effects; however, 
in patients with catecholamine depletion, ketamine’s 
sympathomimetic effects may not counterbalance its 
direct negative inotropic effects. Because of their phar-
macologic complexities, all anesthetic agents should be 
administered judiciously in patients who are critically ill 
or who have poor LV function.

Muscle relaxants are usually given early in the 
sequence of anesthetic induction, particularly if relatively 
large doses of opioids are administered, to minimize chest 
wall rigidity (see also Chapter 34). With the routine use of 
fast track anesthesia techniques, including a trend toward 
earlier extubation, volatile anesthetics are often chosen 
as the primary maintenance anesthetic. The predomi-
nant effect of isoflurane, desflurane, and sevoflurane is 
dose-dependent vasodilation with resultant decreases in 
SVR and arterial blood pressure. These volatile anesthet-
ics may have an advantage in inducing preconditioning, 
which is particularly important in patients undergoing 
either CABG with CPB or OPCAB, in which myocardial 
ischemic insults are likely. The volatile anesthetic agents 
have several cardioprotective effects, including triggering 
the preconditioning cascade and mitigating reperfusion 
injury.162 However, nitrous oxide probably should be 
avoided because it can increase gaseous bubble size and 
adversely affect pulmonary vascular resistance (PVR).

Pre–Cardiopulmonary Bypass Period
After anesthesia is induced, several important details must 
be remembered, especially positioning (see also Chapter 
41). Methods of positioning the arms vary according to 
institutional practice, but one must avoid causing bra-
chial plexus injury by hyperextending the arms, ulnar 
nerve injury by improperly padding the olecranon, radial 
nerve injury by compressing the upper part of the arm 
against the sternal retractor support posts, or finger injury 
by entrapping the finger against the metal edge of the 
surgical table. Proper positioning also ensures that arte-
rial catheters previously placed in the radial, ulnar, or 
brachial arteries are not “dampened.” The head should 
be padded and occasionally repositioned during the pro-
cedure to prevent occipital alopecia, which can occur 
several days postoperatively. The eyes should be taped, 
possibly lubricated, and definitely free from pressure. 
Pressure-related injury to any soft tissue will potentially 
be exacerbated by hypothermia and decreased perfusion 
during CPB. All monitors and tubing should be checked 
after final positioning to ensure that none are kinked, 
entrapped, tangled, or inaccessible. Additionally, antibi-
otics must be administered (with documentation) within 
1 hour of incision (vancomycin within 2 hours). Arterial 
blood gases and blood chemistry (electrolytes, glucose, 
and calcium), as well as baseline ACT, should be mea-
sured shortly after anesthesia is induced. If a continu-
ous mixed venous PA catheter has been inserted, mixed 
venous hemoglobin oxygen saturation should be mea-
sured to calibrate the device.

During the prebypass period, the anesthesiologist’s 
main goal is to maintain the hemodynamic and meta-
bolic stability of the patient while making prepara-
tions for CPB. The degree of surgical stimulation varies 
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markedly during this period. Positioning the patient, 
inserting additional monitors, preparing the skin, and 
harvesting the saphenous vein or veins cause only mini-
mal sympathetic stimulation. Therefore, hypovolemic 
patients and those with poor ventricular function may 
be susceptible to hypotension during these periods. In 
contrast, chest incision, sternal splitting, and harvesting 
of the IMA involve more intense surgical stimulation. 
These events may cause hypertension, tachycardia, and 
dysrhythmias, even in previously hypotensive patients. 
However, just before CPB is initiated, during the cannu-
lation of the great vessels, surgical stimulation is again 
minimal, and manipulation of the heart and great vessels 
may transiently decrease venous return and cause a pre-
cipitous decline in blood pressure. The anesthesiologist 
must be ready to treat all hemodynamic aberrations with 
the vasopressor, inotropic, vasodilator, antiarrhythmic, 
and anticholinergic drugs mentioned earlier.

In preparation for CPB, anticoagulation must be 
achieved. Heparin is still the standard drug used and is 
administered through a central venous catheter at an 
initial dose of 300 to 400 units/kg. The onset of antico-
agulation is almost immediate, but generally, the drug is 
allowed to circulate for 3 to 5 minutes before its effect is 
measured. The ACT must increase to at least 300 seconds 
before CPB is initiated, although most institutions use at 
least 400 seconds as their standard. Additional heparin 
is administered, if necessary, to increase the ACT to the 
desired level. Subsequently, it is common to administer 
an antifibrinolytic drug (EACA or TA) in an attempt to 
minimize bleeding and the need for transfusion during 
cardiac surgery.

After heparinization, the next major step in the pre-
bypass phase is vascular cannulation. One or more large 
veins or the right atrium is cannulated so that all systemic 
venous blood is diverted to the pump oxygenator. Addi-
tionally, a large artery, usually the ascending aorta, is can-
nulated so that oxygenated blood is delivered back to the 
arterial circulation. Heparin is always administered before 
cannulation. Usually, arterial cannulation is established 
before venous cannulation to allow rapid intravascular 
volume or blood resuscitation if necessary. Complications 
of aortic cannulation include arterial dissection, hemor-
rhage and resultant hypotension, inadvertent cannulation 
of the aortic arch vessels, and embolic phenomena caused 
by dislodged atherosclerotic plaque or by air introduced 
into or entrained around the aortic cannula. Complica-
tions of venous cannulation include hypotension from 
blood loss, dysrhythmias, and surgical mechanical com-
pression of the heart or great vessels. When arterial cannu-
lation is successful and the cannula has been inspected to 
ensure that no air is present, volume can be administered 
in 100-mL increments to treat bleeding and hypovolemia. 
If necessary, dysrhythmias are treated by cardioversion, 
medications, or rapid initiation of CPB.

Patients undergoing redo cardiac surgery (i.e., those 
who have previously had a median sternotomy) warrant 
special concern about the possibility of sudden, massive 
hemorrhage. At least 2 units of blood should be immedi-
ately available for all redo cases. Frequently, the surgeon 
will elect to use an oscillating saw in these patients, but 
mediastinal structures adherent to the underside of the 
sternum may nevertheless be injured. If the right atrium, 
right ventricle, great vessels, or an existing coronary graft 
is cut, the surgeon may elect to initiate CPB on an emer-
gency basis. Therefore, the anesthesiologist should have a 
systemic dose of heparin prepared. As soon as the patient 
is heparinized, the femoral or aortic arterial cannula is 
inserted, and the cardiotomy suckers can be used to create 
venous return (so-called sucker bypass).

Onset of Cardiopulmonary Bypass
With the onset of CPB, to guard against malposition of 
the aortic or venous cannula, the perfusionist checks the 
aortic inflow line pressure and for signs of inadequate 
venous return while the anesthesiologist checks for per-
sistently low arterial pressure, unilateral blanching of the 
face, or any swelling in the neck veins, face, or conjunc-
tiva. Once full bypass is established and aortic ejection by 
the heart has ceased, ventilation and inhaled drugs can be 
discontinued. If a PA catheter is present, it is pulled back 
3 to 5 cm to minimize the risk of pulmonary perforation 
as the pulmonary arteries collapse. Prebypass urine output 
is recorded and emptied so that urine output during CPB 
can be monitored separately. The TEE probe may be used 
to watch for LV distention with the onset of CPB, which 
may indicate aortic valve regurgitation or other hemody-
namic problems. Once CPB is established, the probe is left 
in the unlocked (neutral) position until the cardiac cham-
bers are de-aired and the patient is weaned from CPB.

To ensure adequate anesthetic depth, supplemental 
intravenous sedative-hypnotics are administered, or a 
volatile agent is administered through a vaporizer con-
nected to the oxygenator gas inlet of the CPB circuit. 
Administration of muscle relaxant is continued to prevent 
spontaneous ventilation, movement, or shivering during 
hypothermia and rewarming.

WEANING FROM CARDIOPULMONARY 
BYPASS

Preparations for Weaning From 
Cardiopulmonary Bypass: The “CVP” 
Mnemonic
Fortunately, for most patients, separation from CPB is a 
relatively uneventful process. A review by Licker and col-
leagues emphasized that the key to successful weaning 
from bypass is clear communication among members of 
the operating room team.163 In a study conducted at the 
Mayo Clinic in Rochester, Minnesota,164 a strong correla-
tion was noted between the frequency of technical errors 
and poor communication or coordination among the sur-
geon, anesthesiologist, and perfusionist.

Regarding clinical issues, several criteria should be met 
in all cardiac surgical cases before weaning from CPB is 
attempted. Morris, Romanoff, and Royster suggest a mne-
monic, “CVP,” to help the clinician remember the main 
tasks necessary for the successful termination of CPB (Table 
67-4).165 Each letter of CVP represents several tasks or 
important points to remember that begin with that letter.

The first “C” stands for cold and refers to the patient’s 
temperature at the time of weaning from CPB, which 
should be 36° C to 37° C. Neither the temperature of the 
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venous blood returning to the CPB circuit nor the naso-
pharyngeal temperature should ever exceed 37° C because 
hyperthermia may increase the risk of postoperative neu-
rologic complications (see the section on temperature).

The second “C” stands for conduction and refers to 
cardiac rate and rhythm. A heart rate of 80 to 100 beats/
minute is usually desirable. Bradycardia is treated with epi-
cardial pacing wires and/or with β-adrenergic drugs that 
have chronotropic and dromotropic, as well as inotropic, 
properties. Tachycardia (i.e., heart rate >120 beats/minute)  
is also undesirable. Sinus tachycardia may result from 
anemia, hypovolemia, “light” anesthesia, or the admin-
istration of chronotropic drugs; treatment is tailored to 
the presumed cause. Rhythm is also an important factor 
in optimizing CO. Third-degree AV block requires pacing, 
ideally AV pacing. Sinus rhythm is preferable, particularly 
in patients with poor LV compliance, who are especially 
dependent on an “atrial kick” to achieve adequate filling. 
If supraventricular tachycardia is present, direct synchro-
nized cardioversion is often warranted. In addition, phar-
macologic therapy with amiodarone, esmolol, verapamil, 
or adenosine may be used in the initial treatment of or 
to prevent the recurrence of supraventricular tachycardia.

The third “C” stands for CO or contractility. Contrac-
tility may be estimated from TEE or PA catheter data, if 
available.

The fourth “C” refers to cells (i.e., red blood cells 
[RBCs]). The patient’s hemoglobin concentration should 
be 7 to 8 g/dL, or slightly higher, before weaning from 
CPB. If the hemoglobin concentration is less than 6.5 g/dL  
when rewarming commences, the perfusionist and anes-
thesiologist can consider hemoconcentration or transfu-
sion of a unit of packed RBCs (PRBCs).

The fifth “C” is for calcium, which should be imme-
diately available for possible administration to treat 
hypocalcemia and hyperkalemia. Ionized calcium levels 
should be measured after rewarming to help direct ther-
apy. Although calcium is not administered routinely, if 
ionized calcium levels are in the low-normal range, SVR 
can be beneficially increased by calcium administration.

The sixth “C” stands for coagulation. After protamine 
is administered, ACT is measured. In patients at risk for 
coagulation abnormalities, prothrombin time, PTT, and 
platelet count should also be measured a few minutes 
later. Examples of patients at risk for coagulation abnor-
malities include the following: those with long CPB times; 

TABLE 67-4 ELEMENTS OF ROMANOFF AND 
ROYSTER’S “CVP” MNEMONIC FOR WEANING 
PATIENTS FROM CARDIOPULMONARY BYPASS 

C V P

Cold Ventilation Predictors
Conduction Visualization Pressure
Cardiac output Vaporizer Pressors
Cells Volume expanders Pacer
Calcium Potassium
Coagulation Protamine

From Romanoff ME, Royster RL: The postcardiopulmonary bypass period: 
weaning to ICU transport. In Hensley FA, Martin DE, Gravlee GP, editors: 
A practical approach to cardiac anesthesia, ed 4, Philadelphia, 2008, 
Lippincott Williams & Wilkins, pp 230-260.
those with extreme hypothermia, elective circulatory 
arrest, or both, during CPB; and those with chronic renal 
failure. Platelet function tests may be useful in patients 
taking platelet inhibitors (e.g., clopidogrel or aspirin). 
(For further discussion of patients having emergency sur-
gery who are taking warfarin or who have been exposed 
to thrombolytic drugs, antiplatelet Gp IIb/IIIa agents, or 
direct thrombin inhibitors see the sections on the “hema-
tologic system” and on bleeding and coagulopathy.)

The first “V” is for ventilation of the lungs. As CPB is dis-
continued, the venous outflow line is gradually occluded, 
and PA blood flow is gradually restored. Pulmonary venti-
lation and oxygenation must be reestablished, thus allow-
ing the lungs to become the site of gas exchange again. 
Ideally, the lungs are initially reinflated manually, with 
a few sustained inflations to a peak pressure of approxi-
mately 30 cm H2O. If an IMA has been grafted to a coro-
nary artery, the anesthesiologist must examine the surgical 
field during these inflations to ensure that the grafted 
artery is not overstretched, which could disrupt the distal 
anastomosis. Additionally, the compliance of the lungs is 
judged by these initial inflations, and bronchodilators can 
be administered if necessary. The surgeon should remove 
any fluid or blood from the pleural spaces and ensure that 
any pneumothorax is treated with a chest tube.

The second “V” is for visualization of the heart, both 
directly in the surgical field (where the right-sided cham-
bers are visible) and on the TEE, to estimate global and 
regional contractility. Furthermore, the degree of cham-
ber filling (hypovolemic, euvolemic, or distended) can be 
estimated. In addition, one can do a final check for air 
within the cardiac chambers with TEE examination.

The third “V” is for vaporizer, meaning that if volatile 
agents were used to ensure lack of awareness or to control 
blood pressure during CPB, the clinician usually reinstitutes 
a low dose immediately after weaning. However, because 
all the volatile agents decrease contractility and blood pres-
sure, these effects can confuse the differential diagnosis of 
hypotension and myocardial dysfunction during weaning.

The final “V” is for volume expanders. When all prod-
ucts from the pump have been exhausted and if blood 
transfusion is not indicated, crystalloid and albumin or 
hetastarch should be readily available to increase preload 
rapidly if necessary.

As for the letter “P” in the CVP mnemonic, Morris, 
Romanoff, and Royster explained that the first “P” rep-
resents the need to be aware of predictors of adverse car-
diovascular outcome.165 For example, preoperative low 
EF and prolonged CPB often predict difficulty in weaning 
the patient from CPB and the need for inotropic support. 
In addition, emergency surgery in patients with acute 
coronary syndrome may lead to myocardial stunning. 
Furthermore, inadequate surgical repair (e.g., incom-
plete coronary revascularization) may result in ongoing 
ischemia.

The second “P” is for pressure. Calibration and reze-
roing are accomplished shortly before the patient begins 
being weaned from CPB. Any discrepancy between the 
distal (usually radial) arterial pressure and the central 
aortic pressure should be recognized. Occasionally, the 
surgeon may need to insert a temporary aortic root 
cannula or a longer-lasting femoral arterial cannula to 
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monitor systemic blood pressure accurately during and 
after the termination of CPB.

The third “P” is for pressors, meaning vasopressors and 
inotropic agents that should be immediately available. A 
vasodilator, such as nitroglycerin, nicardipine, or nitro-
prusside, also should be immediately available.

The fourth “P” is for pacer because an external pace-
maker should be readily available for all patients. Pacing  
is often needed to treat bradycardia. In patients with heart 
block, ideally, an AV sequential pacemaker is used to 
maintain the atrial kick.

The fifth “P” is for potassium because hypokalemia may 
contribute to dysrhythmias, and hyperkalemia may result 
in conduction abnormalities. In addition, the patient’s 
ionized calcium level is usually checked; most clinicians 
have a low threshold for administering additional calcium 
chloride. Furthermore, magnesium (2 to 4 g) is usually 
administered before CPB is terminated. Although magne-
sium’s efficacy in preventing postoperative atrial or ven-
tricular dysrhythmias has not been clearly demonstrated, 
hypomagnesemia is common after CPB. The risk-to-benefit 
ratio for administering a 2- to 4-g dose is low.

The final “P” is for protamine. Many institutions 
require that protamine be uniquely packaged or kept in 
a nearby but separate area to ensure that the drug is not 
prematurely administered. (Administration during ongo-
ing CPB is a disastrous error.) Nevertheless, it should take 
but a few moments to retrieve protamine when the sur-
geon, anesthesiologist, and perfusionist agree that it is 
time to reverse anticoagulation.

Termination of Cardiopulmonary Bypass
After all the preparations described previously have been 
made and the patient’s ventilation has been reestablished, 
the venous return to the pump is reduced by gradually 
clamping the venous line. The patient’s intravascular vol-
ume is carefully increased by continued inflow through 
the aortic or other arterial cannula. Ventricular disten-
tion should be avoided because it increases wall tension 
and myocardial oxygen consumption. The pump flow 
into the aorta is lowered, in effect moving into a “partial 
bypass” phase, in which some of the venous blood still 
goes into the pump and some passes through the right 
ventricle and lungs to be ejected into the aorta by the 
left ventricle. Some clinicians reduce the pump flow to 
half flow rather than gradually reducing venous return 
to the pump. Once loading conditions are optimal and 
contractility appears adequate, the aortic inflow line may 
be clamped to separate the patient from CPB.

If CPB has been successfully terminated but cardiac 
performance is not optimal, preload can be increased by 
infusing additional blood from the pump into the aortic 
cannula, usually in 100-mL increments in adult patients. 
Monitoring the left intraventricular volume in a qualita-
tive fashion by TEE, observing the right ventricle directly, 
and monitoring the filling pressures give a good estimate 
of the adequacy of preload. At this point, the anesthesiol-
ogist and surgeon jointly determine whether myocardial 
filling and performance are adequate. This determina-
tion can best be accomplished by using TEE to observe 
the global and regional function of both ventricles. Sup-
plemental information can be obtained by measuring 
CO, if possible. Afterload can also be optimized at this 
point. Usually, 95 to 125 mm Hg is a desirable systolic 
pressure in adult patients in the immediate postbypass 
period, whereas increased systolic blood pressure should 
be avoided to prevent excessive stress on suture lines in 
the heart and aorta. If the patient is hemodynamically 
unstable and additional time is needed to administer 
initial or additional inotropes or vasoconstrictors, CPB 
can be reinstituted by unclamping the venous outflow 
line and directing all flow to the oxygenator again (Fig. 
67-10).

Once protamine is administered, the reinstitution 
of CPB becomes a more complicated process because 
the patient must first be reheparinized. Therefore, final 
checks of cardiac function, heart rate and rhythm, pre-
load, afterload, and perfusion should be made jointly by 
the anesthesiologist and the surgeon. The venous can-
nula or cannulas are usually removed after the initial test 
dose of protamine is given. Many surgeons remove the 
aortic cannula only after at least half of the protamine 
dose has been administered. The rate and mode of pro-
tamine administration (incremental small boluses versus 
continuous infusion) vary according to institutional and 
individual clinicians’ practices, but a large dose of pro-
tamine should never be administered as a rapid bolus.

Table 67-5 shows the characteristics and treatment 
modalities of specific TEE-diagnosed difficulties that may be 
encountered during weaning and termination from CPB.163

POSTBYPASS PERIOD

Common Problems After  
Cardiopulmonary Bypass
awarEnEss. The potential for the patient’s awareness must 
be assessed during and after CPB (see also Chapter 50). The 
incidence of this distressing complication is more frequent 
in cardiac operations than in other cases.64,166 Although 
patients may sweat during the rewarming period, usu-
ally because of perfusion of the thermoregulatory site in 
the hypothalamus with warm blood, sweating may also 
result from awareness if anesthetic concentrations are low 
during the period when the brain becomes normother-
mic. Awareness may be more likely if considerable time 
has elapsed since any sedative-hypnotic or narcotic has 
been administered, if small doses of anesthetic drugs were 
administered during CPB, or if the patient is young. Con-
sideration should be given to continuing to administer a 
volatile anesthetic agent once pulmonary ventilation is 
reestablished and to administering additional sedative-
hypnotic doses, an opioid, or both. Some clinicians begin 
infusing an anesthetic agent such as propofol or dexme-
detomidine shortly after weaning the patient from CPB 
and continue it during and after transport to the ICU or 
cardiac recovery area.

Published studies support the hypothesis that the 
use of depth-of-anesthesia monitors such as the BIS can 
decrease the incidence of intraoperative awareness in 
patients at high risk for this problem63,64 (see also  Chapter 
50).  However, falsely high BIS values during cardiac sur-
gery have been attributed to interference from pump 
head rotation, pacemakers, and hypothermia itself.167 
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Figure 67-10. Algorithm for 
weaning from cardiopulmonary 
bypass (CPB). ACT, Activated clot-
ting time; Hct, hematocrit; HR, 
heart rate; IV, intravenous; K+, 
potassium; LV, left ventricular; 
MAP, mean arterial pressure; Mg2+, 
magnesium; NO, nitric oxide; 
NPS, sodium nitroprusside; NTG, 
nitroglycerin; PGI2, prostacyclin; 
PH, pulmonary hypertension; RV, 
right ventricular; SvO2, mixed 
venous oxygen saturation; TEE, 
transesophageal echocardiog-
raphy. (From Licker M, Diaper J, 
Cartier V, Ellenberger C, et al: Clini-
cal review: management of weaning 
from cardiopulmonary bypass, Ann 
Card Anaesth 15:206-223, 2012.)

-

Checklist 1. Rectal/bladder T˚ > 35.5˚ C
2. Hct  25%, K˚ 3.8–5 mEq,

pH > 7.3, glycemia 6–9 mm/L
3. Surgeon → aortic unclamping
   ± De-airing cardiac cavities
   ± Defibrillation

4. Lung reventilation
5. Spontaneous or paced HR (> 70 beats/min)
6. TEE examination under partial CPB
   → Check for structural defects
   → Check for functional defects

Step 1 Hemodynamic targets

Step 3

Mechanical circulatory support

→ Successful CPB weaning
• TEE and remove arterial cannula

Protamine IV and ACT control

Inabillity to wean from CPB despite preload optimization and adequate surgical repair
(exclude valve dysfunction, coronary graft failure, LV outflow tract obstruction)

Inabillity to wean from CPB despite preload and pharmacologic optimization
(MAP < 70, Cl < 2.0 L/min/m2, SvO2 < 70%, elevated [lactate])

HR
70–100

Optimize
preload

High

MAP
70–90 mm Hg

< 70 mm Hg

• Mg2+, K+

• Cardioversion
• Amiodarone

• Stop IV filling
• Head-up tilt

• Diuretics

• Stepwise reduction of
venous return and pump flow:
100% – 75% – 50% – 25% – 0

• Transfuse autologous blood
(reservoir, cell-saver)

• Trendelenburg position
• IV colloids, crystalloids

1. Inotropes ± vasopressors
 • Dobutamine or epinephrine ± norepinephrine

Or levosimendan (or milrinone) + 
norepinephrine

2. Stepwise reduction of venous return and 
pump flow: 100% – 75% – 50% – 25% – 0

3. Cardiac pacing: biventricular, atrioventricular

4. Inhaled NO (PGI2) if PH, RV failure

• Pacing
• Atropine

• Isoproterenol

• Vasodilators
(NTG, NPS)

Vasopressors
1. Norepinephrine, phenylephrine
2. Terlipressin
3. (Methylene blue)

> 100 beats/min
Arrhythmia

< 70 beats/min or
conduction block

> 90 mm Hg

Step 2

TEE
Ventricular function

Vasoplegic
syndrome

Ventricular
failure

AppropriateImpaired

→ Successful CPB weaning
• TEE and remove arterial cannula

Protamine IV and ACT control
Furthermore, because processing of the raw EEG and data 
smoothing to generate the BIS number occur over 15 to 
30 seconds, the BIS number lags slightly behind clinical 
events.

Another important decision to be made is whether 
additional neuromuscular blocking drugs are needed dur-
ing and after weaning from CPB. Use of a peripheral nerve 
stimulator may facilitate this decision (see also Chapter 
53). Although movement of the patient may serve as an 
indication of the patient’s awareness, such movement 
can be extremely dangerous if it results in dislodgment 
of the aortic or venous cannulas. Furthermore, shiver-
ing can occur because of the “afterdrop” in temperature 
after a period of hypothermic CPB (see also Chapter 54).  
Because shivering can increase oxygen demand by 300% 
to 600%, it should be prevented by administering a neu-
romuscular blocking drug.

cardioVascular dEcoMpEnsation. Failure of the left or 
right ventricle is one of the common causes of cardio-
vascular decompensation during or shortly after weaning 
from CPB. Such failure may result in part from preexisting 
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TABLE 67-5 CHARACTERISTICS AND TREATMENT MODALITIES OF WEANING DIFFICULTIES 

Surgical or Technical Failure Ventricular Dysfunction Vasoplegic Syndrome
Left Ventricular Outflow 
Tract Obstruction

Diagnostic criteria TEE
Valvular regurgitation or 

stenosis
Patient-prosthesis mismatch
Paraprosthetic leakage
Intracardiac shunt
Occluded vascular graft

1. TEE
↓ Contractility of LV and RV
Dilated LV and RV
↓ Relaxation
2. Hemodynamics
↓ CO and ↓ MAP

1. TEE
Preserved ventricular 

contractility
2. Hemodynamics
↑ Or normal CO and  
↓ MAP

TEE
Systolic anterior motion 

of anterior mitral leaflet
LV septal hypertrophy
Pressure gradient in LV 

outflow tract

Incidence 2-6% 15-40% 4-20% 5-10% after mitral valve 
surgery

Risk factors Team and operator’s 
experience, qualification

Low surgical volume
Extended disease, difficult 

anatomy

Age (>65 yr), female sex
CHF, low LVEF
LV diastolic dysfunction
Previous MI, COPD
eGFR <60 mL/min
Extensive CAD, left main 

CAD
Reoperation, emergency, 

combined procedure
Prolonged CPB

Preoperative therapy with 
ACEI or angiotensin II 
antagonist, β-blockers, 
heparin

High EuroScore
Prolonged CPB
Low LVEF (<35%)

Myxomatous mitral valve
Hyperdynamic LV
Short distance between 

MV coaptation point 
and LV septum

Specific treatment Reoperation
Secondary repair or valve 

replacement
Shunt closure
Additional coronary bypass 

graft

1. Drugs
Adrenergic agonists 

(dobutamine, 
epinephrine, dopamine)

Phosphodiesterase 
inhibitors (milrinone)

Calcium sensitizer 
(levosimendan)

Systemic vasodilators 
(NTG, NPS)

Pulmonary vasodilators 
(NO, PGI2)

2. Electromechanical 
Support
Biventricular pacing
Intraaortic balloon pump
Extracorporeal membrane 

oxygenation
Ventricular assist device

Vasopressors
Phenylephrine
Norepinephrine
Terlipressin
Methylene blue

1. Medical
Volume expansion
Inotrope discontinuation
β-blockers
2. Surgical
Septal bulge resection
MV repeat repair or 

replacement

From Licker M, Diaper J, Cartier V, Ellenberger C, et al: Clinical review: management of weaning from cardiopulmonary bypass, Ann Card Anaesth 15:206-223, 2012.
ACEI, Angiotensin-converting enzyme inhibitor; CAD, coronary artery disease; CHF, congestive heart failure; CO, cardiac output; COPD, chronic obstructive 

pulmonary disease; CPB, cardiopulmonary bypass; eGFR, estimated glomerular filtration rate; LV, left ventricular, left ventricle; LVEF, left ventricular  
ejection fraction; MAP, mean arterial pressure; MI, myocardial infarction; MV, mitral valve, NO, nitric oxide; NPS, nitroprusside sodium; NTG,  
nitroglycerin; PGI2, prostacyclin; RV, right ventricle; TEE, transesophageal echocardiography.
chronic ventricular dysfunction exacerbated by the isch-
emia-reperfusion injury that occurs during CPB with car-
dioplegia-induced cardiac arrest. In operations involving 
revascularization for CAD, myocardial injury resulting in 
postbypass ischemia or infarction is particularly likely. 
Causes include thrombosis, particulate or air emboli in 
a coronary graft or a native coronary artery, kinking of 
the graft, a distal suture causing constriction, coronary 
spasm, incomplete myocardial preservation during CPB, 
and incomplete revascularization secondary to distal dis-
ease or inoperable vessels. Another possibility is acute 
mitral regurgitation (MR) of the native valve resulting 
from papillary muscle ischemia or rupture. In the case of 
valvular surgery, a prosthetic valve may be malpositioned 
with a perivalvular leak, the valve may be malfunction-
ing, or ventricular dysfunction may be unmasked after 
mitral valve replacement or repair for MR.
Usually, LV dysfunction is amenable to inotropic 
therapy or combination therapy with positive inotropic 
and vasodilator drugs to optimize CO. Sympathomi-
metic amines (i.e., catecholamines such as epinephrine, 
norepinephrine, dopamine, and dobutamine) and phos-
phodiesterase inhibitors (e.g., milrinone) are commonly 
used as first-line therapy (see Chapters 20 and 28 for 
specific drug pharmacology and doses). Small boluses 
of ephedrine (5 to 20 mg) or diluted epinephrine (2 to 
10 μg) may be administered initially to treat ventricu-
lar dysfunction and hypotension temporarily while 
infusions are being prepared. Milrinone, an inodilator, 
improves CO but significantly reduces SVR; concomi-
tant use of an arterial vasoconstrictor is often necessary. 
Nitroglycerin is usually administered if ischemia is sus-
pected. Occasionally, a mechanical assist device, such as 
an intraaortic balloon pump (IABP) or VAD, is necessary.
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RV dysfunction or failure may also occur after CPB, 
usually because of inadequate myocardial protection, 
inadequate revascularization with resultant RV isch-
emia or infarction, preexisting pulmonary hyperten-
sion, intracoronary or pulmonary air embolism, chronic 
mitral valve disease, or tricuspid regurgitation (TR). Such 
RV failure may be evidenced by RV distention and hypo-
kinesis on TEE, as well as by elevations in CVP and PA 
pressure (PAP). Therapy for RV failure includes increas-
ing preload and inotropic support; milrinone, dobuta-
mine, and isoproterenol are the usual first-line drugs. 
Other pharmacologic drugs occasionally used to induce 
pulmonary vasodilation include nitroglycerin and nitro-
prusside. One potential problem with the use of intra-
venous inodilator and vasodilator agents is that their 
effects are not limited to the pulmonary circulation. SVR 
must be adequate to maintain RV  perfusion pressure. 
Inhaled drugs such as nitric oxide (see also  Chapter 104), 
epoprostenol (Flolan), and inhaled iloprost are consid-
ered in refractory cases. Adjuncts to decrease PVR include 
hyperventilation (higher respiratory rate) to induce mild 
hypocapnia and preventing hypoxemia and acidosis. 
Rarely, patients may require support with an RVAD.

Inappropriate vasodilation with a low SVR is another 
common cause of immediate post-CPB cardiovascular 
decompensation that may result in unacceptable hypoten-
sion. Predisposing factors include long-term administra-
tion of medications such as ACEIs or angiotensin receptor 
blockers (ARBs), prolonged duration of CPB, severe ane-
mia with decreased viscosity, acid-base disturbances, and 
sepsis. Treatment with infusion of a vasoconstrictor drug 
such as phenylephrine, norepinephrine, vasopressin, or, 
rarely, methylene blue is usually successful.

dysrhythMias. Normal sinus rhythm is ideal because it 
provides an atrial contribution to ventricular filling and a 
normal synchronized contraction of the ventricles (see also 
Chapter 47). However, either supraventricular or ventricular 
arrhythmias can occur in the immediate postbypass period. 
Ventricular flutter or fibrillation must be treated imme-
diately with defibrillation. Internal paddles are applied 
directly to the heart to deliver 10 to 20 J of electricity. If 
ventricular arrhythmias persist or recur, an antiarrhythmic 
drug, usually lidocaine or amiodarone, is infused. Persistent 
or recurrent ventricular fibrillation should prompt concern 
regarding the adequacy of coronary blood flow.

Atrial fibrillation is the most common dysrhythmia after 
cardiac surgery, although it usually develops 2 to 5 days 
postoperatively. Atrial fibrillation or atrial flutter that occurs 
in the immediate postbypass period can often be converted 
to normal sinus rhythm with synchronized cardioversion, 
especially if sinus rhythm was present before CPB. Hypoka-
lemia should be corrected. Magnesium is thought to have 
a low risk-to-benefit ratio and may modify the ventricular 
response rate and promote conversion to sinus rhythm. The 
primary drug used to treat atrial fibrillation is amiodarone, 
administered as a bolus followed by a continuous infusion. 
Other drugs sometimes used for rate control and initial treat-
ment include esmolol, diltiazem, and digoxin.168 Initiation 
of a long-acting β-adrenergic blocker (e.g., atenolol or meto-
prolol) is common on the first postoperative day. Prophy-
lactic strategies to decrease the incidence of postoperative 
atrial fibrillation are being investigated because prevention 
may decrease the number of days spent in the ICU and the 
total length of stay in the hospital.169,170

When bradycardia, complete heart block, or asystole 
develops after CPB, temporary epicardial pacing wires 
are used to provide electrical pacing. Sinus bradycardia 
may respond well to atrial pacing. If asystole or complete 
heart block is present, AV sequential pacing is preferable 
because, as with normal sinus rhythm, it provides an 
atrial kick to promote adequate filling of the LV cham-
ber and synchronized ventricular contraction. However, 
if no organized atrial rhythm is present (as in patients 
with atrial fibrillation) and the ventricular response rate 
is slow, ventricular pacing is the only option. With this 
mode of pacing, synchronization of ventricular con-
traction is less efficient, without atrial augmentation to 
ventricular filling, which is particularly detrimental in 
patients with poor LV compliance.

BlEEding and coagulopathy. Although inadequate sur-
gical hemostasis is a common reason for blood loss after 
CPB, coagulopathy resulting from excessive contact acti-
vation, platelet dysfunction, and fibrinolysis can occur 
and must be excluded. Historically, the most common 
causes of excessive bleeding in cardiac surgical patients 
have been related to platelet activation, platelet consump-
tion, and hyperfibrinolysis induced by the extracorporeal 
circuit, and these conditions are especially pronounced 
in older patients.171 Despite the use of high-dose heparin, 
thrombin generation remains ongoing during CPB. This 
results in microvascular coagulation and fibrinolysis and 
has deleterious effects on platelet function.

Patients who are taking antithrombotic medication 
before cardiac operations constitute yet another subset of 
patients at risk for post-CPB bleeding, and information 
obtained preoperatively about the degree of platelet inhi-
bition should be used to assess its contribution to bleed-
ing. Chen and colleagues found that preoperative testing 
of platelet function can identify patients at highest risk 
for perioperative bleeding and transfusions and may fur-
ther reduce perioperative transfusion requirements.172

An evidence-based approach to the diagnosis and 
treatment of residual post-CPB microvascular bleeding 
entails the timely detection and treatment of specific 
causes of coagulopathy.173 (Diagnosis and treatment of 
this complication are further discussed in the section on 
postoperative bleeding and coagulopathy.) Patients with 
postoperative bleeding benefit from POC testing incorpo-
rated into a transfusion algorithm that uses pharmaco-
logic and transfusion therapies. Algorithms are designed 
to minimize unnecessary and indiscriminate blood prod-
uct transfusion.172,174

MEtaBolic disturBancEs. Hypokalemia is relatively com-
mon after CPB and may contribute to the development of 
dysrhythmias. Causes include diuresis secondary to pre-
operative diuretics, mannitol administration during CPB, 
and aggressive treatment of hyperglycemia with insulin 
administration. Hypokalemia contributes to increased 
automaticity and may lead to atrial or ventricular arrhyth-
mias. Therefore, hypokalemia should be corrected by the 
carefully monitored administration of potassium through 
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an infusion pump at a rate of 10 to 20 mEq/hour, with 
frequent measurement of potassium, as well as glucose 
and arterial blood gases.

Hyperkalemia also occurs occasionally after CPB and is 
usually caused by large doses of cardioplegia or by extracel-
lular shifts associated with respiratory or metabolic acido-
sis. Hyperkalemia is more likely to occur if renal function 
is impaired. Occasionally, hyperkalemia is severe enough 
to interfere with conduction. It can be treated with mod-
erate hyperventilation or the administration of calcium, a 
combination of glucose and insulin, or both.

Hypocalcemia can occur after CPB, particularly in 
bleeding patients who are receiving multiple blood trans-
fusions with large amounts of citrate. This phenomenon 
is exacerbated by hypothermia and low-output states. 
Hypocalcemia should be corrected because it may reduce 
cardiac contractility. Intermittent boluses of 10% cal-
cium chloride or calcium gluconate (250 to 1000 mg) are 
administered.

Hypomagnesemia is common in the postbypass period 
and is associated with postoperative dysrhythmias, myo-
cardial ischemia, and ventricular dysfunction.175 Causes 
include hemodilution with magnesium-free fluids dur-
ing CPB and diuresis. If hypomagnesemia is suspected, 
magnesium can be administered in amounts of 1 to 2 g 
intravenously over 15 minutes. Many centers routinely 
administer 2 to 4 g of magnesium during weaning or after 
CPB in an attempt to minimize the incidence of ventricu-
lar and atrial arrhythmias.

Hyperglycemia is extremely common after CPB (see 
the earlier section on the endocrine system). Poor peri-
operative glycemic control in patients undergoing CABG 
is associated with increased morbidity and mortality.71,73 
In patients with diabetes, maintaining serum glucose 
less than or equal to 180 mg/dL during CABG reduces 
morbidity and mortality, lowers the incidence of wound 
infections, reduces hospital length of stay, and enhances 
long-term survival.71,73 In nondiabetic patients undergo-
ing CABG surgery, maintaining serum glucose at less than 
180 mg/dL has also improved perioperative outcomes. 
Current STS guidelines recommend that blood glucose 
should be kept at less than 180 mg/dL for the duration 
of ICU care and at less than 150 mg/dL in patients who 
require more than 3 days of ICU care as a result of ven-
tilator dependency, the need for inotropes, mechanical 
device support, antiarrhythmic drugs, or renal replace-
ment therapy.76

pulMonary coMplications. Respiratory failure is a very 
common complication of cardiac surgery (see the section 
on respiratory insufficiency in problems in the postopera-
tive period). Pulmonary complications that arise imme-
diately after CPB vary from mild to severe and include 
atelectasis, bronchospasm, hemothorax, pneumothorax, 
endobronchial intubation, mucus plugs or blood clots in 
the endotracheal tube, pulmonary edema, and pulmo-
nary dysfunction that varies from a mild increase in the 
alveolar-arterial oxygen gradient to a form of adult respi-
ratory distress syndrome (ARDS) known as postperfusion 
lung syndrome.

Atelectasis is a common cause of decreased arterial 
oxygenation in the postbypass period because during 
CPB either the lungs are not ventilated or very small 
tidal volumes are used. Ideally, the lungs are fully rein-
flated manually before machine ventilation is reestab-
lished during weaning from CPB. During controlled 
ventilation, it is common to apply positive end-expira-
tory pressure after CPB and in the immediate postop-
erative period. Chronic obstructive pulmonary disease 
(COPD) or any preexisting tendency toward broncho-
spasm may be exacerbated during CPB. Treatment 
includes inhaled β2-agonists (e.g.,  albuterol), inhaled 
anticholinergic drugs (e.g., ipratropium), epinephrine, 
and corticosteroids.

Hemothorax is caused by the accumulation in the 
pleural cavity of blood and clot, which should be surgi-
cally removed before chest closure. Pneumothorax may 
result from entry of the pleural cavity during dissection 
of the IMA or from excessive positive-pressure ventilation 
of the lungs. Pneumothorax may not manifest until after 
chest closure; it is treated by inserting a chest tube.

Endobronchial intubation may occur when the 
patient’s head is partially hidden from the anesthesiolo-
gist’s view. The expansion of both lungs should be con-
firmed during initial full ventilation before weaning from 
CPB, when the chest is open, so that a good view of both 
lungs may be obtained. If any blood or mucus is present 
in the endotracheal tube, it should be suctioned during 
and after weaning from CPB.

Pulmonary edema may be cardiogenic because of pre-
existing HF exacerbated by the additional fluid load in the 
pump prime. Ultrafiltration during CPB and diuresis dur-
ing and after CPB may minimize such pulmonary edema. 
Noncardiogenic pulmonary edema may occur after pro-
longed CPB with sequestration of neutrophils in the pul-
monary capillaries and elevation of lysosomal enzyme 
activity, resulting in a localized “inflammatory response” 
and increased capillary permeability. Other causes of 
ARDS include multiple pulmonary emboli and transfu-
sion reactions (transfusion-related acute lung injury).

Chest Closure
Hemodynamic deterioration may occur during chest 
closure because of cardiac tamponade in patients with 
ongoing bleeding. Other reasons for severe hypotension 
during chest closure include hypovolemia, ischemia sec-
ondary to kinking of an arterial or venous coronary graft, 
and impairment of RV contractility and venous return in 
patients with significant myocardial edema. TEE can be 
particularly useful in determining the cause of hypoten-
sion during chest closure because it can quickly reveal 
tamponade, hypovolemia, RV or LV global dysfunction, 
and severe new wall motion abnormalities. Reopening 
the chest may be necessary while treatment is instituted. 
Occasionally, the patient’s sternum cannot be closed 
because of hemodynamic instability; in such cases, only 
skin closure is attempted, and plans are made to return 
to the operating room for sternal wiring after a period of 
myocardial recovery in the ICU.

Transport to the Intensive Care Unit
After all incisions are closed and dressings are applied, 
provided the patient is hemodynamically stable, the next 
step is transport to the ICU. Monitoring should not be 
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completely interrupted even for a few moments—the 
ideal transport monitoring system has a “brick” that can 
be ejected from the operating room monitor and is com-
patible with the transport monitor. If such equipment is 
not available, sequential disconnection of monitoring 
devices is advised so that an online monitor is always 
visible.

On arrival in the ICU or cardiac recovery area, a trans-
fer of the patient and the patient’s information from 
one team to another, termed handoff or handover, 
occurs. Handoff failures have been identified as a signifi-
cant source of medical errors, both between and within 
teams.176-178 Implementing a handoff protocol reduces 
information omission and reduces errors. The process 
is intended to be strictly sequential: monitoring should 
be transferred before ventilator transfer, and all phase 
1 items should be completed before information trans-
fer.179,180 Using formal, sequential handoff procedures 
does not increase the duration of the process.181 The fol-
lowing sequence is suggested181 (Wahr J, personal com-
munication, November 17, 2012):

phasE 1: EquipMEnt and tEchnology handoVEr

 1.  Monitoring transferred to ICU equipment
 2.  Ventilator function initiated
 3.  Infusions and fluids checked
 4.  Chest drains secured and on suction
 5.  Vital signs confirmed to be stable, ventilator function-

ing well, infusions running appropriately
 6.  Anesthesiologist, nurse, and surgeon confirm that they 

are ready for information transfer

phasE 2: inforMation handoVEr

 1.  Anesthesiologist presents
 a.  Patient-specific information (age, weight, medical 

and surgical history, allergy status, baseline vital 
signs, pertinent laboratory results, diagnosis, 
current condition and vital signs)

 b.  Anesthetic information (intraoperative course and 
any complications, lines present, blood transfusion 
or fluid totals, paralytics or opioids, antibiotics, 
current infusions, vital sign parameters or limits, 
pain relief plan, laboratory values)

 2.  Surgeon presents: surgical course (diagnosis, operation 
performed, surgical findings, complications, blood 
loss, drains, antibiotic plan, deep vein thrombosis pro-
phylaxis, medication plan, tests to be done, nutrition, 
key goals for the next 6 to 12 hours)

phasE 3: quEstions and discussion

In all cases, the anesthesiologist should remain with the 
patient until hemodynamic stability and overall stability 
are ensured.

CARDIOPULMONARY BYPASS

CPB is a form of extracorporeal (extra = “outside of,” corpo-
real = “the body”) circulation (ECC) in which the patient’s 
blood is rerouted outside the vascular system, and the 
function of the heart, the lungs, and, to a lesser extent, 
the kidneys is temporarily assumed by surrogate technol-
ogy. The circuitry and equipment used to facilitate this 
substitution are topics of the next section of this chapter.

CIRCUITRY AND EQUIPMENT

The most common and most complicated ECC procedure 
is CPB. The goal of CPB is to provide a motionless and 
bloodless field for the surgeon by rerouting the patient’s 
entire CO around both the heart and the lungs. Other 
ECC techniques include left heart bypass (LHB), cardio-
pulmonary support (CPS), and extracorporeal membrane 
oxygenation (ECMO).

The pumps, tubing, artificial organs, and monitoring 
systems used in CPB are diagrammed in Figure 67-11. 
Simply stated, venous blood is intercepted as it returns to 
the right atrium and is diverted through the venous line 
of the CPB circuit to a venous reservoir. The arterial pump 
functions as an artificial heart by withdrawing blood from 
the reservoir and propelling it through a heat exchanger, 
an artificial lung (the oxygenator), and an arterial line filter 
before returning it through the arterial line to the patient’s 
arterial system. Additional pumps and components are 
used to assist in the operation to manage shed blood (the 
pump sucker), decompress the heart (vent), and deliver the 
cardioplegia solution.

Blood Tubing
The tubing used to connect the various components and 
conduct blood into and out of the patient’s vascular sys-
tem is medical-grade polyvinyl chloride. For decades, the 
blood-tubing interface was untreated polyvinyl chloride. 
However, the newer generation of polyvinyl chloride 
tubing has surface coatings and other modifications that 
significantly alter the bioreactivity of the surface. Collec-
tively, these coatings have been shown to reduce plasma 
levels of markers of subclinical coagulation, attenuate the 
increase of cytokines and other inflammatory markers, 
and shorten intubation times.182-184

Venous Reservoirs
Blood reservoirs perform an important function in the 
conduct of CPB by facilitating the displacement of a 
large volume of blood out of the circulation at strate-
gic times during the operation. Positioned between the 
venous line and the arterial pump, blood reservoirs may 
be collapsible plastic bags or clear plastic hard-shelled 
containers. Hard-shelled reservoirs include an integral 
filtration mechanism with a screen and depth filters 
through which blood must pass before leaving the out-
let of the vessel. Almost universally, hard-shelled res-
ervoirs have integrated positive- and negative-pressure 
release valves, which are necessary for the application 
of vacuum to the reservoir to augment venous drain-
age. If vacuum-assisted venous drainage is employed, 
the vacuum pressure in the reservoir should be main-
tained at the minimum necessary, and entrainment of 
air from the surgical field into the venous line should 
not be permitted. Reservoir pressures in excess of 60 
mm Hg have been shown to increase microbubble 
counts measured in the circuit’s arterial infusion line 
dramatically.185
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Figure 67-11. A typical cardiopulmonary 
bypass circuit interfaced with a patient. 
ALF, Arterial line filter; K, potassium; LV, left 
ventricular.
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Arterial Pumps
The pumping device used to replace the function of the 
heart generally uses one of two primary technologies: 
a roller pump or a centrifugal pump. Roller pumps are 
positive-displacement pumps that function by occluding 
a point in a piece of tubing and then rolling the occlusive 
point of contact along a length of the tubing. This process 
forces the fluid in the tubing to move forward in front 
of the occlusive point while simultaneously drawing in 
fluid behind the occlusive point. Centrifugal pumps, in 
contrast, are nonocclusive kinetic pumps that generate 
flow by magnetically coupling the high-speed revolution 
of a reusable motor to the plastic plates, fins, or channels 
inside a disposable cone. This process produces a con-
strained vortex that propels fluid through the opening on 
the side of the cone while drawing fluid into the point of 
the cone. Both pump technologies are traumatic to the 
formed elements in blood; however, centrifugal pumps 
are thought to be less traumatic than roller pumps.186

Each type of pump poses unique risks that must be 
appreciated. Roller pumps, by virtue of their occlusive 
nature, are capable of generating extremely high positive 
and negative pressure and are also able to pump massive 
quantities of air. Consequently, the national standard of 
care requires that these pumps be servoregulated to reduce 
their speed automatically when either high pressure or 
air is detected in the path of the blood. In contrast, cen-
trifugal pumps, being nonocclusive, are unable to gener-
ate extremely high or low pressure. Additionally, if a large 
bolus of air is introduced into the disposable cone, the air 
will remain in the cone, thus displacing the blood, and the 
pump will be unable to generate forward flow. This feature 
prevents centrifugal pumps from pumping large volumes of 
air. However, the lack of a point of tubing occlusion inside 
the pump allows retrograde flow from the patient’s high-
pressure arterial system backward through the arterial line, 
filter, and oxygenator and ultimately into the low-pressure 
venous reservoir. This situation may occur whenever the 
pump’s revolutions per minute are reduced below a criti-
cal threshold. A large-bore one-way valve or a computer-
activated electronic clamp can be positioned in the arterial 
line to eliminate the possibility of retrograde arterial flow 
and inadvertent exsanguination of the patient.

Heat Exchanger
Heat exchangers are essential to CPB because they facili-
tate the management of the patient’s blood temperature. 
Throughout the period of CPB, 20% to 35% of the patient’s 
circulating blood volume is outside the body and is exposed 
to the ambient temperature of the operating suite, which 
can cause hypothermia. Therefore, in all CPB procedures, 
an inherent need exists to warm the blood before CPB is 
terminated. Additionally, for many surgical procedures, 
some amount of hypothermia, from mild (35° C) to pro-
found (18° C), is desirable to reduce the patient’s metabolic 
rate. In these cases, the heat exchangers may be used to 
reduce the temperature of the blood when CPB is initiated 
and then to warm the blood before CPB is terminated.
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Oxygenator
The oxygenator substitutes for the patient’s native 
lungs and performs the essential function of gas 
exchange. Several similarities exist between the native 
lung and the oxygenator: Both have a gas space and a 
blood space, both are driven by passive diffusion gra-
dients, and both use a membrane to separate the blood 
from the gas. In the oxygenator, the membrane is usu-
ally made from microporous polypropylene. This mate-
rial is extruded into thin straws with an outer diameter 
of 200 to 400 μm, a wall thickness of 20 to 50 μm, and 
a total surface area of 2 to 4 m2. Typically, oxygenators 
have a static priming volume of 135 to 340 mL and 
are capable of arterializing up to 7 L/minute of typical 
venous blood.187

The native lung uses the conductive airways for both 
inspiration and expiration and depends on a certain 
tidal volume and respiratory rate to refresh the gas in the 
alveolar space regularly. The oxygenator, however, has 
separate gas inlet and outlet ports and can refresh the gas 
inside its gas space (the internal lumen of the straws) with 
a continuous flow or “sweep” of gas through the oxy-
genator. The blood space of an oxygenator is the space 
around the outside of the straws. Venous blood entering 
the oxygenator is directed across the outside of the fibers 
while gas is concurrently circulated through the inside 
of the fibers. Pressure gradients between the blood space 
and the gas space drive oxygen across the membrane 
and into the blood, whereas carbon dioxide is driven out 
of the blood and into the gas phase. Similarly, volatile 
anesthetic agents can be delivered to the patient through 
the oxygenator’s sweep gas. Unlike the membrane in the 
native lung, however, the oxygenator’s membrane is not 
a true membrane. The microscopic (0.5- to 1.0-μm) pores 
on the sides of the fibers are small enough to prevent 
plasma and the formed elements of blood from leaking 
through but are still large enough to allow gas to pass 
through. Therefore, care must be taken to ensure that the 
pressure in the gas space never exceeds the pressure in the 
blood space, or gaseous emboli will form in the blood. In 
appreciation of the risks inherent in using a pressurized 
gas space, most oxygenators are designed with multiple 
gas outlet ports. In any case, caution should be exercised 
to ensure that the outlet of the gas phase cannot become 
occluded.

Arterial Line Filter
In the United States, arterial line filters are used in more 
than 95% of CPB procedures in adults. These filters are 
placed in the arterial line as the last component through 
which blood passes before it returns to the patient. With 
pore sizes of 20 to 40 μm, arterial line filters increase 
the patient’s safety by removing particulate and gas-
eous microemboli. To remove bubbles from the blood 
path effectively, arterial line filters must be continuously 
“purged” by allowing a small amount of blood to recir-
culate from the top of the filter back into the venous 
reservoir. Many ECCs are designed to capitalize on this 
continuous arterial shunt with the incorporation of a 
flow-through blood gas sensor that continually moni-
tors the blood gas concentrations in the postoxygen-
ator blood. These in-line blood gas measurements are 
generally reliable and can be used for the early identifi-
cation of trends and precise management of oxygenator 
performance.

SEQUENCE OF EVENTS

Although the approach to surgical procedures that 
require CPB varies among institutions, all procedures 
loosely follow a predictable sequence of events. At any 
institution, CPB requires circuit selection and priming, 
anticoagulation, cannulation, initiation and mainte-
nance of CPB, myocardial protection, and finally, weaning 
and termination from CPB.

Circuit Selection and Priming
When selecting the components for an extracorporeal 
circuit, the perfusionist first calculates the highest blood 
flow that may be necessary during the procedure. Typi-
cally, the highest blood flow is approximately 2.4 to  
3.0 L/minute/m2 or 60 to 70 mL/kg/minute. The calcu-
lated flow is then compared with the rated flow for the 
components of the ECC circuit. This flow rating repre-
sents the highest blood flow rate at which the component 
can perform its function within the acceptable range of 
hydraulic forces (pressure and shear stress) without caus-
ing an unacceptable amount of blood trauma.

The combination of components included in the ECC 
determines the prime volume of the circuit, or the vol-
ume of balanced electrolyte solution necessary to de-air 
the circuit completely. This prime volume is the main 
cause of the hemodilution associated with CPB. There-
fore, the perfusionist must calculate the patient’s resul-
tant hematocrit (HCTr), which is the patient’s predicted 
hematocrit after the patient’s preoperative blood volume 
is mixed with the asanguineous prime volume of the 
ECC. The HCTr is computed by dividing the patient’s 
calculated volume of RBCs into the calculated total vol-
ume of distribution represented by the addition of the 
ECC prime volume to the patient’s blood volume (Box 
67-8). An adult patient’s intravascular volume of distribu-
tion will increase by 20% to 35% when CPB is initiated. 
This increased volume of distribution dilutes not only all 
the proteins and formed elements of the blood but also 
plasma levels of drugs. If this dilution is not anticipated, 
the patient’s depth of anesthesia and circulating concen-
trations of many pharmacologic drugs may be reduced 
when CPB is initiated.

HCTr = Patient’s preoperative red blood cell volume /  
Total volume of distribution at the start of CPB

 HCTr = (BVp × HCT)/ (BVp + PVc)

 HCTr = (kg × 75 × HCT)/ (kg × 75) + PVc

where

HCTr = resultant hematocrit
BVp = patient’s blood volume
kg = patient’s weight in kg
PVc = prime volume of the extracorporeal circuit

BOX 67-8 Resultant Hematocrit Formula

CPB, Cardiopulmonary bypass.
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The solution used to prime the CPB circuit is gener-
ally a balanced electrolyte solution containing normal 
plasma concentrations of many of the standard blood 
ions. Various drugs may be added to the solution to 
attenuate the dilutional effect of CPB on those ions (e.g., 
albumin, heparin, bicarbonate) or to discourage edema 
formation or encourage diuresis of the prime fluid by the 
patient (e.g., mannitol).

Anticoagulation
With the circuit primed and the vessels exposed, standard 
procedure requires that the patient be fully anticoagu-
lated before cannulation. Dosing of heparin and moni-
toring of the ACT are discussed earlier in this chapter. 
Many commercial devices are designed to monitor the 
ACT, and although the ACT is used as if it were a stan-
dardized test, the results produced by different instru-
ments are far from standardized. We have shown that 
these devices, when used on the same pool of heparin-
ized blood, can produce ACT results that vary by as much 
as 40% (see Fig. 67-6).

The ACT test is not used to monitor heparin levels but 
to monitor the anticoagulant effects of heparin and other 
anticoagulants. Thus, elevated ACT measurements taken 
before, during, or after CPB may be influenced by vari-
ables other than heparin (e.g., hypothermia, hemodilu-
tion, coagulopathy, and anticoagulants).

Although controversial, some studies suggest that sub-
clinical coagulation may progress despite acceptable ACT 
times during CPB and that maintaining higher circulating 
heparin levels may reduce this process.98,188 POC heparin 
level tests are commercially available and may be used 
to monitor circulating heparin levels in CPB-supported 
patients. Indeed, some centers monitor both the circu-
lating level of heparin and its anticoagulant effects and 
administer heparin intermittently throughout the pro-
cedure to maintain a predetermined therapeutic heparin 
level, as well as a minimally acceptable ACT.

Heparin dosing may be based on the patient’s weight 
(300 to 400 units/kg) or determined by a dose-response 
curve. Heparin dose-response curves are determined 
in vitro by measuring the ACT of the patient’s blood at 
baseline (without heparin) and after a known concentra-
tion of heparin (2.5 units/mL) is added. By graphing the 
ACT in seconds against the blood concentration of hepa-
rin, one can extrapolate the blood concentration of hepa-
rin needed to achieve a target ACT acceptable for CPB. 
Most patients need circulating blood heparin concentra-
tions between 1.5 and 3.0 units/mL to achieve an ACT of 
480 seconds. A commercial device designed to automate 
this process is available; from the patient’s height, weight, 
sex, and heparin dose-response test results, the machine 
calculates the appropriate patient-specific heparin dose to 
administer during CPB.

Cannulation
Every CPB procedure requires a high-flow cannula in a 
large vein and another such cannula in a large artery 
for withdrawing blood from and returning blood to 
the patient (Table 67-6). Most procedures include addi-
tional cannulas for administering cardioplegia solutions 
to the heart and removing (venting) blood and air from 
TABLE 67-6 COMMON APPROACHES TO VENOUS AND ARTERIAL CANNULATION  
FOR CARDIOPULMONARY BYPASS

Procedure Venous Arterial Cardioplegia Vent Comments

CABG 2-stage approach 
in the RA

Ascending aorta Root and/or CS Aortic root Patients with low EF or 
failure to wean from CPB 
may benefit from LV 
venting

AVR 2-stage approach 
in the RA

Ascending aorta Root and/or CS, 
plus handheld 
selective once 
the root is open

LV and aortic root None

MVR Bicaval Ascending aorta Root and/or CS LV and aortic root None
Aortic root 

replacement, not 
including the arch

2-stage approach 
in the RA

Ascending aorta Root and/or CS LV and aortic root The closer the repair is to 
the head vessels, the more 
difficult aortic cannulation 
becomes

Aortic arch 2-stage approach 
in the RA

Axillary or femoral 
artery

Root and/or CS LV and aortic root CS cardioplegia unlikely 
if the coronaries are 
unobstructed

Redo procedures Femoral vein Femoral artery Root and/or CS Aortic root and/
or LV

Only in extreme cases (i.e., 
when the heart is tightly 
adhered to the back of 
the sternum, or any time 
that the heart is lacerated 
during sternotomy)

Other intracardiac 
procedures

Bicaval Ascending aorta Root and/or CS LV and aortic root Any procedure that requires 
opening the RA or 
excessive surgical retraction

AVR, Aortic valve repair or replacement; CABG, coronary artery bypass grafting; CPB, cardiopulmonary bypass; CS, coronary sinus; EF, ejection fraction; LV, 
left ventricle; MVR, mitral valve repair or replacement; RA, right atrium.
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the chambers of the heart (Fig. 67-12). Different surgical 
procedures require different cannulation techniques, the 
most common of which are described here.

The target for venous cannulation is generally the 
right atrium. The right atrium is the central repository 
for all venous blood, and the RA appendage is conve-
niently accessible through a sternotomy. Although RA 
cannulation is optimal for most cardiac surgical cases, the 
cannula may not perform well when the heart is being 
retracted. Significant retraction of the heart is necessary 
to access some posterior coronary arteries for bypass or to 
access the mitral valve through a left atriotomy. Because 
of surgical retraction involving the right atrium, the 
venous cannulation site for mitral valve repair or replace-
ment procedures is generally moved away from the right 
atrium to the SVC and inferior vena cava (IVC). If a single 
cannula is placed in each vena cava, venous blood can be 
intercepted just before it enters the right atrium so that 
the cannula can provide acceptable drainage throughout 
the procedure. The right atrium may also be approached 
through the femoral vein. A femoral venous cannula 
extends the entire length of the IVC and rests with its 
openings in the right atrium.

An improperly sized or positioned venous cannula 
obstructs the flow of blood into the ECC circuit. This may 
elevate CVP and encourage extravasation of blood vol-
ume from the vascular compartment into the extracellular 
compartment (third spacing). Therefore, it is important 
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Figure 67-12. A common cannulation approach for cardiopulmo-
nary bypass (CPB) procedures. Two cannulas are necessary to pro-
vide CPB. A cannula in the right atrium provides venous drainage to 
the extracorporeal circuit (ECC), and an arterial cannula placed in the 
ascending aorta allows arterial return to the patient from the ECC. 
Additional cannulas are necessary to protect the heart after cross-
clamping. Cardioplegia can be administered in antegrade fashion 
through a special needle placed in the ascending aorta between the 
aortic valve and the aortic cross-clamp. Retrograde cardioplegia can 
be delivered directly into the coronary sinus through a special bal-
loon-tipped cannula. Vent cannulas are used to decompress the heart 
while the aorta is clamped and to remove bubbles before cross-clamp 
removal. The aortic root vent is integrated into the antegrade car-
dioplegia needle, and the left ventricular (LV) vent cannula is inserted 
through the right superior pulmonary vein.
to evaluate the performance of the venous cannula or 
cannulas when CPB is initiated. Properly placed venous 
cannulas allow complete decompression of the right side 
of the heart, as indicated by a CVP and PAP of zero and a 
nonpulsatile arterial blood pressure.

The ECC returns oxygenated blood to the patient 
through the arterial cannula. For CABG and valve pro-
cedures, the standard target for the arterial cannula is 
the portion of the ascending aorta below the aortic arch 
but 3 to 4 cm above the aortic valve. The alternative 
approaches of axillary or femoral artery cannulation 
are used in procedures that require the manipulation 
of much of the aortic root, arch, or both. Axillary artery 
cannulation is generally facilitated by the anastomosis 
of a tube graft to the side of the axillary artery to pro-
vide access for the arterial cannula without interrupt-
ing blood flow to the right arm. An added benefit of 
axillary cannulation for aortic arch procedures is that 
clamping the innominate artery allows antegrade cere-
bral perfusion to be performed during a period of cir-
culatory arrest. Femoral arterial cannulation involves 
inserting the cannula through the femoral artery and 
into the abdominal aorta. Blood flow to the thorax is 
directed in retrograde fashion upward into the aorta. 
Ischemia of the cannulated limb is a risk commonly 
associated with femoral arterial cannulation, and dis-
section of the cannulated artery is a risk associated with 
the cannulation of any arterial site. Iatrogenic aortic 
dissection at the cannulation site occurs in approxi-
mately 200 procedures annually in the United States, 
with a resultant mortality of 48%.189 Proper cannula 
placement and patency should be confirmed before 
CBP is initiated.

With venous and arterial cannulas in place, the heart 
and the lungs can be bypassed. However, additional can-
nulas are needed to facilitate aortic cross-clamping and 
cardiac arrest. For example, cardioplegia cannulas can 
be placed in the ascending aorta, and then the aorta 
can be occluded by placing a large vascular clamp (i.e., 
a cross-clamp) across it. Occluding the aorta between 
the arterial cannula and the antegrade cardioplegia can-
nula interrupts blood flow from the arterial line of the 
ECC to the coronary arteries, thereby initiating a period 
of global myocardial ischemia. Intermittent or continu-
ous  administration of cardioplegia through the antegrade 
and retrograde cardioplegia cannulas (see Fig. 67-12) 
serves to attenuate the ischemic insult (by a mechanism 
discussed later).

Bronchial pulmonary vascular connections deliver 
approximately 1% of the CO to the lungs, from where it 
is subsequently returned to the left side of the heart. In 
patients with chronic pulmonary disease, this recircula-
tion may increase to more than 10% of CO. During the 
period when the aorta is cross-clamped, this blood vol-
ume will distend the left side of the heart and the pul-
monary vasculature if the blood is not actively removed. 
Additionally, intracardiac procedures inherently intro-
duce air into the left-sided chambers, and this air must be 
removed before the patient is weaned from CPB.

Vent cannulas facilitate decompression and de-airing 
of the heart. The heart is most commonly vented at 
the aortic root or directly from the left ventricle. Aortic 
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root vents use the same cannula that is used to deliver 
antegrade cardioplegia (see Fig. 67-12) and draw blood 
and air from the left ventricle across the aortic valve 
and into the reservoir of the ECC circuit. Because the 
antegrade cardioplegia needle has a small gauge and is 
positioned above the aortic valve, root vents have sev-
eral significant limitations: they cannot be used when 
antegrade cardioplegia is being administered, and they 
are ineffective in decompressing the left ventricle when 
the cross-clamp has been removed. These limitations 
are not generally significant during an uncompli-
cated CABG procedure, but for CABG in patients with 
severely compromised ventricular function and for all 
intracardiac procedures, direct LV venting becomes 
essential. Typically, LV vents are introduced through 
the right superior pulmonary vein and are advanced 
through the left atrium, across the mitral valve, and 
into the left ventricle (see Fig. 67-12). The 10- to 14-Fr 
cannula used for this purpose offers significantly better 
venting capacity than does the root vent. Flows in the 
range of several liters per minute can be drawn through 
these cannulas when necessary, and because these can-
nulas are inserted directly inside the left ventricle, they 
are very effective in removing air bubbles that remain 
after an intracardiac procedure has been completed. 
Additionally, because the LV vent is separate from the 
cardioplegia cannula, it can be used to decompress 
the heart during antegrade cardioplegia administra-
tion, which may be necessary for patients with aortic 
insufficiency. Unfortunately, numerous case reports 
exist of injuries to patients that resulted from air being 
pumped into the heart through malfunctioning vent 
lines. The proper function of the vent pump should be 
confirmed at the field before the pump is connected to 
the patient.

Initiation and Maintenance of 
Cardiopulmonary Bypass
Once the patient is anticoagulated and cannulated, CPB 
may be initiated. Before initiating CPB, it is good prac-
tice to verify the patency of the arterial cannula. After 
the proper position of this cannula is confirmed, CPB 
may be initiated by removing the clamps on the venous 
line between the venous cannula and the reservoir. The 
patient’s blood then passively drains into the ECC. Simul-
taneously, the arterial pump on the CPB machine begins 
to infuse the mixture of prime solution and autologous 
blood into the patient through the arterial cannula. 
Evaluating the performance of the venous and arterial 
cannulas is very important during the initial seconds of 
CPB. The pressure in the arterial line of the ECC should 
be maintained at less than 300 mm Hg to prevent exces-
sive trauma to the formed elements of the blood. Venous 
cannula position is evaluated mainly by examining the 
patient’s hemodynamics. Provided the venous cannula is 
adequately draining the venous return to the heart, right-
sided heart pressure (CVP and PAP) should decrease to 
0 mm Hg, and the arterial blood pressure should reach 
a normal mean pressure (50 to 90 mm Hg) while also 
becoming nonpulsatile.

The arterial trace usually becomes nonpulsatile as 
the heart is emptied and the pumping force is changed 
from the ventricle to the nonpulsatile arterial pump of 
the heart and lung machine. However, patients with 
aortic insufficiency continue to have a pulsatile arterial 
trace despite complete venous drainage (CVP and PAP 
= 0 mm Hg) because of regurgitation of blood from the 
arterial cannula across the incompetent aortic valve and 
back into the left ventricle. If right-sided heart pressure 
does not reduce to 0 mm Hg, the arterial trace remains 
pulsatile, and arterial pump flow cannot be increased to 
full flow; in that case, the position of the venous cannula 
must be reevaluated. Once full flow has been achieved, 
the function of the heart and lungs will have been com-
pletely transferred to the CPB machine; the anesthesiolo-
gist then can turn off the ventilator, and hypothermia of 
the patient can be initiated.

The initiation of CPB is often associated with a period 
of hypotension, which can be managed with the admin-
istration of an α-agonist (e.g., phenylephrine) into the 
venous reservoir of the ECC circuit (Fig. 67-13). Although 
it is common for cerebral oximetry values to reduce tran-
siently at this point, acutely reduced cerebral oximetry 
values on CPB initiation may provide the first indication 
of poor SVC drainage or selective perfusion of a single 
aortic head vessel.190-192 Markedly changed cerebral 
oximetry values warrant additional confirmation of can-
nula position and function. While CPB is maintained, 
the adequacy of perfusion is continuously evaluated by 
monitoring hemodynamic variables. Blood flow from the 
arterial pump can be manipulated across a range of 1.6 to  
3.0 L/minute/m2 to deliver an arterial blood pressure of 
50 to 90 mm Hg and SvO2 greater than 65%. Any hypo-
tension or hypertension that occurs despite adequate 
flow and SvO2 can be treated by adjusting the patient’s 
SVR with vasoconstrictors or vasodilators.
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Figure 67-13. Illustration of a patient’s hemodynamics before cardiopulmonary bypass (CPB), during the initiation of CPB, during full CPB, while 
weaning from CPB, and after CPB. ABP, Arterial blood pressure; CVP, central venous pressure.
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Arterial blood gas samples should be taken at least every 
30 minutes to assess the performance of the oxygenator 
and to monitor the patient for the development of acido-
sis and proper anticoagulation status. Base deficit values of 
−5 or less can be corrected with sodium bicarbonate, but 
the underlying cause of the acid production should ulti-
mately be addressed. Increased perfusion flow and pres-
sure may be indicated. ACTs shorter than the institutional 
parameter acceptable for CPB (usually ≥400 seconds)  
should be treated with a heparin bolus administered into 
the ECC.

Urine output is also monitored during CPB as an indi-
cator of perfusion flow and pressure. However, poor urine 
production during CPB has not been shown to predict 
postoperative renal insufficiency. Rather, age, preopera-
tive renal function, the duration of CPB, and EF have 
been correlated with postoperative renal dysfunction.193

Myocardial Protection
To provide a motionless field for the surgeon, the heart is 
arrested in diastole by the administration of a potassium-
enriched cardioplegia solution to the heart. Interrupting 
myocardial electromechanical activity is the single most 
important step in reducing the heart’s metabolism. Potas-
sium-induced arrest alone reduces the heart’s myocardial 
oxygen consumption by 90%. It is common to augment 
this reduction with hypothermia by administering cold 
cardioplegia solution. The combined influence of potas-
sium arrest and myocardial temperatures lower than 22° C  
reduces myocardial oxygen consumption by 97% and 
enables the tissue to withstand a complete interruption of 
blood flow for periods of 20 to 40 minutes. Once the surgical 
procedure is completed, myocardial arrest can be reversed 
by reperfusing the heart with warm normokalemic blood.

The ingredients of cardioplegia solutions vary consider-
ably from institution to institution, save that potassium 
is always used as the arrest agent. Whereas some centers 
may use a very simple solution of potassium-enriched 
whole blood, others may choose a more complex solution 
with a variety of chemical additives. The trend in clinical 
practice has been not to use purely crystalloid cardiople-
gia solutions; instead, most centers now use some form 
of blood cardioplegia. The ratio of blood to crystalloid is 
generally 4:1 or 8:1. The crystalloid solution is often mixed 
with arterialized whole blood from the ECC circuit in an 
exact ratio by placing two different-sized tubes (the larger 
drawing from the arterial line of the ECC and the smaller 
drawing from the bag of cardioplegia solution) through 
a single roller pump and splicing the two tubes together 
downstream from the outlet of the pump. Generically, the 
chemicals added to the cardioplegia solutions are designed 
to make the solution slightly hypertonic to reduce edema, 
and these chemicals include a buffer to counter the heart’s 
production of acidic metabolites and a substrate for energy 
or catalysts to assist the heart in the production of adenos-
ine triphosphate. Typically, solutions with two different 
potassium concentrations are used during the procedure. 
For inducing cardioplegic arrest, a “high-K” solution with 
a potassium concentration of approximately 20 to 30 mEq 
is used. After isoelectric arrest is induced, the solution is 
changed to a “low-K” mixture with a potassium concentra-
tion of approximately 10 mEq.
These solutions can be administered in antegrade fash-
ion into the coronary arteries via the aortic root, through 
a needle placed between the aortic cannula and the aortic 
valve, or in retrograde fashion into the coronary veins, via 
a balloon-tipped cannula placed in the coronary sinus. 
Antegrade cardioplegic delivery is the most physiologic 
approach. However, when the patient has pronounced 
CAD or aortic valve insufficiency, antegrade administra-
tion may not uniformly deliver cardioplegia to the myo-
cardium. Retrograde cardioplegia administration also has 
limitations. For example, the free wall of the right ventri-
cle and the posterior third of the septum (the distribution 
territory of the right coronary artery [RCA]) are poorly 
perfused by retrograde delivery.194 Additionally, the 
microvascular areas of the heart that are perfused by ret-
rograde cardioplegia are less able to sustain normal myo-
cardial energy metabolism.195 Thus, the most complete 
technique for myocardial protection involves both ante-
grade and retrograde delivery. In fact, it is not uncom-
mon for cardioplegia to be delivered simultaneously in 
both antegrade and retrograde fashion.

Cardioplegia is commonly administered intermit-
tently in a volume-dosing regimen. After an initial arrest 
dose of approximately 1000 to 1500 mL of “high-K”  
solution is administered, perfusion of the heart is sus-
pended for a period of 10 to 40 minutes while the sur-
geon works on the heart. Then, periodically throughout 
the procedure, 200- to 500-mL doses of “low-K” solu-
tion are administered to deliver nutrients to the cells 
and maintain the potassium concentration. Intraopera-
tive evaluation of the adequacy of myocardial protec-
tion is empirical and based on the quiescence of the 
ECG, the time since the last dose was administered, 
and the temperature of the heart. The filling state of 
the ventricular chambers should also be evaluated. If 
the vent lines are not keeping the heart empty, it will 
warm more quickly and the heart muscle will be under 
tension. This state increases myocardial oxygen con-
sumption and compromises myocardial protection. To 
reinstitute the electromechanical activity of the heart, 
warm, normokalemic blood is infused into the coro-
nary arteries. This may be done by administering a “hot 
shot” through the cardioplegia cannulas or by simply 
removing the cross-clamp.

Weaning and Termination of 
Cardiopulmonary Bypass
The process of weaning the patient from the heart and 
lung machine requires an increased level of commu-
nication and awareness among the anesthesiologist, 
perfusionist, and surgeon. Before weaning and termi-
nation, the patient should be rewarmed and the heart 
de-aired. Regular cardiac electrical activity should be 
confirmed and supported with a pacemaker if neces-
sary. Ventilation of the lungs must be resumed and 
laboratory values confirmed and corrected if needed. By 
slowly reducing venous drainage to the ECC and trans-
fusing volume from the reservoir to the patient, normal 
filling volume can be returned to the heart. As the CO 
is returned to normal, flow from the arterial pump of 
the heart and lung machine is decreased and eventually 
terminated. Immediately after the termination of CPB, 



Chapter 67: Anesthesia for Cardiac Surgical Procedures 2039
the patient is often hemodynamically supported by vol-
ume replacement with the blood remaining in the ECC, 
frequently supplemented with vasopressors or inotropic 
agents (see the earlier section on weaning from CPB).

When the patient is hemodynamically stable, prota-
mine can be administered to reverse the anticoagula-
tory effect of heparin. The administration of protamine 
to the patient is a sentinel event that must be commu-
nicated clearly by the anesthesiologist to the perfusion-
ist and surgeon. In the event of inadvertent return of 
blood containing protamine to the ECC through the 
pump sucker, the blood remaining in the circuit may 
coagulate and render the circuit unusable for urgently 
reinstituting CPB. Therefore, all cannulas should be 
removed before the action of heparin is fully reversed, 
and the blood remaining in the ECC should be salvaged 
by centrifugation or hemofiltration for return to the 
patient by the anesthesiologist.

Protamine inactivates heparin by irreversibly bind-
ing with the strongly acidic heparin molecule to form 
a stable salt with no anticoagulant effects. POC tests 
are available for several ACT machines to calculate a 
patient-specific protamine dose.196 If an automatically 
generated protamine dose-response curve is not avail-
able, many institutions calculate the protamine dose 
needed from the total dose of heparin delivered to the 
patient. This calculation usually results in the adminis-
tration of 1 to 1.3 mg of protamine for every 100 units 
of heparin given. Protamine should be administered 
slowly over a period of 5 to 10 minutes to reduce the 
risk of hypotension. After protamine administration, 
ACTs should return to baseline. An increased ACT may 
indicate residual heparin or may be the result of a coagu-
lation deficiency that necessitates additional laboratory 
tests, such as coagulation panel tests, heparin assays, 
platelet function analysis, thromboelastography, or any 
combination of these investigations.

OTHER ISSUES

Temperature
Deliberate hypothermia is a reliable method of neuropro-
tection and is often used during routine CPB. Deep hypo-
thermia unquestionably confers cerebral protection when 
the circulation must be arrested during cardiac surgery. 
Even mild hypothermia (as little as 1° C to 2° C) mini-
mizes the severity of cerebral ischemia in animal models. 
Various suggested mechanisms for the neuroprotective 
effects of hypothermia have been tested in animal models 
(Table 67-7).197 Hypothermia may attenuate the effects of 
cerebral ischemia by creating a favorable balance between 
oxygen supply and demand and by decreasing the cere-
bral metabolic rate of oxygen. Hypothermia not only 
reduces the metabolic rate but also delays the release of 
excitatory amino acids, neurotransmitters that play an 
important role in the process of neuronal death. Addi-
tionally, hypothermia reduces the permeability of brain 
arterioles and prevents blood-brain barrier dysfunction. 
Hypothermia may also interfere with the inflammatory 
response by suppressing the adhesion of polymorphonu-
clear leukocytes in the damaged region.
However, after performing a meta-analysis, Rees and 
colleagues concluded that no definitive evidence for a 
neuroprotective effect of hypothermia during routine 
CPB exists,198 although the studies examined in that 
analysis had some important limitations. For example, 
the timing of hypothermia may have limited its protec-
tive value. Hypothermia is always initiated after aortic 
cannulation and the onset of bypass, but macroemboli-
zation to the brain is unlikely during this period because 
the heart is excluded from the circulation by the aor-
tic cross-clamp. Instead, the periods of highest risk for 
microembolization and macroembolization are during 
and shortly after aortic manipulation, cross-clamping, 
and unclamping because aortic cannulation and cross-
clamping are performed near the start of CPB, when the 
brain is not yet cold. Similarly, the aortic cross-clamp is 
removed near the end of CPB, usually after the patient 
has been rewarmed.

In contrast, hyperthermia is known to be deleterious. 
Elevation of body temperature by as little as 2° C decreases 
cerebral tolerance to ischemia. Hyperthermia delays neu-
ronal metabolic recovery and increases excitotoxic neu-
rotransmitter release, oxygen free radical production, 
intracellular acidosis, and blood-brain barrier permeability, 
with subsequent multifocal breakdown at sites in the thala-
mus, hippocampus, and striatum (see Table 67-7). Hyper-
thermia also affects protein kinase activity and destabilizes 
the cytoskeleton. Clinically, fever and hyperthermia worsen 
the prognosis of hospitalized patients with stroke.199

In the 1990s, some centers began using normothermic 
cardioplegia to improve cardiac outcomes while avoid-
ing deliberate hypothermia. This practice of “warm heart 
surgery” was debated because of concern that the neuro-
protective effects of hypothermia would be lost. Subse-
quent studies produced inconsistent results with respect 
to the incidence of stroke and postoperative neurocogni-
tive decline. Such differences in neurologic outcome may 
have resulted from variations in the temperature man-
agement strategies used in different “warm heart surgery” 
studies; these variations ranged from allowing a down-
ward “drift” that resulted in actual mild hypothermia to 
active rewarming that may have led to inadvertent cere-
bral hyperthermia.200

TABLE 67-7 PROTECTIVE EFFECTS OF 
HYPOTHERMIA AND DELETERIOUS EFFECTS OF 
HYPERTHERMIA DURING CEREBRAL ISCHEMIA 

Hypothermia Hyperthermia

Favorable balance between 
oxygen supply and demand

Imbalance between oxygen 
supply and demand

↓ Excitotoxic neurotransmitter 
release

↑ Excitotoxic neurotransmitter 
release

↓ Blood-brain barrier 
permeability

↑ Blood-brain barrier 
permeability

↓ Inflammatory response ↑ Inflammatory response
↑ Free radical production
↑ Intracellular acidosis
Destabilized cytoskeleton

From Hindler K, Nussmeier NA: Central nervous system risk assessment. In 
Newman M, Fleisher L, Fink M, editors: Perioperative medicine: managing 
for outcome, Philadelphia, 2008, Saunders, pp 69-88.
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In patients undergoing CPB, cerebral hyperthermia 
during the rewarming period may aggravate any cerebral 
injury that has occurred. Aggressive rewarming was once 
commonly practiced to prevent the “afterdrop” in tem-
perature that usually occurs after CPB is discontinued, 
but this practice can cause cerebral hyperthermia at the 
exact moment when cerebral embolization is most likely. 
Therefore, rewarming should be gradual and should start 
early enough to achieve stability of the desired tempera-
ture before CPB is terminated.201

The surgeon should also be aware of the limitations 
of any temperature-monitoring site used during CPB. 
Brain parenchymal temperature cannot be measured 
directly during cardiac surgery; rather, it must be esti-
mated from tympanic, nasopharyngeal, esophageal, 
rectal, bladder, skin surface, pulmonary arterial, or 
jugular venous bulb temperature. However, concor-
dance between cerebral temperature and temperatures 
measured at most of these sites is poor.202,203 Jugular 
bulb temperature is generally considered to be the gold 
standard because the proximity of the jugular bulb to 
the carotid artery origins and the aortic cannula makes 
jugular bulb temperature more similar to brain tem-
perature than are temperatures measured at other com-
monly used sites.203,204 Temperatures measured at the 
nasopharyngeal, esophageal, bladder, rectal, or skin 
surface sites underestimate jugular bulb temperature 
during rewarming.202,203 Because monitoring jugular 
bulb temperature is not usually feasible, monitoring the 
temperature of the blood in the arterial line that exits 
the oxygenator 203 or in the PA202 may be the best way 
to estimate global brain temperature.

Hyperthermia that develops postoperatively may be 
just as hazardous as intraoperative hyperthermia. Tem-
peratures exceeding 38.5° C are common during the first 
48 hours after cardiac surgery and occur in nearly 40% 
of patients.205 This postoperative hyperthermia is known 
to be correlated with increased cognitive dysfunction 6 
weeks after cardiac surgery.206 Therefore, hyperthermia 
in the postoperative period should be treated with anti-
pyretics and, if necessary, active body surface cooling.

In summary, patients maintained on CPB should be 
rewarmed early and slowly. No monitored temperature 
should be allowed to exceed 36.5° C to 37.0° C. This 
practice prevents cerebral overheating.

Blood Gas Management
Temperature has a significant effect on the solubility of 
gases in solution. Specifically, in blood gas analysis, the 
carbon dioxide concentration (and consequently the 
pH) is profoundly altered by changes in temperature. As 
temperature decreases, the partial pressure of arterial car-
bon dioxide (PacO2) decreases as carbon dioxide becomes 
more soluble in plasma. Therefore, inducing hypother-
mia during CPB poses a dilemma in terms of how best 
to approach acid-base management at lower tempera-
tures (i.e., whether temperature-corrected or temperature-
uncorrected blood gas values should be used to manage 
the patient’s care). This question has been the basis for 
a decades-old debate: alpha-stat versus pH-stat blood gas 
management (Table 67-8).

alpha-stat hypothEsis. In aqueous systems, neutrality 
(pN) is said to occur when [H+] = [OH−]. The dissociation 
of water depends on temperature; therefore, the pH value 
at which pN occurs varies with the temperature. Acid-base 
comparative physiologic studies of animals whose blood 
temperature varies (i.e., ectotherms and poikilotherms) 
suggest that blood and intracellular pH values parallel 
the temperature-related changes seen in the neutrality 
of water.207 From these findings emerged the alpha-stat 
strategy, which endeavors to maintain intracellular elec-
trochemical neutrality across all temperatures.

Maintaining this neutrality requires an appropriate 
buffering system. It is thought that protein buffering is 
largely responsible for maintaining this temperature-
pH relationship. Specifically, the imidazole group of the 
amino acid histidine has a dissociation constant (pKa) 
value similar to that of blood. Therefore, if carbon diox-
ide stores are held constant during cooling, the ioniza-
tion state (termed alpha) will remain constant. This may 
be important because the ionization state affects both 
the structure and the function of proteins. Keeping the 
charge state constant (alpha-stat) by allowing blood pH to 
change with the neutrality of water is thought to be essen-
tial for maintaining the most physiologically beneficial 
TABLE 67-8 SUMMARY OF BLOOD GAS MANAGEMENT STRATEGIES

Strategy Goal Implementation Total CO2 Content Theoretic Benefits

Alpha-stat Achieve electrochemical 
neutrality by maintaining a 
constant OH−/H+ ratio

Use normal temperature-
uncorrected blood gas values

Constant Preserves enzyme 
function and cerebral 
autoregulation

pH-stat Maintain constant pH Use normal temperature-corrected 
blood gas values

Increases Produces more 
homogeneous brain 
cooling; decreases brain 
O2 consumption

Combination Maintain constant pH during 
cooling, then restore 
electrochemical neutrality 
before circulatory arrest

During the cooling phase, use 
temperature-corrected values, 
then switch to temperature-
uncorrected values before 
interrupting flow; use 
temperature-corrected values 
during the rewarming period

Initially increases during 
cooling, then returns 
to baseline

Produces homogeneous 
brain cooling, then 
restores neutrality; 
improves CMRO2

CMRO2, Cerebral metabolic rate of oxygen; CO2, carbon dioxide; O2, oxygen; OH−/H+, ratio of hydroxyl ion to hydrogen ion.
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structure and function of enzymes during hypothermia. 
Research suggests that when the alpha-stat strategy is 
used, cerebral autoregulation remains largely intact until 
deep hypothermic temperatures are reached.208

To manage acid-base balance during hypothermic 
CPB by using the alpha-stat approach, one must main-
tain temperature-uncorrected blood gas values. The term 
uncorrected is often confusing because it refers to the 
values that the blood gas machine typically reports with-
out being programmed to correct the values to the actual 
temperature of the patient. For example, blood drawn 
from a patient undergoing CPB at 18° C is measured in a 
blood gas machine, which anaerobically warms the sam-
ple to 37° C and reports values at normothermia. With 
alpha-stat management, one would strive for normal 
temperature-uncorrected results, which would theoreti-
cally maintain intracellular electrochemical neutrality.

ph-stat hypothEsis. An alternative strategy is the pH-stat 
approach to acid-base management. The pH-stat strategy 
endeavors to maintain a constant pH despite changes 
in temperature. Hibernating animals tend to follow this 
strategy. To counter the tendency of cooling blood to fol-
low the neutrality of the water curve and become more 
alkalotic as temperature decreases, these animals increase 
their blood carbon dioxide content and maintain normal 
pH at hypothermic body temperatures.

Carbon dioxide is a potent cerebral vasodilator; there-
fore, the increase in carbon dioxide content during pH-
stat management uncouples cerebral autoregulation; 
cerebral blood flow increases independent of cerebral 
metabolic demand. These effects are thought to be neu-
roprotective for infants maintained on CPB who may 
have aortopulmonary collateral vessels and also to pro-
mote deep homogeneous cooling of the brain before 
circulatory arrest.209 However, during rewarming, the 
higher cerebral blood flow that results from using pH-
stat management may increase the embolic load sent to 
the brain.

Using the pH-stat strategy with CPB involves manag-
ing blood gas parameters with temperature-corrected val-
ues by programming the blood gas machine to correct the 
values to the patient’s body temperature. During bypass, 
decreasing blood temperature increases the solubility of 
carbon dioxide and, consequently, results in decreased 
PacO2 values. Therefore, the perfusionist must either 
decrease the “sweep speed” of the air-oxygen mixture or, 
less commonly, add carbon dioxide to the oxygenator 
ventilation system to increase the carbon dioxide content 
and maintain a PacO2 of 40 mm Hg (and normal pH) as 
the temperature of the blood decreases. The extracorpo-
real circuitry must be equipped with an in-line blood gas 
analyzer so that PacO2 levels can be continually moni-
tored during CPB.

which stratEgy is BEst? In adult patients, several 
independent, prospective randomized trials have shown 
that using alpha-stat management during moderate 
hypothermia produces better neurologic outcomes than 
observed with pH-stat management. These and other data 
have led to an evidence-based recommendation (ACC/
AHA class I, level A) that alpha-stat management be used 
in adults undergoing moderate hypothermic CPB.200,210  
It is unclear which strategy is superior in adults when deep 
hypothermia is used with or without circulatory arrest.

In pediatric CPB, however, several human and animal 
studies suggest that pH-stat management may be more 
beneficial than alpha-stat management for infants. These 
studies showed that pH-stat management produced more 
homogeneous cooling, less oxygen consumption, and 
better cerebral metabolic recovery than did alpha-stat 
management. The clear trend in pediatric CPB is to use 
pH-stat alone or in combination with alpha-stat (i.e., to 
use pH-stat during cooling and alpha-stat during rewarm-
ing) when deep hypothermia is used.211

Inflammatory Response to 
Cardiopulmonary Bypass
Since the 1980s, much has been written about the rapid 
and profound inflammatory response that CPB elicits. Sur-
gical stress itself causes an inflammatory response, which 
CPB aggravates by subjecting the patient’s blood to con-
tact with foreign surfaces, ischemia and reperfusion, and 
gaseous and particulate microembolization, which initi-
ate and amplify multiple redundant and interconnected 
immune cascades. With the onset of CPB, the increased 
expression of initiator substances (including endotoxin, 
tumor necrosis factor [TNF], and nuclear factor κB, as well 
as anaphylatoxins and cytokines) stimulates effector cells 
(including polymorphonuclear neutrophils, platelets, 
and endothelial cells) to up-regulate adhesion molecules 
and release cytotoxic oxygen radicals and proteases. This 
response can produce tissue injury of varying degree in a 
variety of organ systems.

Numerous clinical approaches have been shown to 
reduce the inflammatory response measurably in cardiac 
surgical patients (Fig. 67-14). These approaches can be 
loosely grouped into three primary categories: modifica-
tion of surgical and perfusion techniques, modification of 
circuit components, and pharmacologic strategies.

Surgical
Aortic manipulations

Minimally invasive approach
Bank blood utilization

Duration of CPB

Technology
Roller/centrifugal

Open/closed circuits
Surface coatings
Selective filtration

Pharmacology
Steroids
Statins
Others

Perfusion
Ultrafiltration

Shed-blood management
Circuit prime volume

Beating-heart techniques

Inflammation
Initiators

Systemic cytokine signaling and complement system activation
Expression of cell adhesion molecules

Effectors
Margination of neutrophils, monocytes, and platelets

Release of granule proteases

Organ failure
Brain Lungs Kidney Heart

Figure 67-14. Brief review of the current understanding of the many 
variables that influence the inflammatory response in patients under-
going cardiopulmonary bypass (CPB).
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Modification of Surgical Techniques or 
Perfusion Techniques
Modification of surgical tEchniquE. The movement 
toward minimally invasive cardiac surgery is at least 
partly motivated by the goal of reducing inflammation in 
the patient. The term minimally invasive may refer to pro-
cedures that use modified surgical techniques, including 
miniature incisions with or without robotic assistance, 
and to procedures that use classic surgical approaches 
but that minimize or eliminate the use of CPB and thus 
exposure to the ECC (e.g., OPCAB). Although OPCAB 
does not eliminate the patient’s inflammatory response, 
it may produce less expression of inflammatory cytokines 
than does CABG with CPB.212 However, it may be that 
the OPCAB-related reduction in inflammation is minimal 
in the days after the surgical procedure.213 Moreover, any 
improvements in outcomes that may be attributable to 
the use of OPCAB instead of standard CABG are prob-
ably not exclusively caused by elimination of the ECC. 
Rather, minimizing or eliminating aortic manipulation, 
particularly in patients with severe atherosclerosis, may 
independently reduce the incidence of stroke.45

Modification of pErfusion tEchniquEs. Reasons for the 
lack of consensus on the exact contribution of CPB to the 
inflammatory process include the issue that perfusion 
practice is far from standardized.210 Various perfusion 
techniques and technologies have been shown to reduce 
inflammation, including shed-blood management,214 
ultrafiltration,215,216 temperature management,197 cir-
cuit miniaturization,217,218 and on-pump beating-heart 
techniques.219

Perfusion Technology
In addition to the ways in which perfusion technol-
ogy is used, the type of technology used may moderate 
the inflammatory response to CPB. No consensus exists 
regarding which arterial pump technology, roller pumps 
or centrifugal pumps, is less hemolytic. Some investigators 
have shown that using modified surface materials in the 
CPB circuit, such as heparin coatings, may reduce inflam-
mation.220-222 Additionally, selective filtration of leuko-
cytes with an in-line leukocyte filter has been proposed as 
a method for reducing the concentration of activated leu-
kocytes and inflammation. Warren and associates,223 in a 
review of 63 studies, concluded that leukocyte filtration 
may have some modest benefits, but definitive evidence 
of any improvement in inflammatory-mediated compli-
cations is insufficient. Additionally, hemoconcentrators 
may be able to remove inflammatory mediators from 
circulation through large-volume zero-balance ultrafiltra-
tion techniques,216 but little evidence exists of significant 
clinical improvements in the adult CPB population.

Pharmacologic Strategies
After decades of laboratory studies and clinical trials, a 
rigorously vetted pharmacologic approach to reducing 
inflammation in CPB-supported patients is still lack-
ing. The best-established drug, aprotinin, was removed 
from the market in 2007 because of concerns about an 
increased risk of acute kidney failure after administra-
tion.130 Thus, the clinician is left to select from a short list 
of drugs whose use is supported only by mixed mecha-
nistic results and insipid evidence of improved clinical 
outcomes.

Corticosteroids have been used in cardiac surgery for 
decades for their immunosuppressive and antiinflam-
matory effects. The results of meta-analyses of small 
randomized clinical trials of methylprednisolone or dexa-
methasone have yielded conflicting results.224,225 These 
drugs may reduce the incidence of atrial fibrillation, but 
they may also increase gastrointestinal bleeding, and 
they did not influence postoperative mortality or cardiac 
or pulmonary complications.224,225 The first large (4494 
patients) randomized controlled clinical trial of the use 
of routine corticosteroids during cardiac surgery in adults 
showed that high-dose (1 mg/kg) dexamethasone did 
not reduce the 30-day incidence of major adverse events 
(death, MI, stroke, renal failure, or respiratory failure).226

One meta-analysis of randomized controlled studies 
of the use of prophylactic preoperative statins to reduce 
inflammatory mediators concluded that evidence indi-
cates that statins reduce plasma concentrations of IL-6, 
IL-8, TNF-α, and CRP when doses of 20 to 80 mg/day are 
administered for 1 day to 3 weeks preoperatively.227 In a 
Cochrane Database review of 11 randomized controlled 
trials performed in patients undergoing on- or off-pump 
cardiac surgical procedures, pooled analysis showed that 
statin pretreatment before surgery reduced the incidence 
of postoperative atrial fibrillation and was associated with 
a shorter length of stay in the ICU but failed to influ-
ence mortality.228 Finally, a meta-analysis of 14 studies of 
ketamine, which may also have antiinflammatory effects, 
suggests that ketamine administration significantly 
reduces the IL-6 response to surgery.229

DEEP HYPOTHERMIC CIRCULATORY ARREST

DHCA involves reducing the patient’s core temperature 
to profoundly hypothermic levels (15° C to 22° C) before 
globally interrupting blood flow to the body, draining all 
the blood out of the patient, and collecting it in the ECC 
reservoir. In adults, this procedure is primarily used during 
surgical repair of the aorta, especially in cases of dissection 
or aneurysm involving the transverse arch.

Deliberate hypothermia with systemic cooling is the 
only reliable method of neuroprotection during complete 
global ischemia. Some clinicians also put ice bags on the 
patient’s head to augment or maintain cerebral cooling. 
Pharmacologic approaches to neuroprotection, such as 
administering steroids to reduce inflammation or barbi-
turates or propofol to induce burst suppression, are used 
in some centers, although evidence to support their effi-
cacy in the setting of complete global ischemia is scant. 
Furthermore, if the EEG is monitored, it is important to 
induce EEG isoelectricity with hypothermia before com-
mencing the period of circulatory arrest rather than rely-
ing on supplemental barbiturates or propofol to provide 
neuroprotection.230

The equipment and circuitry of the heart and lung 
machine used for DHCA procedures are not generally 
different from those used for standard CPB procedures. 
Blood gas management during cooling and rewarming 
for DHCA procedures typically follows the alpha-stat 
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management scheme in adult patients and the pH-stat 
management scheme in pediatric patients (see the ear-
lier section on blood gas management). Systemic cool-
ing is begun when CPB is initiated and is continued until 
the temperature of the patient is low enough to provide 
adequate protection for the anticipated duration of circu-
latory arrest. When deciding what temperature is “ade-
quate,” one must give top priority to protecting the brain. 
Because no clinically feasible method for measuring brain 
temperature is available, surrogate temperatures must be 
used to estimate core temperature (see the earlier section 
on temperature). A time lag exists between the time that 
arterial blood reaches a target temperature and the time 
that the brain’s parenchymal tissue equilibrates with the 
blood temperature. Consequently, when aggressive cool-
ing is used, arterial blood temperature underestimates 
brain temperature. For an average-sized adult, cold arte-
rial perfusion at full CO flow should be continued for 
20 to 30 minutes after the “goal” arterial blood tempera-
ture is reached to ensure that the brain has had sufficient 
time to cool. For an anticipated circulatory arrest period 
of 30 to 40 minutes, a temperature of 18° C to 20° C is 
probably adequate; however, slightly warmer tempera-
tures may be acceptable if a shorter period of arrest is used 
or if cerebral perfusion is maintained.231 It is also good 
practice to monitor temperatures at multiple sites on the 
patient, in addition to blood temperature, to observe the 
relative change over time during cooling and rewarming. 
Furthermore, the EEG provides a good pharmacodynamic 
endpoint for the cerebral effects of cooling; hypothermia-
induced EEG isoelectricity should be present before elec-
tive circulatory arrest commences.231

As the patient cools, the viscosity of blood will increase. 
At a temperature of 18° C, the viscosity of blood with a 
hematocrit of 30% to 35% increases to three to four times 
its normal level. Cardiac surgical textbooks suggest that 
hemodilution is important in minimizing any microcir-
culatory disturbances that may occur because of increased 
blood viscosity. Consequently, some clinicians may target 
a hematocrit value that is appropriate to the patient’s 
temperature during DHCA, approximately 18% to 20%. 
However, the results of a study performed in piglets by 
Duebener and colleagues suggested that a hematocrit of 
30% is preferable if DHCA is used.232

When the patient has reached an appropriate core 
temperature as determined by temperatures measured at 
multiple sites and after adequate time for equilibration, 
the arterial blood flow from the pump is stopped, and the 
patient’s blood is drained into the ECC reservoir. During 
the period of circulatory arrest, the blood in the ECC res-
ervoir should be recirculated to prevent stasis and main-
tain the desired temperature. Gas flow to the oxygenator 
should be discontinued to prevent profound hypocap-
nia. Reperfusion should be initiated with cold blood. An 
initial period (5 to 10 minutes) of cold reperfusion may 
enhance cerebral protection by removing accumulated 
metabolic products from the cerebral capillary beds while 
maintaining a low cerebral metabolic rate of oxygen.

The risk of neurologic injury after cardiac surgery 
involving DHCA extends into the postoperative period 
because cerebral vascular resistance is increased and cere-
bral blood flow is decreased for several hours after the 
procedure. In addition, hyperthermia, possibly secondary 
to a systemic inflammatory response, is common in the 
postoperative period and should be treated aggressively.

In an effort to reduce the period of cerebral ischemia 
during circulatory arrest, selective cerebral perfusion tech-
niques have been developed. Selective antegrade cerebral 
perfusion can be accomplished by directly cannulating 
the left common carotid artery,233 or perfusion can eas-
ily be delivered through the right common carotid artery 
when the aortic cannulation approach for CPB involves 
cannulating the axillary or innominate artery.234 Axillary 
cannulation facilitates the delivery of arterial blood from 
the ECC to the entire circulatory system during cooling 
and rewarming or, with the addition of a clamp to the 
proximal innominate artery, selectively into the right 
common carotid and radial arteries. Because of the prox-
imity of the arterial cannula to the right radial artery, 
arterial blood pressure monitored in the right radial 
artery may be significantly higher than pressure moni-
tored in the left radial or femoral artery. Consequently, 
right radial arterial pressure should not be used to control 
perfusion during cooling and rewarming. During deliv-
ery of selective antegrade cerebral perfusion, cold arterial 
blood from the extracorporeal circuit should be delivered 
to maintain the cerebral blood pressure between 30 and 
60 mm Hg. The perfusion flow rates necessary to achieve 
this pressure vary depending on the site or sites of arte-
rial cannulation. Direct cannulation of only the left 
common carotid artery requires the least flow, whereas 
cannulation of multiple head vessels or of the axillary 
artery (which perfuses the right common carotid, right 
internal thoracic artery, and right arm) requires higher 
flow rates. Subsequently, flow rates of 150 to 1500 mL/
minute have been reported. Selective retrograde cerebral 
perfusion is delivered through a snared cannula intro-
duced into the right atrium and advanced into the SVC; 
this type of perfusion can be initiated after the patient’s 
systemic perfusion is discontinued. Cold oxygenated 
blood from the ECC can be administered at a flow rate 
(≈5 mL/kg/minute) high enough to maintain SVC pres-
sure between 35 and 40 mm Hg.235 Although some debate 
remains about whether selective cerebral perfusion of any 
kind is necessary to achieve optimal neurologic outcome 
after DHCA procedures,236 investigators generally agree 
that antegrade cerebral perfusion, when used properly, is 
superior to retrograde perfusion.237,238

LEFT HEART BYPASS

If a descending aortic aneurysm or aortic dissection is 
to be surgically replaced with a tube graft, blood flow 
through the patient’s thoracic aorta must be interrupted. 
The application of vascular clamps to this major vessel 
acutely increases the afterload of the heart and produces 
global ischemia in all parts of the body distal to the 
clamp. Patients with compromised cardiac function or 
those undergoing a surgical procedure in which the dura-
tion of ischemia will be unacceptably long require some 
method of circulatory support. Temporary interposition 
of a shunt (e.g., a Gott shunt) around the area of repair 
is the simplest approach, but it does not offer the level of 
support that can be achieved with LHB or CPB.
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For these procedures, the approach is usually through 
a left thoracotomy incision, which provides excellent 
access to the left atrium. The simplest approach to LHB 
is to withdraw blood from the left atrium with a cen-
trifugal pump and return the blood to the patient’s 
femoral artery. This simple LHB circuit gives the clini-
cian excellent control of blood flow distal to the clamps 
and therefore the ability to manipulate the afterload 
against which the heart must work. However, the com-
plexity of some surgical procedures requires that full 
CPB be used.

Surgical complications are not uncommon in these 
patients and include hypoxia, hypothermia, and exsan-
guination. A double-lumen endotracheal tube or bron-
chial blocker is often used to isolate the left lung from 
the right. After left thoracotomy and exposure of the 
aneurysm, ventilation of the left lung is discontinued. 
Patients with preexisting lung dysfunction or traumatic 
lung injury associated with aortic dissection may have 
difficulty maintaining oxygenation with a single lung. 
Because of the large surgical exposure required and the 
sometimes extended duration of the procedure, it is not 
unusual for the patient to become hypothermic. Further-
more, these procedures carry an elevated risk of blood 
loss and the consequent need for rapid replacement of 
fluids and blood products. It is often advisable to use 
complete LHB to reduce these risks.

Figure 67-15 illustrates the simple-circuit and com-
plete-circuit approaches to LHB. The major difference 
between a complete LHB circuit and the standard CPB 
circuit is the position of the reservoir in the circuit and 
the position of the venous cannula in the patient. In a 
complete LHB circuit, the reservoir does not receive the 
blood returning from the patient as in the CPB circuit. 
With the reservoir out of the pathway of the blood, the 
effective surface area of the ECC is reduced; this reduction 
attenuates contact activation of the blood and minimizes 
the need for high-dose heparinization.

In both circuits, the management goal is the same—
to keep arterial blood pressure higher than 60 mm 
Hg both proximal and distal to the aortic cross-clamp 
throughout the procedure. However, the complete 
LHB circuit gives the clinician the ability to manage 
hypoxia, hypothermia, and blood loss. The addition of 
an oxygenator to the circuit makes it possible to aug-
ment the patient’s ventilation and oxygenation. The 
heat exchanger is used to maintain normothermia. 
The reservoir facilitates the addition of large volumes 
of fluid or blood products in the event of hemorrhage, 
hypovolemia, or both.
A

Reservoir

Oxygenator

Heat
exchanger

Pump

B
Figure 67-15. Left heart bypass (LHB) diagram. A, Simple LHB (left atrium, cone, and femoral artery). B, Complex LHB (including an  oxygenator, 
heat exchanger, and reservoir for fluid administration).
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CARDIOPULMONARY SUPPORT AND 
EXTRACORPOREAL MEMBRANE 
OXYGENATION CIRCUITS

For all practical purposes, no difference exists between 
a CPS circuit and an ECMO circuit. Both consist of a 
CPB circuit without a reservoir, an arterial line filter, or 
any of the ancillary pumps that are used during cardiac 
surgery (i.e., pump suction, vent, and cardioplegia). 
Because the reservoir is removed from the circuit, these 
systems are considered closed. Closed circuits have a 
static internal volume and cannot unload the patient’s 
vascular system.

The removal of the reservoir and filters from the circuit 
has advantages and disadvantages. The chief advantage is 
that the surface area of the circuit is significantly reduced, 
which facilitates a reduced anticoagulation regimen with 
an initial heparin dose of 75 to 150 units/kg and a con-
tinuous infusion of heparin at 25 to 75 units/kg/hour to 
maintain ACTs of 180 to 250 seconds. The chief disadvan-
tage is that the closed circuits are less able to trap emboli. 
Special precautions should be taken when connecting a 
closed ECC to the patient’s cannulas, injecting fluids and 
medications into the circuit, or sampling from the venous 
line. Additionally, because of the reduced anticoagulation 
regimen, blood stasis in the circuit should be avoided, 
and periods of low flow should be minimized.

In intensive care settings, ECMO or CPS is used to 
support the heart, lungs, or both for days or weeks. The 
newer generation of centrifugal pumps and hollow-fiber 
oxygenators perform acceptably well during these long-
term applications and are becoming more commonly 
used in desperate situations (Fig. 67-16).

SPECIFIC CARDIOVASCULAR  
DISEASE STATES

CORONARY ARTERY DISEASE

Pathophysiology of Coronary Disease
coronary anatoMy. Understanding the coronary anat-
omy is important to understand the pathophysiology 
of CAD and the anesthetic care of patients undergoing 
myocardial revascularization. Two main coronary arter-
ies take off from the aorta and supply the myocardium: 
the left main coronary artery (LMCA) and the RCA. 
The LMCA subsequently divides into the left anterior 
descending (LAD) coronary artery and the left circumflex 
artery (LCx). The LAD courses down the interventricular 
Oxygenator

Heat
Exchanger

Pump

Closed
reservoir

A

Oxygenator

Heat
exchanger

Centrifugal
pumpB

Figure 67-16. A, Patient cannulated through the internal jugular vein and femoral artery, with a traditional extracorporeal membrane oxygen-
ation circuit. B, Patient cannulated through the femoral vein and femoral artery, with a simple cardiopulmonary support circuit.
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groove and gives rise to the diagonal and septal branches. 
The diagonal branches of the LAD supply the anterolat-
eral aspect of the heart. The septal branches supply the 
interventricular septum, as well as the bundle branches 
and the Purkinje system. The LAD itself terminates at the 
apex of the left ventricle. The other branch of the LMCA, 
the LCx, courses along the left AV groove and gives rise 
to one to three obtuse marginal branches that supply the 
lateral wall of the left ventricle. In 45% of patients, the 
sinus node arterial supply arises from the LCx. In 15% of 
patients, the LCx gives rise to the posterior descending 
artery, which supplies the posterior inferior aspect of the 
left ventricle (“left-dominant” system).

The RCA traverses the right AV groove and supplies the 
right anterior wall of the right ventricle through its acute 
marginal branches. In 85% of the population, the RCA 
gives rise to the posterior descending artery supplying 
the posterior inferior aspect of the left ventricle (“right-
dominant” system). The AV node arterial branch arises 
from the dominant artery to supply the node, the bundle 
of His, and the proximal part of the bundle branches. In 
addition, in 55% of the population, the sinus node arte-
rial supply arises from the RCA.

dEtErMinants of Myocardial oxygEn supply and 
dEMand. The balance of oxygen supply versus demand 
is somewhat complex (Figs. 67-17 and 67-18). Oxygen 

• O2 content of arterial blood
• Coronary blood flow

• Contractile state
• Afterload
• Preload
• Heart rate

O2 supply

O2 demands

Myocardial O2 balance

Figure 67-17. Factors determining myocardial oxygen (O2) sup-
ply and demand. (From Mittnacht AJC, Weiner M, London MJ, Kaplan 
JA: Anesthesia for myocardial revascularization. In Kaplan JA, Reich DL, 
 Savino JS, editors: Kaplan’s cardiac anesthesia: the echo era, ed 6, St. 
Louis, 2011, Saunders, p 524.)
supply is determined by the oxygen content of arterial 
blood and by coronary blood flow. Extraction of oxy-
gen from arterial blood is maximal at rest. As demand 
increases (with exercise or hemodynamic stress), the oxy-
gen supply to the myocardium must also increase.

Determinants of blood flow in normal coronary arter-
ies include the pressure differential across the coronary 
bed (i.e., the coronary perfusion pressure) and coronary 
vascular resistance. The coronary perfusion pressure for 
the left ventricle is the aortic blood pressure during dias-
tole minus the LV end-diastolic pressure (LVEDP); thus, 
elevations in LVEDP impede subendocardial blood flow. 
Because coronary stenosis causes vessels to dilate maxi-
mally distal to the stenosis, manipulating coronary per-
fusion pressure is an important means of controlling 
coronary blood flow (and preventing or treating myo-
cardial ischemia). However, because the determinants of 
myocardial oxygen balance interact in a complex man-
ner, altering any one of them can have multiple effects. 
For example, a rise in blood pressure increases coronary 
blood flow but also increases afterload, thereby elevating 
wall tension and oxygen demand.

The duration of diastole is another important factor 
affecting oxygen supply to the myocardium because 70% 
to 80% of coronary arterial blood flow occurs during the 
diastolic phase of the cardiac cycle. During the systolic 
phase, cardiac contraction increases intraventricular 
cavitary pressure and coronary vascular resistance, thus 
impeding myocardial perfusion. The total time per min-
ute spent in diastole is a function of the heart rate, but a 
nonlinear relationship exists between heart rate and the 
duration of diastole (Fig. 67-19). This is a major reason for 
the use of β-blockers as antiischemic drugs, both for long-
term therapy and for preventing even small increases in 
heart rate during the perioperative period.

The oxygen content of blood depends on hemoglobin-
bound oxygen and, to a lesser extent, dissolved oxygen. 
Although a high hemoglobin level gives the blood high 
oxygen-carrying capacity, the minimum level of hemo-
globin necessary to avoid ischemia has not been well 
defined in clinical studies. Factors that affect this limit 
include the severity of CAD, the heart rate, perfusion 
pressure, and myocardial wall thickness and tension. 
↓ O2 supply

↓ Arterial O2 content↓ Coronary blood flow
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Figure 67-18. Summary of factors that affect myocardial oxygen supply and demand. LV, Left ventricular. (From Green MS, Okum GS, Horrow JC:  
Anesthetic management of myocardial revascularization. In Hensley FA, Martin DE, Gravlee GP, editors: A practical approach to cardiac anesthesia, 
ed 5, Philadelphia, 2013, Lippincott Williams & Wilkins, pp. 319-358; modified from Crystal GJ: Cardiovascular physiology. In Miller RD, editor: Atlas of 
anesthesia, vol 8, Cardiothoracic anesthesia, Philadelphia, 1999, Churchill Livingstone, p 1:1.)
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Furthermore, delivery of oxygen to myocardial tissue also 
depends on a high partial pressure of oxygen (PO2), and 
actual release of oxygen from hemoglobin occurs accord-
ing to the oxyhemoglobin dissociation curve. A leftward 
shift of this curve caused by alkalosis, hypothermia, or 
low levels of 2,3-diphosphoglycerate decreases the release 
of oxygen.

In patients undergoing myocardial revasculariza-
tion, reductions in myocardial oxygen supply may occur 
because of hypotension, tachycardia, anemia, or coronary 
vasoconstriction, as well as increases in demand second-
ary to tachycardia or increased afterload. Although myo-
cardial ischemia is certainly possible without any changes 
in systemic hemodynamics, vigilant monitoring for 
imbalances in myocardial oxygen supply versus demand, 
as well as monitoring for the development of ischemia, is 
necessary throughout the perioperative period. Myocar-
dial ischemia may be detected by ECG monitoring and 
ST-segment analysis, as well as by TEE monitoring for the 
development of regional wall motion abnormalities.

On-Pump Coronary Artery Bypass  
Grafting Surgery
prEopEratiVE EValuation. Typically, patients undergoing 
CABG have had extensive preoperative assessment of their 
cardiac disease (see Chapter 38). Coronary artery anatomy 
should be noted, particularly a high-grade lesion in the 
LMCA or proximal LAD coronary artery or triple-vessel 
disease. Ventricular function, assessed by angiography 
or echocardiography, is usually recorded as an estimated 
EF. Other cardiac disease discovered in the preoperative 
workup should be noted and understood, including val-
vular abnormalities such as concurrent MR, aortic steno-
sis (AS), aortic insufficiency, atrial septal defect (ASD) or 
ventricular septal defect (VSD), or ventricular aneurysm. 
The anesthesiologist should be aware of any abnormal 
cardiac rhythm on the ECG or noted in the history, such 
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Figure 67-19. Total time spent in diastole each minute plotted as a 
function of heart rate in beats per minute. The reduction in diastolic 
interval leads to diminished left ventricular blood flow as heart rate 
increases. (From Green MS, Okum GS, Horrow JC: Anesthetic management 
of myocardial revascularization. In Hensley FA, Martin DE, Gravlee GP,  
editors: A practical approach to cardiac anesthesia, ed 5, Philadelphia, 
2013, Lippincott Williams & Wilkins, pp 298.)
as atrial fibrillation or other supraventricular tachycardia 
(which may lead to hemodynamic instability or increase 
the patient’s risk of an embolic neurologic complica-
tion), left bundle branch block or a prolonged PR interval 
(which may progress to a more advanced heart block), or 
complete heart block, which may be underlying a paced 
rhythm. Antiarrhythmic therapy, with either pharmaco-
logic drugs or devices such as a pacemaker or automated 
implantable cardioverter-defibrillator (ICD), should be 
noted.

Various models for assessing overall risk have been 
developed that include certain factors associated with 
increased risk: poor LV function (history of CHF or LVEF 
<30%), advanced age, obesity, emergency surgery, com-
bined procedures (e.g., valve repair or replacement com-
bined with CABG), prior cardiac surgery, and history of 
diabetes or renal failure (Table 67-9).239,240 The ACC/AHA 
2004 Guideline Update for Coronary Artery Bypass Graft 
Surgery recommends using a published model to assess 
patients’ risk for mortality, morbidity, and length of hos-
pital stay, but only as a level IIa recommendation (level 
of evidence C).241

prEMEdication. In the current era, cardiac surgical 
patients often have same-day admissions. Frequently, 
the only premedication they receive is midazolam on the 
morning of the surgical procedure, to allay anxiety. How-
ever, small additional doses of midazolam, fentanyl, or 
both may be administered during line placement (please 
see the section on induction of anesthesia and the pre-
bypass period); this may be particularly important in 
patients with CAD, to minimize undesirable sympathetic 
stimulation that could cause tachycardia and hyperten-
sion. However, administration of these drugs should be 
incremental and judicious in patients with low CO or sig-
nificant pulmonary hypertension.

No single anesthetic agent or combination of anesthetic 
drugs is suitable for anesthetic induction and maintenance 
in every patient undergoing CABG surgery. Induction of 
anesthesia for coronary revascularization is often achieved 
by administering a benzodiazepine (typically midazolam) 
in combination with a narcotic, usually fentanyl, and a 
muscle relaxant.240 However, either etomidate or propo-
fol in combination with a narcotic has frequently been 
used. The goal is to avoid wide swings in hemodynam-
ics with induction and with subsequent intubation. Typi-
cally, volatile agents are used throughout the prebypass, 
bypass, and postbypass periods to limit the total fentanyl 
dose to 10 to 15 μg/kg. In addition, the volatile anesthetics 
have several cardioprotective effects, including triggering 
the preconditioning cascade and mitigating reperfusion 
injury.162 Additional midazolam may be given to ensure 
that intraoperative awareness is avoided.

One factor in the choice of specific anesthetic agents 
and doses is the patient’s preexisting LV function. 
Patients with normal LV function can have a significant 
sympathetic response to surgical stimulation that results 
in hypertension and tachycardia. Use of β-blockers, addi-
tional propofol, higher doses of a volatile anesthetic 
agent, or vasodilators may be warranted if this situation 
develops. Conversely, in patients with poor LV function, 
hypotension may develop with the administration of 
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TABLE 67-9 RISK FACTORS USED IN VARIOUS RISK-STRATIFICATION SCHEMAS FOR CORONARY ARTERY 
BYPASS GRAFT SURGERY 

Montreal Cleveland Newark New York Northern New England Society of Thoracic Surgery

Emergency + + + + + +
Poor LV function or 

congestive heart failure
+ + + + + +

Redo operation + + + + + +
Gender or small size – + + + + +
Valve disease – + + + – –
Advanced age + + + + + +
Renal disease – + + + + –
Obesity + – + – – –

Modified from Green MS, Okum GS, Horrow JC: Anesthetic management of myocardial revascularization. In Hensley FA, Martin DE, Gravlee GP, editors:  
A practical approach to cardiac anesthesia, ed 5. Philadelphia, 2013, Lippincott Williams & Wilkins, pp 293-318.

LV, Left ventricular.
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nesthetic agents because of a reduction in CO or vasodi-
ation, or both. Such patients may require vasopressor or 
notropic pharmacologic support, or both.

Another factor in the choice of anesthetic agent is 
he possibility of early extubation within 4 to 6 hours of 
rrival in the ICU (so-called fast tracking). Patients who 
ave good preexisting cardiac function and who will be 
ndergoing CABG as an isolated procedure are usually 
andidates for fast tracking. This strategy necessitates 
he use of agents in dosages that would not keep the 
atient sedated or render the patient unable to ventilate 
dequately for a prolonged period. Early extubation may 
ot be appropriate in patients with poor cardiac function, 
evere pulmonary disease, or obesity or in those undergo-
ng emergency procedures, CABG combined with other 
rocedures, or redo operations.

onitoring. Monitoring for patients scheduled to 
ndergo coronary revascularization surgery has evolved 
ince the 1960s, in an effort to detect intraoperative isch-
mia. The standard American Society of Anesthesiolo-
ists (ASA) monitors and invasive arterial blood pressure 
onitoring (with noninvasive blood pressure backup) are 

lways used. Typically, both leads II and V5 are used for 
ontinuous monitoring, as well as automated ST-segment 
nalysis to improve the chances of detecting ischemia.242

PA catheters are used less commonly now than in the 
ast because several studies have shown that using such 
atheters does not improve outcome.243 In fact, the risks 
nherent in the use of these catheters may actually exceed 
he benefits.26 Certainly, the absolute PAP is not diag-
ostic of ischemia, although waveform changes may be 
ore predictive. For example, the appearance of a new V 
ave on the PCWP tracing indicates ischemic papillary 
uscle dysfunction. In addition, specialized PA catheters 

llow derivation of several indices of cardiac function, 
ncluding CO, cardiac index, and SvO2. Furthermore, 
ome clinicians believe that the PA catheter is useful in 
he postoperative period when TEE is not available for 
ontinuous monitoring of the patient.

Regional wall motion abnormalities detected by TEE are 
ore sensitive to ischemia than ECG changes or PA cath-

ter waveform and pressure changes.242 TEE can be used 
o interrogate regions of the heart representative of all 
hree major coronary arteries simultaneously. This tech-
ology is commonly used throughout revascularization 
procedures to assess regional wall motion by qualitative 
inspection of radial shortening and wall thickening, and 
it is particularly useful after revascularization. In addi-
tion, TEE is used to assess ventricular preload and con-
tractility, diagnose any valvular abnormalities, evaluate 
calcific and atherosclerotic lesions at the aortic cannula-
tion sites, and detect LV thrombus and uncommon con-
genital abnormalities (e.g., ASD or VSD, persistent left 
SVC). See Chapter 46 for details on the perioperative use 
of TEE.

surgical considErations. Conventional (on-pump) 
CABG is the most commonly performed procedure in car-
diac surgery. A full median sternotomy performed with a 
sternal saw is standard. Ventilation of the lungs is halted 
briefly during sawing of the sternum to avoid a pleural 
tear. An oscillating saw may be used in patients with a 
previous sternotomy (redo). The risks posed by redo ster-
notomy include perforation of the right ventricle, dam-
age to existing vein grafts, and ventricular fibrillation 
from the transmission of electrocautery energy through 
preexisting sternal wires. Therefore, PRBCs (2 units) 
should be immediately available, and external defibril-
lation pads should be positioned before preparation and 
draping. Furthermore, surgical manipulation of previous 
vein grafts may result in embolization of atheroma and 
resultant ischemia. If a complication does occur during 
sternotomy or exposure of the heart and cannulation 
sites, emergency bypass may be established by cannulat-
ing a femoral artery and vein.

If an IMA is to be used, the surgical table is elevated 
and often rotated somewhat to the left to facilitate surgi-
cal comfort in performing the dissection. Tidal volumes 
are also reduced to facilitate exposure. Heparin adminis-
tration usually occurs before the IMA pedicle is clamped, 
and papaverine may be injected into this vessel. The pre-
bypass period for on-pump CABG may be relatively short 
(<1 hour) or may require several hours for dissection of 
the left IMA, right IMA, radial arteries, or any combina-
tion of these vessels. In addition, for most CABG proce-
dures, adequate venous conduits must be harvested, and 
endoscopic saphenectomy is now common.

Before aortic cannulation, TEE or epiaortic echocar-
diography, or both, provides critical information regard-
ing the presence and precise location of calcification or 
mobile atheromas in the aortic arch. The surgeon may 
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request TEE guidance for placement of the retrograde 
catheter into the coronary sinus; furthermore, if a per-
sistent left SVC is diagnosed, this abnormality may ren-
der retrograde cardioplegia problematic.240 After CPB is 
initiated, TEE may also be used to ensure correct place-
ment of the LV vent, as well as to verify the absence of 
LV thrombus in patients with a recent anterior wall MI or 
aneurysm.

Surgical and technical complications of CABG surgery 
that manifest as ischemia include (1) poor-quality proxi-
mal or distal anastomoses of the grafts, (2) inadvertent 
incision of the coronary back wall leading to coronary 
dissection, (3) suturing of the coronary artery closed, (4) 
inadequate vein graft length resulting in stretching of 
the vein when the heart is filled, (5) excessive vein graft 
length leading to kinking of the vein, and (6) vein graft 
thrombosis.239 CPB may need to be reinstituted to correct 
surgical causes of ischemia after revascularization. Hepa-
rin should be immediately available if emergency reinsti-
tution of CPB becomes necessary.

After bypass, other causes of ischemia include (1) 
incomplete revascularization resulting from ungraftable 
vessels or diffuse distal disease, (2) coronary emboliza-
tion of air or atheromatous debris, (3) coronary spasm, 
(4) mechanical factors such as vein graft stretching or 
occlusion of IMA flow secondary to overinflation of the 
lungs, and (5) thrombus formation.239 The treatment of 
ischemia includes administering various drugs: nitro-
glycerin or vasopressors when SVR is either high or low; 
nitroglycerin, a calcium channel blocker (diltiazem, nife-
dipine, or nicardipine), or both to treat coronary spasm; a 
vasoconstrictor (usually phenylephrine) to “push” intra-
coronary air through the vasculature when air embolism 
is suspected; a β-blocker (usually esmolol) to treat tachy-
cardia; and one or more inotropic agents to increase CO 
if necessary. In addition, AV sequential pacing may be 
used to improve rate, rhythm, and hemodynamic stabil-
ity when appropriate. At times, mechanical support with 
intraaortic balloon counterpulsation or an LV and/or RV 
assist device (LAVD or RVAD) may become necessary. 
Residual effects of cardioplegia, a ventricular aneurysm, 
or pericarditis may cause ST-segment elevation without 
actual ischemia.

Off-Pump Coronary Artery Bypass Surgery, 
Minimally Invasive Coronary Artery 
Bypass Surgery, and Hybrid Coronary 
Revascularization
off-puMp coronary artEry Bypass surgEry. Awareness 
of the deleterious effects of CPB has driven advocacy for 
alternative myocardial revascularization techniques, par-
ticularly OPCAB surgery. Proponents of OPCAB cite the 
low morbidity and mortality of patients who undergo 
this procedure, as well as faster recovery and reduced 
procedural costs. Data from the STS suggest that approxi-
mately 22% of coronary revascularization procedures are 
being performed off pump.244

The midline sternotomy is the traditional approach 
used for OPCAB procedures. Potential sources of bypass 
grafts include the right and left mammary arteries, the 
saphenous veins, and the radial arteries. The pericardium 
is incised, reflected, and secured to the edges of the medi-
astinum. Special sternal retractors allow the placement 
of adjustable and flexible fixation devices that work by 
direct surface pressure on the myocardium, by suction, or 
by both methods. These devices stabilize the target vessel 
and allow the surgeon to “verticalize” the cardiac apex 
out of the pericardial well to access the posteriorly and 
laterally located vessels (Fig. 67-20). Dosing of heparin 
for OPCAB cases is institution specific; both full-dose and 
low-dose regimens are currently in use.

When the target vessel and surrounding myocardium 
are stabilized, an elastic ligature is placed circumferen-
tially around the coronary artery to minimize bleeding as 
an arteriotomy is performed. Surgical visualization is also 
optimized by the application of a blower or mister, held 
by a surgical assistant, that releases sterile irrigation fluid 
aerosolized in carbon dioxide gas. Under these conditions, 
one or more distal coronary anastomoses are performed. 
The proximal connections of saphenous vein grafts or free 
arterial conduits are anastomosed directly to the aorta 
with a side-biting clamp. Alternatively, an indirect proxi-
mal connection is made by creating a T-graft (end-to-side 
anastomosis) to a mammary artery that is still connected 
to a vascular pedicle on the subclavian artery.

Surgical considerations include (1) obtaining adequate 
exposure of the anastomosis site, (2) restraining cardiac 

Figure 67-20. Image depicting the first obtuse marginal (OM1) 
anastomosis during off-pump coronary artery bypass grafting with a 
saphenous vein graft. The view is from the head of the patient. The 
previously completed left internal mammary artery–to–left anterior 
descending coronary artery anastomosis is seen. The Maquet access 
device (MAQUET, Wayne, NJ) uses suction to position the heart (ver-
ticalization) for easy access to the circumflex coronary artery system. 
(Courtesy Alexander Mittnacht, MD, Mount Sinai School of Medicine, 
New York; From Mittnacht AJC, Weiner M, London MJ, Kaplan JA: Anes-
thesia for myocardial revascularization. In Kaplan JA, Reich DL,  Savino JS, 
editors: Kaplan’s cardiac anesthesia: the echo era, ed 6, St. Louis, 2011, 
Saunders, p 524.)
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motion during anastomosis, and (3) preserving myocar-
dium during coronary flow interruption.245 To achieve 
the first two goals, the surgeon must use maneuvers that 
may significantly compromise hemodynamics by several 
mechanisms, including impairment of biventricular fill-
ing, particularly in the thin-walled, easily compressed 
right ventricle. In addition, altered ventricular filling can 
result from verticalization of the cardiac ventricular apex 
(which may kink or partially obstruct venous return) (see 
Fig. 67-20). Furthermore, myocardial ischemia occurs in 
native coronary arteries and is exacerbated by temporary 
elastic suture ligation of a target vessel.246 Ischemia of dis-
tal myocardial segments can occur during anastomosis of 
bypass grafts, and the degree of functional deterioration 
depends on the severity of the stenosis and the extent of 
collateralization.245

Therefore, the anesthesiologist must take measures to 
prevent severe hypotension to minimize the reduction 
in coronary perfusion caused by these hemodynamic 
changes and intraoperative myocardial ischemia. Typi-
cally, intravascular volume loading (either crystalloid 
or colloid) and a head-down position of the patient are 
used, and it is also common to administer a vasocon-
strictor drug (either phenylephrine or norepinephrine). 
When increased mitral insufficiency further exacerbates 
the hemodynamic changes, repositioning the heart is a 
simple maneuver that may increase ventricular filling and 
normalize ventriculoannular geometry.

Monitoring of the patient includes a five-lead ECG and 
an invasive arterial pressure catheter. PAP and CO mea-
surements or continuous pulse contour CO can be con-
sidered.245 TEE is beneficial, but views are limited during 
certain portions of the surgical procedure; verticalization 
of the heart and the application of external compression 
footplates cause suboptimal imaging. The midesophageal 
imaging view, rather than the transgastric view, may be 
best for continuous TEE monitoring while distal coronary 
anastomoses are performed.

Persistent or worsening ECG change or impending car-
diovascular collapse warrants quick action on the part of 
the anesthesiologist and surgeon. One option is to have a 
low threshold for the insertion of small, flexible intracoro-
nary stents into the open coronary anastomosis to allow 
some distal segment flow. Instituting full or partial CPB 
and placing an IABP are other therapeutic options. Emer-
gency conversion from OPCAB to CABG with CPB, which 
occurs in approximately 3% of these cases,247,248 is not an 
innocuous event. Such unplanned conversions are report-
edly associated with an elevated risk of death, stroke, renal 
failure, wound infections, and respiratory failure.

The short-term outcomes and long-term efficacy of 
OPCAB surgery continue to be investigated and debated 
in the literature. Meta-analyses have noted no significant 
differences in 30-day mortality.249,250 In the largest mul-
ticenter randomized trial to compare on-pump CABG 
with OPCAB, no difference was seen in 30-day mortality 
or the composite outcome of death and complications.251 
In contrast, very large observational analyses do sug-
gest a mortality benefit. Hannan and associates found a 
mortality benefit in 49,830 patients from the New York 
State registry by using a risk-adjusted analysis (i.e., Cox 
proportional hazard models and propensity analysis).252 
However, the need for repeat revascularization was 
greater among OPCAB patients (93.6%) than CABG 
patients (89.9%).252 Several large retrospective reviews of 
traditional CABG versus OPCAB procedures have found a 
gender-specific survival benefit for women who undergo 
OPCAB surgery, compared with those who undergo on-
pump CABG.253-255

MiniMally inVasiVE coronary artEry Bypass surgEry. 
The most popular alternative approach to sternotomy 
is the minimally invasive coronary artery bypass (MID-
CAB) through a left anterior thoracotomy, which allows 
direct-access IMA harvesting and grafting to the LAD 
artery. Some surgeons harvest the left IMA (LIMA) by 
using robot-assisted endoscopic technology before mak-
ing the small incision to complete the LIMA-to-LAD anas-
tomosis through the left anterior thoracotomy incision. 
In these cases, deflation of the left lung is required for 
visualization of the anastomosis, accomplished with a 
double-lumen endotracheal tube or a bronchial blocker. 
In addition, carbon dioxide is insufflated into the left 
hemithorax during the period while the lung is deflated.

Usually, the MIDCAB technique involves grafting of 
only a single vessel, and exposure for this anastomosis 
may be suboptimal.245 Challenges for the anesthesiolo-
gist in MIDCAB cases include the need for single-lung 
ventilation while the LIMA is dissected and the anasto-
mosis is performed. Because the graft is only to the LAD 
in these cases, no extreme positioning of the heart occurs 
that could significantly compromise hemodynamic sta-
tus. However, external defibrillator or pacing pads should 
be attached to the patient before preparing and draping 
because surgical access to the heart is limited during these 
procedures.246

hyBrid coronary rEVascularization. Hybrid coronary 
revascularization combines MIDCAB techniques with 
catheter-based interventions.256 Ideally, a hybrid operat-
ing room is used. The surgical component of the hybrid 
procedure may be offered in a completely endoscopic 
fashion, using robotic technology. The goal of such pro-
cedures is a very short recovery time.256 Although the 
perioperative results and intermediate-term outcomes of 
hybrid procedures appear to meet the standards of CABG 
performed with CPB, no data on long-term outcomes are 
available.

Patients undergoing OPCAB, MIDCAB, or hybrid cor-
onary revascularization do not have a period on CPB. 
Therefore, rewarming from hypothermia with the pump 
is not an option. Surface convective warming is some-
what limited because of the need for intrathoracic surgi-
cal exposure and access to the patient. Therefore, heating 
blankets for patients and a warm operating room envi-
ronment are essential to prevent unacceptable reductions 
in body temperature.

CARDIAC VALVE LESIONS

Mitral Valve Disease
In the United States and other industrialized nations, 
mitral valve disease is usually caused by primary 



Chapter 67: Anesthesia for Cardiac Surgical Procedures 2051
degenerative (i.e., age-associated) or inherited mitral val-
vular abnormalities or, increasingly, by ischemic heart 
disease resulting in functional mitral incompetence. In 
developing countries, conversely, rheumatic heart disease 
is relatively more prevalent and therefore a more com-
mon cause of mitral valve disease.257 Primary or “organic” 
mitral valve disease involves abnormalities in the valve 
itself or in its subvalvular structural components.258 
Mitral valve prolapse, myxomatous degeneration of the 
mitral valve, rheumatic mitral insufficiency, cleft mitral 
valve associated with an AV septal defect, and any infil-
trative or fibrotic processes caused by systemic diseases 
are all associated with inherent structural abnormalities 
of the mitral valve.

anatoMy of thE Mitral ValVE. The mitral valve leaflets 
are composed of segments, more easily discernible in the 
posterior leaflet, that are sometimes referred to as scal-
lops. In the Carpentier classification scheme, the seg-
ments of the posterior leaflet are labeled P1, P2, and P3, 
with P1 laterally oriented and P3 medial (Fig. 67-21). The 
segments of the anterior leaflet are labeled A1, A2, and 
A3 and have the same medial and lateral orientation as 
the segments of the posterior leaflet (see Fig. 67-21). This 
terminology is used to ensure accurate communication 
between the surgeon and the echocardiographer, who 
is often an anesthesiologist, as they attempt to localize 
valve abnormalities.

Mitral stEnosis.
paThophysiology. The disease process of rheumatic mitral 
stenosis (MS) includes thickening, commissural fusion, 
and increased rigidity of the mitral valve leaflets, as well 
as thickening, fusion, and contracture of the chordae and 
papillary heads. Furthermore, with long-standing rheu-
matic disease, some degree of calcification of the valve ap-
paratus inevitably occurs. Physiologically, these changes 
result in obstruction at the level of the mitral valve.

Anterior
mitral
leaflet

Posterior
mitral
leaflet

Carpentier

A3

A2 P2

A1

P1

P3

Figure 67-21. Standard terminology as applied to the mitral valve 
leaflets is illustrated in this image. The anterior and posterior mitral 
valve leaflets are each divided into three segmental regions. (From 
 Savage RM, Aronson S, Thomas JD, et al, editors: Comprehensive textbook 
of intraoperative transesophageal echocardiography, Baltimore, 2005, 
Lippincott Williams & Wilkins.)
The normal mitral valve orifice area is approximately 
4 to 5 cm2.259 Symptoms can occur if the valve area is less 
than 2.5 cm2 and can be precipitated by clinical events 
associated with increased CO and consequent increased 
flow across the valve; these events include stress, exercise, 
anemia, pregnancy, and febrile illness (Fig. 67-22). Symp-
toms do not usually occur at rest unless the mitral valve 
area (MVA) is less than 1.5 cm2. Obstructed flow across 
the mitral valve is associated with a pressure differential 
or gradient across the valve. The more severe the MS, the 
greater is the gradient, as long as flow across the valve is 
held constant.

Transmitral pressure gradients through the mitral valve 
depend on the volume flow rate. Severe MS may be pres-
ent with a low measured or calculated gradient across the 
valve, as in patients with right HF and pulmonary hyper-
tension. An MVA estimate is a more independent measure 
of the severity of MS. Currently, MS is primarily diagnosed 
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4-6 cm2

1.5-2.5 cm2

1.1-1.5 cm2

0.6-1.0 cm2

Rest LA
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N
N
N
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Rest LA
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Exer LA
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Rest LA
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Figure 67-22. Diagrammatic representation of the hemodynamic 
changes that occur at various stages of severity of mitral stenosis. The 
valve area is listed above each stage. ↑, increased; ↓, decreased; CO, 
cardiac output; Exer, exercise; LA, left atrial pressure; N, normal; PA, 
pulmonary arterial pressure. (From Rappaport E: Natural history of aortic 
and mitral valve disease, Am J Cardiol 35:221-227, 1975.)
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and monitored with echocardiography, although MVA can 
be calculated during catheterization by using the Gorlin 
equation.260 Assessing MS severity by echocardiography 
involves two-dimensional planimetry of the valve orifice 
and Doppler-derived measurements of gradient, pressure 
half-time, and deceleration time. The advent of three-
dimensional technology has enabled clinicians to visual-
ize the mitral valve anatomy more accurately (Fig. 67-23).

Management considerations in MS emphasize the 
pathophysiologic changes that occur in the left atrium, 
the pulmonary vasculature, the right heart, and the 
left ventricle. Obstructed mitral inflow with secondary 
increases in LA pressure (LAP) gradually causes enlarge-
ment of the left atrium, which can lead to the onset of 
atrial fibrillation, thromboembolic complications, or 
both if low blood flow velocity causes clot formation in 
the atrium or appendage.

Patients with MS and chronic atrial fibrillation are at 
increased risk of embolic stroke, at a rate of 7% to 15% 
per year.260 Treatment may include anticoagulation with 
intravenous heparin or oral warfarin, pharmacologic rate 
control, and pharmacologic or electrical cardioversion for 
hemodynamically significant or acute-onset atrial fibril-
lation. In patients scheduled for cardioversion, TEE may 
need to be performed first to rule out the presence of LA 
thrombus.259

Elevated LAP leads to passive increases in pulmonary 
venous and arterial pressures. Most patients with MS have 
a greater PAP than would be expected if PAP were esti-
mated solely from elevations in LAP. These exaggerated 
pressures are secondary to reactive pulmonary vasocon-
striction or histologic changes in the medial and intimal 
layers of pulmonary arteries and arterioles. PAP some-
times correlates with the severity of MS, but pressures 
can range widely because of factors such as transmitral 

Figure 67-23. Three-dimensional image of a stenotic mitral valve 
from the left atrial perspective. (From Lang RM, Tsang W, Weinert L, 
et al: Valvular heart disease: the value of 3-dimensional echocardiogra-
phy, J Am Coll Cardiol 58:1933-1944, 2011).
pressure gradient, LVEDP, the actual MVA, and a history 
of chronic pulmonary disease.

The chronic elevation in PAP caused by MS leads to 
compensatory and decompensatory changes in the right 
ventricle. Exposure to elevated pressure leads to com-
pensatory RV hypertrophy; however, the response in the 
right ventricle is less efficient than in the left ventricle 
because of the shape, wall thickness, and smaller muscle 
mass of the right ventricle. Because of the right ventricle’s 
relative vulnerability, chronic pulmonary hypertension 
invariably leads to progressive RV dilation and eventual 
RV failure.

The effect of MS on the left ventricle is primarily the 
result of obstruction of diastolic inflow. The narrowed 
mitral valve orifice leads to prolonged early diastolic 
mitral inflow and delayed filling of the left ventricle. Late 
diastolic filling, which occurs during atrial systole, is obvi-
ously compromised in patients who have atrial fibrillation 
secondary to MS. In cases of MS, pressure-volume loops 
are shifted to the left, so LVEDP and LV end-diastolic vol-
ume (LVEDV) are lower. Stroke volume is diminished, 
especially in clinical situations that result in elevated heart 
rate and shortened diastolic filling intervals (Fig. 67-24).

LV function or contractility is assumed to be normal in 
most patients with MS. However, in a review of the litera-
ture, Klein and Carroll showed that the assumption of pre-
served LV contractility in patients with MS is debatable.261 
Instead, the prevalence of LV dysfunction in patients with 
MS may be as high as 30%. Proposed mechanisms include 
reduced filling of the left ventricle, muscle atrophy, inflam-
matory myocardial fibrosis leading to wall-motion abnor-
malities, scarring of the subvalvular apparatus, abnormal 
patterns of LV contraction, reduced LV compliance with 
diastolic dysfunction, increased LV afterload leading to 
ventricular remodeling, right-to-left septal shift secondary 
to the effect of pulmonary hypertension on the right ven-
tricle, and coexistent diseases such as systemic hyperten-
sion and CAD.261 The hemodynamic changes associated 
with MS are summarized in Figure 67-22.
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Figure 67-24. Pressure-volume loop in mitral stenosis. LV, Left ven-
tricular. (From Jackson JM, Thomas SJ, Lowenstein E: Anesthetic manage-
ment of patients with valvular heart disease, Semin Anesth 1:239, 1982.)
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anesTheTic managemenT. An understanding and appre-
ciation of the pathophysiologic changes associated with 
MS form the foundation of anesthetic management in 
these patients (Table 67-10). Primary concerns in patients 
with MS include managing ventricular preload, heart 
rate, and coexisting pulmonary hypertension, as well as 
potentially diminished RV and LV contractile function. 
Most patients with valvular heart disease have increased 
dependency on and sensitivity to ventricular preload. 
Flow through a stenotic mitral valve requires a higher-
than-normal pressure gradient between the left atrium 
and the left ventricle. Thus, reduction in preload, either 
from blood loss or from the venodilatory effects of anes-
thesia, can markedly affect stroke volume, CO, and tis-
sue perfusion. However, in higher grades of MS, LAP may 
be very high, and the difference between adequate filling 
pressure and an LAP that leads to congestive failure may 
be small. Thus, judicious fluid management is required.

In patients with MS, the heart rate should be kept 
within its normal range. Tachycardia may be poorly tol-
erated because of the decreased time for diastolic filling. 
Moreover, pressure gradients are somewhat flow depen-
dent in MS. Elevated flow states, such as pregnancy and 
increased sympathetic activity from any source, can dra-
matically increase the pressure gradient across the valve 
and are reflected in elevated LAP or pulmonary venous 
pressure. From data obtained by continuous wave Dop-
pler interrogation of the inflow velocities across the mitral 
valve, the pressure gradient is derived through the use of a 
modified form of Bernoulli’s equation, Δ P = 4v2, where v 
is the measured velocity of blood flow through the valve. 
Thus, any increase in transvalvular flow rate caused by an 
increase in heart rate has a significant impact on transval-
vular flow dynamics and on LAP.

Atrial contributions to stroke volume may be elevated 
in patients with MS who are in the early stages of the 
disease and are not in atrial fibrillation. When atrial fibril-
lation has occurred, the atrial kick is lost. However, the 
most important factor in the deterioration of the patient’s 
clinical condition is tachycardia itself, rather than loss of 
the atrial kick.

Contractility and SVR are usually preserved in MS. If 
anything, the left ventricle is chronically underloaded, 
but wall motion abnormalities or global systolic dysfunc-
tion develop in a small percentage of MS patients. Usually, 
SVR is not a factor in augmenting forward flow because 
stroke volume is determined by the mitral valve orifice 
area and the diastolic filling interval. It may be appro-
priate to lower SVR for a left ventricle that has marked 
systolic dysfunction, but care must be exercised because 
a reduction in afterload is inevitably accompanied by 
a reduction in preload, which may not be desirable in 
patients with significant MS.
RV dysfunction probably poses a greater challenge in 
treating patients with MS than does LV dysfunction. The 
chronic elevations in LAP can be persistent in patients 
with long-standing pulmonary hypertension. In the 
patient with residual pulmonary vascular disease and 
irreversible pulmonary hypertension, supporting a failing 
or marginally functional right ventricle becomes the top 
clinical priority.

Monitoring includes standard noninvasive modali-
ties and invasive monitoring of blood pressure, CVP, and 
intraoperative echocardiography. Monitoring PAP and 
using a PA catheter to monitor CO may be very helpful, 
but care and judgment must be exercised, given the pro-
pensity for PA rupture in patients with long-standing pul-
monary hypertension. Inotropic support may be needed 
for patients with secondary RV dysfunction or failure. 
Epinephrine and milrinone are good therapeutic options. 
Management of RV dysfunction includes optimizing 
acid-base balance and using hypocapnia, hyperoxia, and 
possibly vasodilators to decrease PVR.

Mitral rEgurgitation. The complex anatomic structure 
of the mitral valve is especially pertinent in any con-
sideration of the pathophysiology and management of 
patients who present for operative intervention for MR. 
The mitral apparatus consists of six primary components: 
the LA wall, the annulus of the mitral valve, the mitral 
valve leaflets, the chordae tendineae, the papillary mus-
cles, and the wall of the left ventricle. Abnormalities or 
dysfunction in any component can result in mitral valve 
incompetence.

MR can be classified as either organic (intrinsic val-
vular disease) or functional (i.e., related to nonvalvular 
components of the mitral apparatus).262 It is common for 
MR to have a functional and an organic component, as in 
rheumatic valve disease resulting in annular or LV dila-
tion with superimposed abnormalities of leaflet coapta-
tion. In developed countries, the most common causes of 
MR are as follows: (1) myxomatous degeneration of the 
mitral valve resulting in annular dilation, chordal elon-
gation and rupture, and redundant, prolapsing, or flail 
mitral valve leaflets; and (2) mitral insufficiency caused 
by ischemic heart disease. The most common indication 
for surgical repair or replacement of the regurgitant mitral 
valve is myxomatous degeneration, which includes mitral 
valve prolapse syndromes.263 Chronic ischemic or func-
tional MR is present in 10% to 20% of patients with CAD 
and, unlike MR with primary valvular causes, it does not 
involve abnormalities in the morphology of the mitral 
valve.264 Nonetheless, the long-term morbidity and mor-
tality associated with this type of MR are significant.258

The severity of MR is assessed in the context of whether 
the MR is acute or chronic. Symptom presentation, 
TABLE 67-10 PATHOPHYSIOLOGIC CHANGES ASSOCIATED WITH MITRAL STENOSIS 

LV Preload Heart Rate Contractility Systemic Vascular Resistance Pulmonary Vascular Resistance

Mitral stenosis ↑ ↓ Maintain Maintain ↓

From Townsley MM, Martin DE: Anesthetic management for the surgical treatment of valvular heart disease. In Hensley FA, Martin DE, Gravlee GP, editors:  
A practical approach to cardiac anesthesia, ed 5, Philadelphia, 2013, Lippincott Williams & Wilkins, p 340.

LV, Left ventricular.
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physical examination, hemodynamics, and echocardiog-
raphy all provide useful information for ascribing a sever-
ity grade (Table 67-11). Echocardiographic assessment is 
particularly important for guiding intraoperative deci-
sions about the need for intervention and the adequacy 
of repair or replacement of the mitral valve. As with 
MS, several echocardiographic parameters, both two-
dimensional and Doppler-derived, can be used to grade 
the severity of MR (Table 67-12). The advent of three-
dimensional technology and current calculation software 
greatly improved clinicians’ ability to assess the severity 
and identify the precise cause of MR (Fig. 67-25).

paThophysiology. The incompetent mitral valve allows 
retrograde passage of blood from the left ventricle into the 

TABLE 67-11 ACUTE AND CHRONIC MITRAL 
REGURGITATION 

Characteristic
Chronic 
Compensated

Chronic 
Decompensated Acute

Symptom 
onset

None Gradual DOE Abrupt 
CHF

Physical Examination
 Blood 

pressure
Normal Normal ↓

 Pulmonary 
congestion

None Variable ↑↑↑↑

Hemodynamics
 LA pressure Normal ↑ ↑↑
 v wave Absent Variable ↑
Echocardiography
 LV size ↑ ↑↑ Normal
 LA size ↑ ↑ Normal
 MR jet v 

wave
Absent Variable ↑

From Otto CM: Valvular heart disease: prevalence and clinical outcomes.  
In Otto CM, editor: Valvular heart disease, ed 2, Philadelphia, 2004, 
Saunders, pp 1-17.

CHF, Congestive heart failure; DOE, dyspnea on exertion; LA, left atrial; 
LV, left ventricular; MR, mitral regurgitation; arrows indicate relative 
increase (↑) or decrease (↓) in comparison with normal.
left atrium during systole. The magnitude of the regurgitant 
volume is a function of the size of the regurgitant orifice, 
the pressure differential between the left atrium and the left 
ventricle, and the duration of the regurgitant cycle.262 Thus, 
higher systolic driving pressures, as in hypertension, can in-
crease the regurgitant volume. Loading conditions are im-
portant as well, especially whenever functional changes in 
annular and LV geometry are important components of the 
mechanism of MR. These conditions should be considered 
during the intraoperative evaluation of MR because anes-
thetic effects on afterload and preload can drastically alter 
the severity of MR from its baseline level, as seen in preop-
erative echocardiographic or catheterization assessments.

LV function and pressure tend to be normal in patients 
with chronic MR. EF is often normal or supranormal 
unless the ventricle has decompensated with chronic 
MR or is acutely ischemic. A normal EF can be mislead-
ing, and masked ventricular dysfunction may be revealed 
after valve repair or replacement. The left atrium serves as 
a low-pressure pathway during systolic ejection, so that 
EF overestimates ventricular function.

When MR has an acute onset, LAP is elevated, because 
LA compensatory changes have had no time to occur. A 
v wave may be present on the LAP, PAP, or PCWP record-
ings. In contrast, in chronic MR, the LAP increases are 
less dramatic because of compliance changes in the left 
atrium as a function of chamber dilation.

The long-term sequelae of MR are related to chronic 
pressure and volume effects on the left atrium and the 
left ventricle. The left ventricle is exposed to a chronic, 
isolated volume-overload state. Eccentric hypertrophy 
of the left ventricle develops, causing chamber enlarge-
ment without significant increases in wall thickness. For-
ward CO is preserved because of eccentric hypertrophy 
and the low impedance of the left atrium—a physiologic 
equivalent of afterload reduction. The larger stroke vol-
ume ejected by the left ventricle is composed of the nor-
mal venous return into the left atrium in addition to the 
regurgitant volume from the previous cardiac cycle. In the 
early stages of MR, LVEDP is relatively normal because of 
TABLE 67-12 CLASSIFICATION OF THE SEVERITY OF MITRAL VALVE REGURGITATION IN ADULTS 

Mitral Valve Regurgitation

Mild Moderate Severe

Qualitative
Angiographic grade 1+ 2+ 3-4+
Color Doppler jet area Small central jet (<4 cm2 

or <20% left atrial 
size)

Signs of MR greater than 
mild but no severe MR

Vena contracta width >0.7 cm with large 
central jet (area >40% of left atrium) or with 
a wall-impinging jet swirling in left atrium

Doppler vena contracta width (cm) <0.3 0.3-0.69 ≥0.7
Quantitative
Regurgitant volume (mL/beat) <30 30-59 ≥60
Regurgitant fraction (%) <30 30-49 ≥50
Regurgitant orifice area (cm2) <0.2 0.2-0.39 ≥0.4
Additional Criteria
Left atrial size Enlarged
Left ventricular size Enlarged

From Bonow RO, Carabello BA, Chatterjee K, et al: 2008 focused update incorporated into the ACC/AHA 2006 guidelines for the management of patients with 
valvular heart disease: a report of the American College of Cardiology/American Heart Association Task Force on Practice Guidelines (Writing Committee to 
revise the 1998 guidelines for the management of patients with valvular heart disease). Endorsed by the Society of Cardiovascular Anesthesiologists, Society for 
Cardiovascular Angiography and Interventions, and Society of Thoracic Surgeons, J Am Coll Cardiol 52:e1-142, 2008.

MR, Mitral regurgitation.
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compliance changes of the left ventricle. With time, how-
ever, compensatory eccentric hypertrophy fails to preserve 
LV systolic function, and gradual systolic failure ensues, as 
noted on pressure-volume loops (Fig. 67-26). In patients 
with MR, deciding on the timing of surgical intervention 
is an important duty of the referring cardiologist because 
LV systolic performance can deteriorate to a point that full 
functional recovery after valve surgery may not be possible.

The LA is exposed to increases in volume and pressure. 
The LA dilates to compensate for the regurgitant volume 
A B C
Figure 67-25. Differential diagnosis of mitral leaflet prolapse. Two-dimensional (2D) transesophageal echocardiography (TEE) long-axis view 
demonstrating anterior leaflet prolapse (A, top) with a three-dimensional (3D) transesophageal example as seen from the left atrium (A, bottom). 
Leaflet prolapse should be diagnosed when the free edge of the leaflet overrides the plane of the mitral annulus during systole. 2D TEE long-axis view 
demonstrating bileaflet billowing of the mitral valve with prolapse resulting from chordae tendineae elongation (B, top) with a 3D transesophageal 
example as seen from the left atrium (B, bottom). Leaflet billowing is diagnosed when systolic excursion of the leaflet body occurs into the left atrium 
resulting from excess leaflet tissue, with the leaflet free edge remaining below the plane of the mitral annulus. 2D TEE long-axis view demonstrating 
flail valve resulting from chordae rupture (C, top) with a 3D transesophageal example of P2 flail as viewed from the left atrium (C, bottom). (From 
Lang RM, Tsang W, Weinert L, et al: Valvular heart disease: the value of 3-dimensional echocardiography, J Am Coll Cardiol 58:1933-1944, 2011.)
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Figure 67-26. Diagram of wall stress–volume loops and end-systolic volume–wall stress relationships in severe mitral regurgitation. A, As in aortic 
regurgitation, the shift to the right of the diastolic and end-systolic relationships allows the volume-overloaded left ventricle to maintain a high stroke 
volume. Mean wall stress during ejection is somewhat reduced, and in mitral regurgitation the ejection fraction (EFx) is high normal when contractility is 
normal. B, With the development of depressed contractility, the end-systolic wall stress–volume relationship is shifted to the right preoperatively. Despite 
severely depressed contractility, the ventricle is able to deliver a nearly normal EFx because of the very large ventricular volume and the relatively low 
mean wall stress during ejection (beat 2, EFx = 50%). Contractility remains depressed after mitral valve replacement (Postop), and with correction of the 
low-impedance leak, the ventricle must now deliver the total stroke volume into the aorta against higher wall stress; the EFx therefore falls to 37% (beat 1).
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during systole, and in the early stages of MR, preservation 
of near-normal LAP and protection of the pulmonary vas-
culature is likely. Progressive LA enlargement commonly 
leads to atrial fibrillation, which occurs in approximately 
50% of patients who are about to undergo surgical cor-
rection of MR. However, patients with MR appear to be at 
a lower risk for thromboembolic complications than are 
patients with MS.

When LAP compliance thresholds are reached, LAP 
and PAP become elevated. Eventually, if chronically 
exposed to elevated PAP, the right ventricle progressively 
enlarges, and RV dysfunction develops.

anesTheTic managemenT. In the anesthetic manage-
ment of MR, the primary goal is maintaining forward 
systemic flow. In chronic, compensated MR, maintain-
ing preload, judiciously reducing afterload, and keeping 
the heart rate in the high-normal range may be adequate 
(Table 67-13).

As with most compensated forms of valvular heart dis-
ease, patients with hemodynamically significant MR are 
sensitive to ventricular loading conditions. Augmenting 
preload may be prudent in the interval before anesthetic 
induction. However, MR is dynamic; ventricular disten-
tion can lead to the expansion of an already dilated mitral 
annulus and thus worsen MR.

The heart rate should be maintained in the high-nor-
mal range (i.e., 80 to 100 beats/minute). Bradycardia has 
dual detrimental effects on MR: it lengthens the systolic 
period, thus prolonging regurgitation, and it increases the 
diastolic filling interval, which can lead to LV distention. 
A sinus rhythm is preferred, but with less dependency on 
the atrial kick in chronic, compensated MR than in ste-
notic valvular heart disease.

LV contractility may be preserved in early compen-
sated MR. However, EF indices are poorly correlated with 
LV systolic function in patients with moderate to severe 
MR, and underlying systolic dysfunction may be woefully 
underestimated. Hypotension in patients with significant 
MR can be managed to a certain degree by manipulat-
ing heart rate and volume, but persistent hemodynamic 
instability may be best treated with inotropic support. 
Dobutamine, low-dose epinephrine, and milrinone are 
all acceptable inotropic choices, depending on the clini-
cian’s interpretation of the monitor data.

With respect to SVR, the general rule of thumb for 
patients with MR is to decrease afterload so that forward 
CO is maximized. Adequate anesthetic depth, systemic 
vasodilators, inodilators, and at times, mechanical reduc-
tion of afterload with an IABP may be clinical options, 
depending on the situation. Direct-acting α1-agonists 
increase SVR and blood pressure, lower heart rate and 
may worsen the MR. Temporary use of small doses of 
ephedrine may be a better choice, after which inotropic 
support should be considered if a persistent need exists to 
augment pressure.

Both PAP and PVR may be elevated in patients with 
either acute or long-standing MR. Secondary changes 
in RV size and function may be important clinical con-
siderations. Factors that may increase PVR and unfavor-
ably load an already dysfunctional right ventricle (e.g., 
hypoxia, hypercarbia, and acidosis) should be remedied 
whenever possible.

Finally, in the patient with acute, severe MR and 
cardiogenic shock from ischemic rupture of a papillary 
muscle, pharmacologic support of the left ventricle, often 
accompanied by mechanical support with IABP counter-
pulsation, may be necessary.

hypErtrophic oBstructiVE cardioMyopathy and thE 
Mitral ValVE. Hypertrophic obstructive cardiomyopathy 
(HOCM) may result in dynamic valvular insufficiency, as 
well as LV outflow tract (LVOT) obstruction. In addition, 
surgical attempts to repair an incompetent mitral valve 
can create iatrogenic LVOT obstruction.

Classically, HOCM is a familial disease transmitted 
with autosomal dominant inheritance. Inheritance and 
phenotypic expressions are heterogeneous and vary in 
their manifestations. Some mutations in genes that code 
for cardiac sarcomere proteins can cause hypertrophy of 
segments of the ventricle. Septal involvement is com-
mon, but HOCM can involve other areas of the left ven-
tricle as well.265 This disease is the most common cause of 
sudden death in young people, but it can also cause death 
and morbidity in older patients.

When the basal septum of the left ventricle is affected, 
the LVOT can narrow. Depending on the shape of the 
ventricle and the mitral valve, dynamic outflow tract 
obstruction can occur, paired with mitral valve insuffi-
ciency. As the outflow tract is narrowed by hypertrophy, 
the basal septum and the anterior leaflet of the mitral 
valve come into close proximity. The hypertrophy and 
the reduced septal–anterior leaflet distance can create 
a channel that narrows to the point of creating a pres-
sure gradient across the outflow tract. This obstructed 
flow and its pressure gradient lead to progressive com-
pensatory hypertrophy that, in turn, further narrows 
the outflow tract and worsens the gradient. As blood 
is ejected through this narrowed outflow channel dur-
ing systole, the velocity of blood through the narrowed 
orifice increases. This increased blood velocity creates a 
Venturi effect that pulls the anterior leaflet of the mitral 
valve or the chordal structures into the outflow tract, 
thus leading to mechanical and dynamic obstruction of 
the LVOT and also causing MR because of a coaptation 
defect of the mitral valve.266 Echocardiographically, this 
is termed systolic anterior motion (SAM) of the mitral 
TABLE 67-13 PATHOPHYSIOLOGIC CHANGES ASSOCIATED WITH MITRAL REGURGITATION 

LV Preload Heart Rate Contractility Systemic Vascular Resistance Pulmonary Vascular Resistance

Mitral regurgitation ↑ or ↓ ↑, maintain Maintain ↓ ↓

From Townsley MM, Martin DE: Anesthetic management for the surgical treatment of valvular heart disease. In Hensley FA, Martin DE, Gravlee GP, editors: A 
practical approach to cardiac anesthesia, ed 5, Philadelphia, 2013, Lippincott Williams & Wilkins, p 346.

LV, Left ventricular.
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valve (Fig. 67-27). Such dysfunctional mitral valve 
motion is seen in cardiac surgical patients who present 
for surgical management of known HOCM (i.e., for sur-
gical myomectomy, mitral valve repair, or both).

Sometimes, SAM is noted preoperatively or as an inci-
dental finding at the time of surgery in patients who 
present for surgical revascularization or mitral valve 
repair. Furthermore, SAM may be created iatrogenically 
as a result of surgical mitral valve repair. In patients with 
MR who are to undergo mitral valve repair, echocardio-
graphic assessment and surgical inspection are performed 
to elucidate the mechanism of the mitral insufficiency. 
The patient may have ruptured or elongated chordal 
attachments, redundant or prolapsing leaflet tissue, or 
annular dilation that reduces effective leaflet coaptation. 
Frequently, multiple contributing factors are present. 
Surgical treatment can involve just a simple annuloplasty 
ring in the case of isolated annular dilation, but it more 
commonly involves resection of diseased segments of 
the mitral valve, possibly chordal reassignment or recon-
struction, and a ring valvuloplasty.

Preablation

Figure 67-27. Transesophageal echocardiographic images. Top, 
Two-dimensional image shows a narrowed left ventricular outflow 
tract with systolic anterior motion (arrow). Bottom, Color Doppler 
image shows high-velocity signals in mosaic color; eccentric mitral 
regurgitation is directed posterolaterally. LA, Left atrium; LV, left ven-
tricle. (From Naguch SF, Bierig M, Budoff MJ, et al: American Society of 
Echocardiography clinical recommendations for multimodality cardiovas-
cular imaging of patients with hypertrophic cardiomyopathy, J Am Soc 
Echocardiogr 24: 473-498, 2011.)
Depending on LV geometry and size and the physi-
cal characteristics of the mitral valve, surgical repair may 
bring the anterior leaflet and the coaptation point of the 
valve into close approximation with the interventricu-
lar septum and the LVOT. That septal coaptation point 
can narrow enough to create a gradient in the outflow 
tract, so that the anterior leaflet is pulled into the LVOT 
by the Venturi effect, leading to obstruction and second-
ary mitral insufficiency. This anterior displacement of 
the mitral coaptation point and the amount of the extra 
anterior leaflet have been proposed to be mechanisms for 
SAM, thus leading to the development of surgical tech-
niques that can reduce the incidence of SAM in high-risk 
patients.267 Anesthetic management of obstructive car-
diomyopathy centers on fluid and pharmacologic inter-
ventions to decrease the magnitude of the obstruction 
and, at the same time, lessen the severity of the mitral 
insufficiency. Most patients with outflow tract abnormal-
ities have normal to supranormal contractility.

Generally, inotropic agents should not be used. The 
thick, hypertrophied ventricle usually has reduced com-
pliance and is very load sensitive, so that outflow tract 
obstruction increases in hypovolemic conditions. Thus, 
optimizing preload and ventricular filling is appropriate 
both in managing the patient with LVOT and in assessing 
the need for surgical reconstruction of the LVOT, mitral 
valve repair, or both. Afterload reduction should be avoided 
because it worsens the obstruction. Conversely, increasing 
the afterload decreases the trans–outflow tract gradient 
and leads to a reduction of SAM and outflow tract obstruc-
tion. Hence, vasoconstrictors such as phenylephrine and 
vasopressin should be considered. In both congenital and 
iatrogenic LVOT obstruction, the degree of obstruction is 
dynamic. Obstruction is exacerbated by hypercontractile 
states and elevations in heart rate; therefore, reducing the 
heart rate with β-adrenergic blockade should be considered.

Continuous, skilled echocardiographic assessment 
and interpretation are important for optimal intraopera-
tive management of these patients. Assessing the severity 
and mechanism of outflow tract obstruction and deter-
mining whether to reinstitute CPB to revise the repair or 
replace the valve are not innocuous decisions, and they 
must be carefully made jointly by the anesthesiologist 
and the surgeon, ideally with input from the appropriate 
cardiologist.

Aortic Valve Disease
aortic stEnosis

paThophysiology. AS is the most common cardiac valve 
lesion diagnosed in the United States. Marked increases 
in the annual volume of aortic valve replacements have 
occurred recently, especially in older and high-risk pa-
tients.268

AS is often caused by congenital defects in the valve 
because 1% to 2% of people are born with a bicuspid aortic 
valve.268 Inheritance has been found to play a role, with an 
autosomal dominant pattern and a variable penetrance.269 
A bicuspid aortic valve that does not yet show any signs of 
damage nevertheless tends to open and close with abnor-
mal folding and creasing, leading to scarring and calcifi-
cation and ultimately culminating in AS with or without 
aortic regurgitation (AR). Although patients with a bicuspid 
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aortic valve are asymptomatic until late in the disease pro-
cess, severe, symptomatic AS or AR may develop in midlife. 
In addition, the abnormal motion of these bicuspid leaflets 
causes some turbulent flow into the aorta, which eventu-
ally can lead to dilatation and subsequent rupture or dis-
section.270,271 A typical “fish-mouth” opening of the aortic 
valve in a midesophageal, cross-sectional TEE view of the 
valve is a telltale sign of a bicuspid aortic valve.

Acquired AS is usually the result of senile degeneration 
with sclerosis and calcification of the valve. The preva-
lence of AS increases with age; it is now seen in 2% to 4% 
of adults who are older than 65 years old, and this preva-
lence is expected to increase.268,272 A clear association is 
reported between clinical risk factors for atherosclerotic 
disease (e.g., the process of chronic inflammation) and 
the development of AS.272,273 In developed countries, 
rheumatic disease is a less common cause of AS, and AS is 
usually associated with concomitant AR.

A typical pressure-volume loop for AS is shown in  
Figure 67-28. In patients with AS, the obstruction of LV out-
flow increases peak systolic wall stress, resulting in chronic 
pressure overload that directly stimulates parallel replica-
tion of sarcomeres in the left ventricle and consequently 

Normal

Aortic stenosis

0

100

200

0 100 200 300
LV volume (cc)

LV
 p

re
ss

ur
e 

(m
m

 H
g)

Figure 67-28. Pressure-volume loop in aortic stenosis. LV, Left ventricu-
lar. (Modified from Jackson JM, Thomas SJ, Lowenstein E: Anesthetic manage-
ment of patients with valvular heart disease, Semin Anesth 1:239, 1982.)
causes concentric ventricular hypertrophy. The peak pres-
sure generated by the left ventricle during systole is much 
higher than normal because of the high transvalvular pres-
sure gradient. Concentric LV hypertrophy nearly always 
develops as a result of the increases in pressure load (Fig. 
67-29). This increased load also leads to diastolic dysfunc-
tion, an increase in LVEDP, and subendocardial ischemia.

Echocardiography and intraoperative TEE in particular 
play important roles in the diagnosis and ultimate man-
agement of patients with AS, both in the outpatient set-
ting and during surgical aortic valve replacement. The 
severity of AS can be assessed from various echocardio-
graphic parameters. One that is commonly used is the 
aortic valve area (AVA). The normal range of the AVA is 
3 to 4 cm2; AS is graded as severe if the AVA is reduced 
to 1 cm2 or less.274 Another parameter commonly used 
to determine the severity of AS is the gradient across the 
aortic valve; AS is considered severe if the mean gradient is 
greater than 40 mm Hg.259 Echocardiography can be used 
to examine multiple aspects of the pathophysiology of AS, 
including the severity of AS, any structural abnormalities 
of the valve causing LVOT obstruction, and any accompa-
nying disease that can be found in the other heart valves.

With TEE, the best views for evaluating the aortic valve 
are the midesophageal aortic valve short-axis view, the 
midesophageal long-axis view, and the transgastric views. 
Midesophageal views are helpful in ascertaining the 
shape of the aortic valve and the cause of AS (Fig. 67-30), 
whereas transgastric views are helpful in obtaining gradi-
ent measurements across the valve and the LVOT (Fig. 
67-31). In addition, both the midesophageal and the 
transgastric views can be used to measure the dimensions 
of the aortic valve annulus and the LVOT; these measure-
ments are helpful in making surgical decisions related to 
the size of the valve.

Patients with AS who have not yet developed symp-
toms should be closely monitored over time for pro-
gression of the disease. Patients who develop symptoms 
(including decreased exercise tolerance and exertional 
dyspnea, angina, CHF, and syncope) are considered for 
valve replacement. A delay in surgical intervention in 
symptomatic patients can worsen their prognosis.272

anesTheTic managemenT. Premedication may alleviate a 
patient’s anxiety regarding cardiac surgery, and it helps 
to prevent perioperative tachycardia in patients with AS. 
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Figure 67-29. The increased peak systolic wall stress resulting from chronic pressure overload directly stimulates concentric ventricular hypertro-
phy, which tends to counteract or “normalize” the elevated ventricular wall stress. (From Grossman W, Jones D, Mclaurin LP: Wall stress and pattern 
of hypertrophy in the human left ventricle, J Clin Invest 56:56, 1975.)
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Monitoring in these patients includes standard noninva-
sive modalities and invasive monitoring of blood pres-
sure and CVP. Depending on the severity of the AS, pulse 
pressure may be as low as 50 mm Hg or less. Insertion of 
a PA catheter may be considered to monitor PAP and CO 
during surgical procedures and particularly in the post-
operative period. However, patients with AS are at risk 
for developing dangerous arrhythmias during PA catheter 
placement. TEE is almost always used if no contraindi-
cations to probe placement exist; the measurements ob-
tained yield extremely valuable information (Fig. 67-32; 
see also Figs. 67-30 and 67-31).275,276

The anesthetic management of patients with AS centers 
on avoiding fluctuations in the patient’s hemodynamics 
while achieving adequate anesthetic depth. Induction of 
anesthesia should not involve any medication that could 
have negative inotropic or vasodilatory effects. Any drugs 
that could cause tachycardia should also be avoided. Fur-
thermore, every effort should be made to ensure that the 
patient stays in sinus rhythm. In patients with AS, the 
atrial kick may contribute as much as 40% of the total 
CO. Therefore, to treat any possible arrhythmia, exter-
nal cardioversion pads should be considered, preferably 
before anesthesia is induced.

Finally, the presence of severe AS reduces the useful-
ness of cardiopulmonary resuscitation (CPR) for main-
taining CO sufficient to meet the patient’s physiologic 
needs. Table 67-14 summarizes the goals of anesthetic 
care of a patient with AS.

aortic rEgurgitation

paThophysiology. AR is the flow of blood from the aorta 
backward into the left ventricle during the diastolic phase 
of the cardiac cycle. Chronic AR is more prevalent than 
acute AR and carries a much better prognosis. However, 
the precise prevalence of AR—acute and chronic—remains 
unknown.277
Chronic AR and acute AR have their own etiologies. 
Causes of chronic AR include congenital lesions, degen-
erative processes, and rheumatic disease, but idiopathic 
causes seem to be the most common.277 These processes 
cause malcoaptation of the aortic valve leaflets by pro-
ducing abnormalities in the leaflets themselves or dila-
tion of the aortic valve annulus, the aortic root, or both. 
Abnormalities of the aortic valve leaflets include congeni-
tal conditions (e.g., bicuspid aortic valve), endocarditis, 
rheumatic disease, inflammatory diseases, certain con-
nective tissue diseases, and chest wall trauma causing 
injury to an aortic valve leaflet. Dilation of the proximal 
aortic root may be caused by annuloaortic ectasia result-
ing from long-term chronic hypertension or simply from 

Figure 67-31. Quantification of the degree of aortic stenosis 
with continuous Doppler. Gmax, maximum gradient; Gmean, mean 
gradient. (From <http://web.stanford.edu/group/ccm_echocardio/ 
cgi-bin/mediawiki/index.php/Aortic_stenosis_assessment>. [Accessed 
21.08.14])
Figure 67-30. Midesophageal 
aortic short-axis view. LCC, Left 
coronary cusp; LMCA, left main 
coronary artery; NCC, noncoro-
nary cusp; RCC, right coronary 
cusp. (From Virtual TEE: <http://
pie.med.utoronto.ca/tee>.)
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the normal aging process.278 Other aortic valve annular or 
aortic root causes of AR include Marfan syndrome, syphi-
lis, congenital diseases such as osteogenesis imperfecta 
and Ehlers-Danlos syndrome, and idiopathic causes.277,278

Chronic Aortic Regurgitation. Patients with chronic AR 
may remain asymptomatic for years or even decades. The 
left ventricle undergoes a process of remodeling result-
ing from series replication of sarcomeres and the develop-
ment of eccentric ventricular hypertrophy and chamber 
enlargement in the presence of a chronically increasing 
volume of regurgitation (see Fig. 67-29). Although the 
pressure-volume loop is shifted far to the right in patients 
with chronic AR, the LVEDP remains relatively normal 
because the LVEDV increases slowly (Fig. 67-33). Forward 
flow is improved by peripheral vasodilation. Typically, a 
normal EF is maintained by a large stroke volume. How-
ever, over time, increases in LV wall stress and afterload 
result. Eventually, as LV dilation and hypertrophy prog-
ress, irreversible LV dysfunction develops, and patients 
become symptomatic. As a compensatory mechanism for 
poor CO, sympathetic constriction of the peripheral vas-
culature occurs to maintain blood pressure, but this adap-
tation exacerbates regurgitation and further reduces CO.

In addition to a detailed history and physical examina-
tion, diagnostic modalities such as magnetic resonance 
imaging, radionuclide angiography, and exercise stress 
testing are used to assess AR. However, echocardiography 
remains the most important diagnostic tool (Fig. 67-34). 
The severity of AR is assessed qualitatively: regurgitation 

Figure 67-32. Intraoperative transesophageal echocardiographic 
measurements of the aortic valve annulus, including the diameter of 
the left ventricular outflow tract (to exclude severe asymmetric sep-
tal hypertrophy), aortic valve annulus, sinuses of Valsalva, sinotubu-
lar junction, and ascending aorta (arrows, from left to right). (From 
Pasic M, Buz S, Dreysse S, et al: Transapical aortic valve implantation in 
194 patients: problems, complications, and solutions, Ann Thorac Surg 
90:1463-1469; discussion 1469-1470, 2010.)
of less than 20% of the total LV stroke volume is consid-
ered mild, 20% to 39% is considered moderate, 40% to 
60% is considered moderately severe, and more than 60% 
is considered severe.

Several semiquantitative echocardiographic modalities 
are used to assess AR. These include color flow mapping, 
in which the ratio of the AR jet width to the width of the 
LVOT is used to ascertain the severity of the condition. 
Jets that appear to be central in flow may appear to be 
larger than they actually are because of the entrainment 
of fluids.277 This possibility should be considered when 
one is evaluating a centrally directed jet as compared 
with an eccentrically directed jet. The vena contracta, the 
narrowest part of the regurgitant jet, can be measured to 
determine the severity of AR (see Fig. 67-34). A vena con-
tracta measurement of 6 mm or greater carries a sensitiv-
ity of 95% and a specificity of 90% for the presence of 
severe AR.279 A vena contracta of less than 0.3 mm indi-
cates mild AR. The pressure half-time of the AR jet can 
be measured echocardiographically. A pressure half-time 
of less than 200 msec indicates severe AR. In addition, 
holodiastolic flow reversal in the descending aorta signi-
fies moderate-to-severe AR.

Although patients with chronic AR can remain asymp-
tomatic for decades, symptoms of left-sided HF eventually 
occur, such as exercise intolerance, dyspnea, and parox-
ysmal nocturnal dyspnea or orthopnea. Afterload reduc-
tion may become necessary as the disease progresses. In 
addition, a few patients present with angina despite hav-
ing normal coronary arteries; this angina results from poor 
coronary perfusion resulting from low diastolic aortic pres-
sure. A difficult decision for the cardiologist is at what point 
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Figure 67-33. Pressure-volume loop in aortic regurgitation (AR). 
Acute AR, middle loop; chronic AR, right loop. LV, Left ventricular. (Modi-
fied from Jackson JM, Thomas SJ, Lowenstein E: Anesthetic management 
of patients with valvular heart disease, Semin Anesth 1:239, 1982.)
TABLE 67-14 PATHOPHYSIOLOGIC CHANGES ASSOCIATED WITH AORTIC STENOSIS 

LV Preload Heart Rate Contractility Systemic Vascular Resistance Pulmonary Vascular Resistance

Aortic stenosis ↑ ↓ (sinus) Maintain constant ↑ Maintain constant

LV, Left ventricular.
From Townsley MM, Martin DE: Anesthetic management for the surgical treatment of valvular heart disease. In Hensley FA, Martin DE, Gravlee GP, editors:  

A practical approach to cardiac anesthesia, ed 5, Philadelphia, 2013, Lippincott Williams & Wilkins, p 327.
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in the course of the disease surgery should be performed to 
prevent the development of irreversible LV dysfunction, 
especially in patients with severe chronic AR.276,277

Acute Aortic Regurgitation. Acute AR is less common than 
chronic AR but carries a more ominous prognosis. Com-
mon causes of acute AR include trauma, bacterial endo-
carditis, and aortic dissection. Rarely, acute AR occurs as 
an idiopathic complication, such as after aortic valvulo-
plasty. The focus of the pathophysiology of acute AR is 
that it causes an acute increase in the volume coming 
into the left ventricle. Because the left ventricle has not 
had time to undergo the process of eccentric hypertro-
phy, as it does in chronic AR, it is unprepared to accom-
modate this sudden increase in volume. As shown in 
Figure 67-33, this sudden increase in the LVEDP causes a 
rightward shift in the pressure-volume loop.278 A sympa-
thetic response is activated; tachycardia and an increased 
contractile state are the chief compensatory mechanisms 
for maintaining adequate CO. Unless acute AR is man-
aged appropriately, these compensatory mechanisms rap-
idly fail. Furthermore, the sympathetic response causes 
sympathetic constriction of the peripheral vasculature, 
thereby increasing SVR and further worsening the AR. LV 
function can deteriorate rapidly, necessitating emergency 
surgery. Vasodilator therapy may temporarily stabilize 
the patient during transport to the operating room.277

anesTheTic managemenT. The anesthetic management of 
patients with AR should include maintaining a relatively 
fast heart rate (≈90 beats/minute) and a relatively low SVR 
while maintaining preload and contractility. Table 67-15 
summarizes the goals of anesthetic care for a patient with 

Figure 67-34. Vena contracta. Calipers measure the narrowest por-
tion of the aortic regurgitant jet, which corresponds to an approxima-
tion of the regurgitant orifice area. Ao, Aorta; LA, left atrium; LV, left 
ventricle. (From Perino AC, Reeves ST, editors: A practical approach to 
transesophageal echocardiography, ed 2, Philadelphia, 2008, Lippin-
cott Williams & Wilkins, p 232.)
AR. Light premedication is recommended. Regarding the 
choice of drugs for general anesthesia in these patients, 
medications that cause bradycardia or high blood pres-
sure should be avoided because these changes worsen the 
degree of AR and can precipitate LV failure.

Preoperative placement of an arterial catheter and cen-
tral venous catheter is standard, and a PA catheter may 
be considered if PAPs are high. In the prebypass period, 
TEE allows the anesthesiologist to determine the cause 
and severity of the AR, evaluate LV size and function, 
and assess the function of the other cardiac valves. Fur-
thermore, TEE assessment in the immediate postbypass 
period confirms the proper positioning and function of 
the new aortic valve.

Weaning from CPB may be complicated by preexist-
ing LV dysfunction. Furthermore, mechanical aortic 
valve replacement results in a mild transvalvular pressure 
gradient. Therefore, inotropic agents may be needed to 
improve LV function. Preload augmentation must be con-
tinued to maintain the filling of the dilated left ventricle.

Other Valvular Disease
tricuspid ValVE disEasE

Tricuspid regurgiTaTion. Right-sided valvular disease in 
adults is most often a manifestation of pulmonary hyper-
tension secondary to intrinsic lung disease, pulmonary 
vascular disease, or left-sided cardiac disease. Primary TR 
can be rheumatic, traumatic, or infectious. Secondary or 
functional TR can be a manifestation of cor pulmonale, 
primary pulmonary hypertension, or left-sided cardiac 
disease that results in elevated pulmonary vascular pres-
sures. Functional TR is frequently present in patients 
undergoing aortic and particularly mitral valve surgery. 
Severe TR is now considered a class 1 indication for con-
comitant tricuspid valve repair or replacement in patients 
undergoing left-sided heart valve surgical procedures.

Tricuspid valvular disease is predominately regurgi-
tant. Patients with significant TR may have symptoms of 
dyspnea and evidence of elevated RA pressure (e.g., hepa-
tomegaly, peripheral edema). Compensatory changes 
with long-standing TR involve RV and RA chamber dila-
tion. Because of RA enlargement, many patients exhibit 
atrial fibrillation. Long-standing TR and RV enlargement 
can result in RV systolic dysfunction, which leads to 
further chamber enlargement, tricuspid annular dila-
tion, and worsening of TR severity. If the tricuspid insuf-
ficiency is secondary to RV pressure overload states, as 
with pulmonary hypertension, RV hypertrophy ensues. 
This hypertrophy and increased RV pressure can lead to 
leftward displacement of the interventricular septum and 
impaired LV systolic and diastolic performance.

Anesthetic management concerns include preload 
preservation and appropriate inotropic support as 
TABLE 67-15 PATHOPHYSIOLOGIC CHANGES ASSOCIATED WITH AORTIC REGURGITATION 

LV Preload Heart Rate Contractility Systemic Vascular Resistance Pulmonary Vascular Resistance

Aortic regurgitation ↑ ↑ Maintain ↓ Maintain

LV, Left ventricular.
From Townsley MM, Martin DE: Anesthetic management for the surgical treatment of valvular heart disease. In Hensley FA, Martin DE, Gravlee GP, editors:  

A practical approach to cardiac anesthesia, ed 5, Philadelphia, 2013, Lippincott Williams & Wilkins, p 335.
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dictated by the clinical situation. If the TR is secondary to 
elevations in pulmonary vascular pressure or resistance, 
efforts to reduce PVR will be beneficial. Forward flow can 
be maximized by high-normal heart rates. Surgical annu-
loplasty, although usually successful, can leave residual 
TR or create an elevated pressure gradient across the tri-
cuspid valve.279

Tricuspid sTenosis. Tricuspid stenosis (TS) is a relatively 
rare clinical finding in adults. Patients with TS may have 
significant RA enlargement and possibly atrial fibrilla-
tion. Chronic elevation of RA pressure leads to IVC dila-
tion, jugular venous distention, and hepatic congestion. 
Clinical symptoms and signs can include hepatomegaly 
(with or without hepatic dysfunction), ascites, peripheral 
edema, fatigue, and dyspnea.279,280

TS results in reduced RV filling. The normal tricuspid 
valve area is 7 cm2, and ventricular filling is compromised 
once the valve area falls to less than 1.5 cm2. The severity 
of TS is usually assessed echocardiographically by measur-
ing the Doppler-derived transvalvular gradient. Mild TS is 
associated with a gradient of 2 mm Hg or less; moderate 
TS, 2 to 6 mm Hg; and severe TS, greater than 6 mm Hg.281

Anesthetic management centers on maintaining pre-
load and controlling heart rate. Overt tachycardia should 
be avoided because it significantly shortens the interval for 
diastolic filling, which must be prolonged in these patients. 
The target heart rate is not frank bradycardia, because CO 
may not be optimal, but the heart rate should be in the 
low-normal range. When atrial fibrillation is not part of 
the clinical picture, preserving AV synchrony is important 
for maintaining RV output. Although RV inotropic failure 
is not usually a major concern in isolated TS, it may be 
when TS is a part of multivalvular heart disease or ischemic 
heart disease, thus warranting consideration of inotropic 
support. SVR should be maintained because the fixed 
obstruction at the level of the tricuspid valve prevents a 
compensatory increase in preload if afterload declines.

pulMonic ValVE disEasE

pulmonic sTenosis. Pulmonic valvular disease can be con-
genital or acquired. Pulmonic stenosis (PS) is caused by 
congenital valve abnormalities in 95% of cases.279 Elevated 
transvalvular pressure gradients lead to RV hypertrophy, 
dilation, and eventual failure. Treatments include balloon 
valvuloplasty, surgical valvotomy, and valve replacement. 
Subvalvular muscular infundibular obstruction can result 
from long-standing PS. Tachycardia and hypovolemia can 
precipitate a dynamic clinical condition in which outflow 
tract obstruction is accentuated. Management strategies 
include judicious heart rate control, preload maintenance, 
and inotropic support if RV systolic failure occurs.

pulmonic insufficiency. Pulmonic insufficiency (PI) can 
result when pulmonic valves are rendered incompetent 
during childhood balloon valvuloplasty for congenital PS 
or surgical valvotomy for tetralogy of Fallot or its vari-
ants. PI may also be associated with rheumatic heart dis-
ease, pulmonary embolus, carcinoid syndrome, trauma, 
Marfan syndrome, idiopathic dilation of the pulmonary 
trunk, and endocarditis.279 Most patients are asympto-
matic, but long-standing severe PI can lead to sympto-
matic RV dilation and failure, warranting replacement of 
the pulmonic valve.
Anesthetic management requires being mindful of the 
primary cardiac or pulmonary disease that led to the pul-
monic valvular insufficiency (e.g., endocarditis, emboli, 
and multifactorial causes of pulmonary hypertension). 
In primary PI, anesthetic management goals may include 
maintaining preload, supporting contractility, and reduc-
ing PVR by lowering the PacO2 and increasing the fraction 
of inspired oxygen (FiO2).

Minimally Invasive Valve Surgery
Cosgrove, Sabik, and Cohen were among the first sur-
geons to modify the traditional approach to cardiac 
surgery and pioneer the concept of minimally invasive 
cardiac surgery.282 The rapid development and refinement 
of minimally invasive techniques have resulted in the 
realizations that minimally invasive cardiac surgery does 
not compromise patients’ safety or surgical exposure and 
that results are comparable to those of traditional open 
procedures. Mihaljevic and colleagues published a series 
of 1000 minimally invasive valve operations performed 
between 1996 and 2003 and noted the following benefits: 
reduced bypass and cross-clamp times, reduced stroke and 
MI rates, reduced length of hospital stay, and a higher rate 
of discharges home rather than to another facility.283

MiniMally inVasiVE aortic ValVE surgEry. The surgical 
approach to the aortic valve can be made through several 
different incisions, including a right parasternal incision, 
upper hemisternotomy, or lower hemisternotomy.282 To 
achieve arterial access, a surgical decision may be made 
to cannulate the femoral artery.283 Alternatively, if aortic 
atheromatous disease precludes retrograde aortic arterial 
flow, the surgeon may attempt aortic cannulation through 
an incision directly into the aorta, or through the axillary 
artery.282,284 Venous bypass drainage can be accomplished 
by cannulating the right atrium (if surgical exposure is not 
compromised) or through the femoral vein. Positioning 
of the distal drainage portion of the femoral vein cannula 
in the IVC, right atrium, or distal segment of the SVC is 
guided and confirmed by TEE (Fig. 67-35).283 To reduce the 
incidence and magnitude of retained intracavitary LV air, 
carbon dioxide can be insufflated into the surgical field.282 
Because surgical exposure is limited, sterile transcutane-
ous defibrillator pads should be placed before preparing 
and draping, should the need to defibrillate arise.284

Figure 67-35. Venous cannula placement through the inferior vena 
cava–right atrium into the superior vena cava.
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In general, anesthetic monitoring considerations are 
similar to those for standard approaches to valvular heart 
surgery. However, in the absence of direct visualization, 
TEE is even more valuable in these procedures because 
of the importance of assessing bypass cannula placement 
and ensuring adequate ventricular de-airing.284 If retro-
grade cardioplegia is required, TEE may be used to guide 
a transjugular retrograde catheter into the coronary sinus.

One report of a large series of minimally invasive aor-
tic valve procedures included more than 900 patients. 
Compared with the national average, these patients had 
decreased blood product use (with 53% of first-time aortic 
valve surgery patients receiving no blood products) and 
higher rates of discharge home (including 40% of the 
octogenarian patients).285

MiniMally inVasiVE Mitral ValVE surgEry. The mitral 
valve can be accessed through a lower hemisternotomy, 
a right parasternal incision excising the cartilaginous 
portions of the third and fourth ribs, or a right thora-
cotomy through a 4-cm incision.286 The mitral valve is 
then exposed through the left atrium or by a transseptal 
approach through the right atrium. Visualization of the 
valve for repair or replacement can be achieved in the fol-
lowing ways: by direct inspection and instrumentation; 
by “port access” under thoracoscopic guidance and video 
assistance, which can involve voice-activated, robotic 
movement of the thoracoscopic instruments; or by a 
more complete endoscopic technique using the DaVinci 
robotic system (Intuitive Surgical, Inc., Sunnyvale, Calif) 
(see also Chapter 86). The DaVinci system uses robotic 
arms and instrumentation controlled by the surgeon sit-
ting at a remote, computer-enhanced, three-dimensional 
imaging console to assist in completing the surgery.287

Endoscopic or minimally invasive mitral procedures usu-
ally involve CPB with aortic and venous cannulas placed 
through the femoral artery and vein. In addition, the sur-
geon may choose to use novel aortic occlusion devices that 
allow a bloodless operative field and the delivery of cardio-
plegia (Fig. 67-36). However, this catheter is challenging to 
position in the aortic root and necessitates intraoperative 
fluoroscopy or echocardiography to confirm the catheter’s 

A B C
Figure 67-36. A, Drawing of a well-positioned EndoClamp in the 
ascending aorta. B, Distal migration of the EndoClamp and poten-
tially obstructing flow to the innominate artery. C, Proximal migra-
tion of the EndoClamp that may prevent adequate aortic occlusion or 
cardioplegia. (Modified with permission from Kottenberg-Assenmacher E, 
Kamler M, Peters J: Minimally invasive endoscopic port-access intracardiac 
surgery with one lung ventilation: impact on gas exchange and anaesthe-
sia resources, Anaesthesia 62:231-238, 2007; from Vernick WJ, Woo JY: 
Anesthetic considerations during minimally invasive mitral valve surgery, 
Semin Cardiothorac Vasc Anesth 16:11-24, 2012.)
position definitively. Known concerns and risks include 
catheter migration into the heart across the aortic valve 
and distal migration with occlusion of the brachiocephalic 
trunk.284 Alternatively, the aorta can be occluded directly 
with flexible cross-clamps introduced through small chest 
wall incisions. The Chitwood transthoracic aortic cross-
clamp (Scanlan International, Inc., St. Paul, Minn) and the 
Cosgrove Flex Clamp (Cardinal Health, McGaw Park, IL) 
are being used for this purpose (Fig. 67-37).286 Cardiople-
gia needles may be inserted under direct vision or thoraco-
scopic guidance.284 Retrograde cardioplegia, although not 
necessarily used in all patients, can be accomplished by 
directly cannulating the coronary sinus with a retrograde 
catheter at the operative site (RA approach) or by placing 
a percutaneous coronary sinus catheter in the internal 
jugular vein and positioning it under echocardiographic 
guidance. Secondary operative considerations include the 
unique positioning of the patient for the use of robotic 
instrumentation. Most minimally invasive approaches 
require a 30-degree “right side up” position.

Regarding anesthetic management, adequate surgical 
visualization often necessitates offering selective lung ven-
tilation with the use of a double-lumen tube or bronchial 
blocker. Monitoring considerations are similar to those for 
standard approaches to valvular heart surgery, including 
a five-lead ECG, an invasive arterial catheter, and central 
venous access. Furthermore, a PA ventilation (PA vent) 
catheter is placed in a manner similar to placement of a 
PA catheter.284 These two catheters differ in two impor-
tant ways. First, the PA vent is flimsier than a PA catheter; 
therefore, during its placement, the anesthesiologist will 
encounter a significant amount of noise in the tracings. 
Second, the PA vent does not have as many ports as a PA 
catheter does, which means that the cardiac anesthesiolo-
gist cannot monitor the SvO2 and CO or cardiac index.

The outcomes of minimally invasive mitral valve sur-
gery have been encouraging. Although prospective trials 
comparing minimally invasive mitral valve surgery and 
standard approaches are limited, developments in tech-
nology and an integrated team approach may facilitate 
favorable postoperative outcomes.286 Reports describe 
mortality and morbidity rates comparable to those of 
full-sternotomy approaches, with reduced postoperative 
bleeding and trends toward reduced length of hospital 
stay and a higher rate of discharge home.282,283

transcathEtEr aortic ValVE iMplantation. Symp-
tomatic patients with severe AS have a poor prognosis; 
the mortality at 1 year in medically treated patients is 

Figure 67-37. Chitwood transthoracic aortic cross-clamp (Scanlan 
International, Inc., St. Paul, Minn) seen before use. (From Vernick WJ, 
Woo JY: Anesthetic considerations during minimally invasive mitral valve 
surgery, Semin Cardiothorac Vasc Anesth 16:11-24, 2012.)
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50%.288 Transcatheter aortic valve implantation (TAVI) is 
an alternative treatment option in patients with severe 
AS for whom cardiac surgery and traditional aortic valve 
replacement pose substantial risks, particularly patients 
of advanced age who have extreme comorbidities (e.g., 
porcelain aorta, prior radiation therapy, frailty, severe 
hepatic or pulmonary disease).289-291 The technologic 
advances made in the development of TAVI procedures 
are ingenious. However, the procedure is associated with 
significant 30-day mortality (8% to 10%), as well as short-
term and long-term morbidity, including stroke, need 
for permanent pacemaker insertion, access complica-
tions, valve embolization, renal failure, cardiac rupture, 
aortic rupture, cardiac tamponade, and bleeding.292,293 
Published guidelines regarding the TAVI procedure rec-
ommend specialized multidisciplinary heart teams that 
include cardiologists, cardiac surgeons, anesthesiologists, 
intensivists, nurses, and others.294 The hybrid operating 
room or cardiac catheterization laboratory (CCL) where 
the procedure is performed must have adequate space, 
expert echocardiography, emergency supplies, support 
from colleagues, and immediate access to CPB techni-
cians and a cardiac surgeon if necessary.

The TAVI procedure requires either retrograde (through 
the femoral artery) or anterograde (through the apex of 
the left ventricle) access to the aortic valve annulus (Fig. 
67-38).294,295 Typically, general anesthesia is needed for 
transapical procedures.292 Large-bore intravenous access, 
an arterial catheter, and central venous access are essen-
tial, as is a PA catheter in patients with preexisting pul-
monary hypertension. A TEE probe is introduced after 
induction. External defibrillation pads are placed and 
connected to the defibrillator before the procedure begins 
(ventricular fibrillation can result from manipulation of 
catheters within the heart or from rapid ventricular pac-
ing).292 Because a period of rapid ventricular pacing is 

Figure 67-38. Schematic of transapical aortic valve implantation. 
The prosthesis is implanted within the native annulus by balloon infla-
tion. (From Walther T, Ralk V, Borger MA, et al: Minimally invasive trans-
apical beating heart aortic valve implantation: proof of concept, Eur J 
Cardiothorac Surg 31:9-15, 2007.)
required during deployment of the valve, a transvenous 
lead for temporary pacing is inserted, typically through 
the femoral or subclavian vein (or, in the case of transapi-
cal procedures, sewn directly on the epicardial surface).292

TEE has a central role in evaluating annulus size, 
aortic disease, ventricular function, and MR, as well as 
determining reasons for hemodynamic instability.295,296 
A balloon valvuloplasty of the aortic valve precedes the 
insertion of a bioprosthetic valve, which is crimped on 
a valvuloplasty balloon catheter and implanted by infla-
tion. The device is guided into position through the com-
bined use of real-time TEE and fluoroscopy. Immediately 
after inflation, TEE is employed to measure the degree 
and source of any AR and to examine the aorta for any 
aortic dissection.295,296

A major challenge during the TAVI procedure is main-
taining hemodynamic stability. In patients with severe 
concentric LV hypertrophy and intravascular volume 
depletion, hemodynamic status may deteriorate rapidly 
because of ventricular pacing, intracardiac guidewire or 
catheter manipulation, or balloon aortic valvuloplasty 
itself.292 Avoiding prolonged hypotension and the cycle 
of hypotension, subendocardial ischemia, and low out-
put is critical to prevent hemodynamic collapse. The fre-
quency and duration of rapid ventricular pacing episodes 
may need to be limited to allow enough time between 
episodes for spontaneous circulation to recover. Vasopres-
sors (norepinephrine, epinephrine, or phenylephrine), 
administered as incremental boluses or as a continuous 
infusion, may be necessary. Constant communication 
among team members is essential throughout this multi-
disciplinary procedure.

Although general anesthesia is used for transapical 
procedures, some experienced institutions are perform-
ing transfemoral implantation with conscious sedation 
and monitored anesthesia care.297 The advantages of 
this approach include the ability to monitor the awake 
patient’s neurologic status continuously, greater hemo-
dynamic stability, and possibly reduced postprocedure 
length of stay in the ICU compared with an approach 
using general anesthesia.297 However, general anesthesia 
is required if TEE is necessary during a procedure (not all 
centers use TEE for transfemoral TAVI).

The TAVI procedure requires state-of-the-art imaging 
capability, as well as the immediate availability of per-
sonnel to secure surgical access and institute CPB.291 The 
short-term efficacy of TAVI, as shown by echocardio-
graphic measurements, is good.293 However, evidence 
on long-term outcomes awaits further data collection in 
national TAVI registries.292,294

othEr usEs of thE MiniMally inVasiVE approach. Mini-
mally invasive surgical approaches can also be used to 
treat tricuspid valve disease,298 as well as ASDs. Newer 
developments in the operative treatment of ischemic 
heart disease have led to the consideration of hybrid pro-
cedures in patients with multivessel CAD. This essentially 
means that patients with multivessel CAD can undergo 
percutaneous coronary intervention with a LIMA graft to 
the LAD coronary artery during the same hospital admis-
sion.299 Additionally, some clinicians have attempted 
to combine minimally invasive valvular surgery with 
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percutaneous catheter intervention for coexisting isch-
emic heart disease.

Notably, early trials of Heartport technology with 
endoaortic occlusion catheters showed an elevated risk 
for intraluminal aortic injury and aortic dissection.284 
Although clamps such as the Chitwood transthoracic aor-
tic cross-clamp and the Cosgrove Flex Clamp are being 
increasingly used, endoaortic occlusion technology may 
offer an alternative when standard aortic cross-clamping 
is contraindicated.286

HEART FAILURE

HF can be defined as a complex clinical syndrome caused 
by any structural or functional cardiac disorder that 
impairs the ability of the heart (as a pump) to meet the 
metabolic demands of the body. Thus, HF can result 
from an impairment of diastolic filling, systolic ejection, 
or both. Once HF is present, progressive cycles of dete-
rioration and transient compensation ensue that may 
continue for years. Essentially, increases in end-diastolic 
volumes are compensated for by endogenously promoted 
diuresis, which is compensated for by sympathetic acti-
vation. This activation promotes further diuresis, which 
then requires compensation by further sympathetic 
activation, and so on. As the syndrome progresses, the 
hemodynamic changes, the cycles of fluid retention and 
relative hypovolemia, and bodily hypoperfusion perturb 
many neuroendocrine, humoral, and inflammatory feed-
back loops (Box 67-9), with resulting progressive and 
inexorable cycles of physical and functional deteriora-
tion of the heart and major bodily organs. In the United 
States, more than 6 million people currently have HF, and 
its prevalence is estimated at 10% in people older than 
65 years old. Although survival with HF has improved, 
the mortality associated with heart failure remains high, 
and at least 50% of patients with HF are expected to die 
within 5 years of diagnosis.

 1.  Causes
 a.  Myocardial injury
 i.  Ischemia
 ii.  Toxins
 iii.  Volume overload
 iv.  Pressure overload
 b.  Genetic perturbation
 2.  Cardiac remodeling
 a.  Myocyte growth
 i.  Concentric hypertrophy
 ii.  Eccentric hypertrophy
 b.  Interstitial fibrosis
 c.  Apoptosis
 d.  Sarcomere slippage
 e.  Chamber enlargement
 3.  Clinical heart failure milieu
 a.  Pump performance
 b.  Circulatory dynamics
 c.  Metabolic abnormalities

BOX 67-9 Pathophysiology of Heart Failure: 
From Injury to Clinical Syndrome
The ACC/AHA guidelines for the evaluation and man-
agement of chronic HF place patients in four classes 
based on the stages of the syndrome (Box 67-10).300 Early 
in the course of the disease, ventricular contractility is 
maintained by adrenergic stimulation and activation of 
the renin-angiotensin-aldosterone and other neurohor-
monal and cytokine systems.301,302 Patients in this stage 
would be considered to be in ACC/AHA class B. However, 
these compensatory mechanisms become less effective 
over time, and ventricular dilatation and fibrosis occur, 
progressively worsening cardiac function. This produces 
a chronic state of low perfusion and, ultimately, refrac-
tory end-stage HF, labeled class D in the ACC/AHA classi-
fication scheme. The New York Heart Association (NYHA) 
functional classification system is also used to assess the 
severity of functional limitations and correlates fairly well 
with prognosis (Box 67-11). Some patients may remain 
asymptomatic for years despite ventricular remodeling, 
dilatation, and decreased EF.

Medical Management of Heart Failure
Medical strategies for treating developing HF aim to limit 
disease progression, prolong life, and improve quality of 
life as the syndrome progresses. Medical therapies, such 
as ACEIs, β-blockers, diuretics, inotropic agents, and 
antiarrhythmics, represent the usual standard of care 
for HF patients. In general, β-blockers, ACEIs, and ARBs 
(for those who cannot tolerate ACEIs) are class I indica-
tions in the current ACC/AHA guidelines for class A and 

A: High risk for heart failure
Hypertension, diabetes mellitus, coronary artery disease, fam-

ily history of cardiomyopathy
B: Asymptomatic heart failure

Previous myocardial infarction, left ventricular dysfunction, 
valvular heart disease

C: Symptomatic heart failure
Structural heart disease, dyspnea, fatigue, impaired exercise 

tolerance
D: Refractory end-stage heart failure

Marked symptoms at rest despite maximal medical therapy

BOX 67-10 American College of Cardiology/
American Heart Association Classification of 
Chronic Heart Failure Stages

From Hunt SA, Abraham WT, Chin MH, et al: 2009 Focused update 
incorporated into the ACC/AHA 2005 guidelines for the diagnosis and 
management of heart failure in adults: a report of the American College of 
Cardiology Foundation/American Heart Association Task Force on Practice 
Guidelines developed in collaboration with the International Society for 
Heart and Lung Transplantation, J Am Coll Cardiol 53:e1-e90, 2009.

nyHa CLass LeVeL of imPairment

 I:  Ordinary physical activity not limited by symptoms
 II:  Ordinary physical activity somewhat limited by dyspnea
 III:  Exercise limited by dyspnea during a mild workload
 IV:  Dyspnea at rest or with very little exertion

BOX 67-11 New York Heart Association 
Heart Failure Symptom Classification System

NYHA, New York Heart Association.
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B patients with HF who have cardiac structural abnor-
malities and who have not yet developed symptoms of 
HF.300 Signs and symptoms of HF (class C) are class I indi-
cations for the use of certain β-blockers that have been 
shown to prolong life (e.g., bisoprolol, carvedilol, and 
sustained release metoprolol), ACEIs, and ARBs. Diuret-
ics and salt restriction should be added for patients with 
fluid retention. The implantation of devices for cardiac 
resynchronization therapy and defibrillatory capability is 
recommended, and revascularization and valve repair or 
replacement should be performed as appropriate. In both 
symptomatic and asymptomatic patients, current ACC/
AHA guidelines list several additional potential therapies 
with class II and III indications.

However, even multidrug regimens may not prevent 
progression toward class D HF. A patient who has reached 
this category has a 2-year mortality risk greater than 75%. 
Thus, surgical intervention at less advanced stages of HF 
has become common in an attempt to prevent the inexo-
rable progression of the syndrome.

Surgical Management of Heart Failure
In previous years, the only established surgical treatment 
option for advanced HF was cardiac transplantation,300 
which is associated with excellent survival rates and func-
tional capacity. However, certain surgical interventions 
can retard or even potentially reverse progression of the 
disease (in conjunction with pharmacologic and other 
strategies), and the 2009 ACC/AHA guidelines stated that 
all stages of HF are class I indications for specific surgi-
cal interventions (e.g., coronary revascularization, valve 
repair or replacement).

CAD is the most common cause of HF,303 and it is 
the second most common indication for heart trans-
plantation in the United States; CAD accounted for 
approximately 24% of all transplants performed between 
January 1988 and May 2012.304 (The first most common 
indication is idiopathic dilated cardiomyopathy, which 
accounted for approximately 33% of all cases.) World-
wide, ischemic cardiomyopathy is now the second most 
common indication for heart transplantation, account-
ing for 38% of all registered cases.305 Similar to the U.S. 
experience, nonischemic cardiomyopathy has been the 
most common indication worldwide, accounting for 53% 
of all registered cases.

Where viable myocardium and feasible targets exist, 
revascularization of the failing heart can improve cardiac 
function and NYHA functional class.306,307 It can also 
slow remodeling and decrease the incidence of arrhyth-
mias,308 and it has been demonstrated to improve sur-
vival. For example, Liao and associates found that among 
patients with CHF, survival was improved in patients who 
underwent revascularization compared with those who 
did not.306 The optimal method of revascularization has 
not been conclusively determined, however, and stud-
ies continue to examine the issue of whether percutane-
ous coronary stenting is as effective as the gold standard 
intervention, CABG, in promoting long-term survival. 
The issue may be further complicated in certain subpopu-
lations of patients (e.g., those with diabetes), by surgical 
technique (e.g., on-pump versus off-pump CABG), and by 
the type of stent used (e.g., bare metal versus drug coated).
Carefully selected patients with advanced CHF and 
MR receive several benefits from mitral valve repair or 
replacement, including a progressive decrease in LVEDV, 
a progressive improvement in LVEF, improvements 
in functional status (decreased NYHA class, improved 
6-minute walk-test performance, and improved peak 
oxygen consumption), reverse remodeling, and lower 
long-term mortality risk.309,310 The importance of appro-
priate patient selection is paramount, however, if optimal 
benefits are to be realized; the best results occur when 
mitral valve repair or replacement is undertaken before 
the geometric and functional derangements of the valve 
reach certain levels. Several key predictors of lack of 
reverse remodeling have been identified: LV end-diastolic 
dimension greater than 6.5 cm, LV end-systolic dimen-
sion greater than 5.1 cm, large LA volume, high LV sphe-
ricity index, and severely depressed LVEF.233,311-313 The 
optimal type of repair remains a subject of ongoing study, 
as does the issue of whether mitral repair or replacement 
affords the greater survival benefit to these often older 
and highly comorbid patients. Clearly, the quality of any 
repair greatly influences its outcome.

The effectiveness and potential survival benefits of com-
bining revascularization with other surgical procedures 
(e.g., valve repair or replacement, ventricular reshaping) 
have been and continue to be the subject of large, mul-
ticenter investigations. Surgical ventricular restoration 
(reshaping) has thus far not been shown to improve sur-
vival, decrease symptoms, or increase exercise tolerance 
in patients with HF when the procedure is performed in 
conjunction with revascularization.314

In addition to common surgical interventions, elec-
trophysiologic interventions play a key role in the mod-
ern management of HF. Large, international, multicenter 
trials have demonstrated improved survival, decreased 
risk of hospitalization, decreased incidence of sudden 
cardiac death, improvements in LVEF, decreased LV vol-
umes, and decreased symptoms in both symptomatic 
and asymptomatic patients with HF treated with cardiac 
resynchronization therapy (biventricular pacing), ICDs, 
or both.315-319

Today, when pharmacologic, electrophysiologic, 
and surgical interventions fail to stave off the inevi-
table progression of HF, mechanical circulatory sup-
port (MCS) with VADs is commonly used. Short-term 
MCS is generally used as a “bridge to immediate sur-
vival,” a “bridge to recovery,” or a “bridge to next 
decision” after an acute cardiac event. Patients with 
advanced HF who have little expectation of ventricu-
lar recovery (or who have not recovered despite short-
term support) now regularly receive intermediate- and 
long-term VAD support as a potential bridge to trans-
plantation. Since 2002, transplant-ineligible patients 
may receive approved LVADs as “destination therapy,” 
a final treatment strategy shown to confer a survival 
advantage compared with medical management alone. 
Heart transplantation remains, of course, the ultimate 
surgical intervention for end-stage HF, but the number 
of patients with HF far exceeds the number of donor 
organs available each year worldwide, and MCS with a 
VAD is currently the best option for most patients with 
advanced and end-stage HF.
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The use of VADs as a bridge to cardiac transplanta-
tion was previously shown to improve the survival rates 
and outcomes of patients with decompensated HF and 
was also found to improve multiorgan function during 
the time spent on VAD support.320-325 This has been the 
rationale for the tremendous increase in the use of bridg-
ing technology.

However, the most recent analyses from the Interna-
tional Society for Heart and Lung Transplantation (ISHLT) 
indicated that among patients who received transplants 
between July 2004 and June 2009, bridging to trans-
plantation with pulsatile or nonpulsatile VADs did not 
actually confer a statistically significant survival advan-
tage.305 Further, in an analysis of survival in patients 
who received transplants between January 2002 and June 
2009, those who were bridged with pulsatile or nonpul-
satile VADs actually had poorer 6-month posttransplant 
survival than (but equivalent 7-year survival to) patients 
who were not bridged. However, as discussed in the 2011 
ISHLT report, the preponderance of deaths in the early 
years of this technology and the statistical methods used 
to perform the analyses may have great bearing on our 
current thinking, and further analyses are currently under 
way because overall, there does seem to be a survival 
advantage in more recent years with modern devices and 
our more extensive collective experience with patient 
management. Thus, the indication for bridging (e.g., elec-
tive versus “required” because of severe decompensation) 
may be a vitally important part of the selection criteria 
going forward. In this regard, the Interagency Registry for 
Mechanically Assisted Circulatory Support (INTERMACS) 
profile plays an important role in appropriate patient 
selection and the timing of intervention.326 The INTER-
MACS profile characterizes patients with HF on the basis 
of clinical status and symptoms (Table 67-16).327

With regard to destination therapy in the United States, 
the most recent statistics from the INTERMACS registry 
indicate that overall survival has dramatically increased 
since the introduction of continuous flow devices: 1-year 
survival is 74%, and 2-year actuarial survival is 80%.328 

TABLE 67-16 INTERAGENCY REGISTRY FOR 
MECHANICALLY ASSISTED CIRCULATORY 
SUPPORT: PROFILES FOR PATIENT SELECTION* 

Profile Description

1 Critical cardiogenic shock
2 Progressive decline on inotropic support
3 Stable but inotrope dependent
4 Resting symptoms home on oral therapy
5 Exertion intolerant
6 Exertion limited
7 Advanced NYHA class III symptoms

From Kirklin JK, McGiffin DC, Pinderski LJ, et al: Selection of patients and 
techniques of heart transplantation, Surg Clin North Am 84:257-287, 
xi-xii, 2004.

NYHA, New York Heart Association.
*The use of mechanical circulatory support (MCS), frequent arrhythmias, 

and being a “frequent flyer” can modify the profile. In general, patients 
with Interagency Registry for Mechanically Assisted Circulatory  
Support (INTERMACS) profiles 3 and 4 currently are believed to  
represent the best balance between risk and indication for MCS in 
attempts to optimize survival.
This finding is extremely significant considering the 
approximate 25% rate of 1-year survival originally shown 
in the Randomized Evaluation of Mechanical Assistance 
for the Treatment of Congestive Heart Failure (REMATCH) 
trial, which led to FDA approval of the HeartMate VE for 
destination therapy in September 2002.

First-generation, pulsatile VADs were approved as 
bridges to recovery beginning in the early 1990s (e.g., the 
ABIOMED BVS 5000 in 1992) and as bridges to transplan-
tation in the middle to late 1990s (e.g., the HeartMate IP 
in 1995, the Novacor in 1998, and the HeartMate VE in 
1998). These devices have now been supplanted worldwide 
by second- and third-generation, nonpulsatile devices, 
which generate continuous flow and have the advantages 
of being small, silent, valveless, and fully implantable. In 
addition, the current generation of devices is associated 
with significantly fewer perioperative and long-term com-
plications than were pulsatile support devices.

At the time of this writing, the most commonly used 
long-term VAD in the United States is the HeartMate II 
(Thoratec Laboratories, Pleasanton, Calif.). The Heart-
Mate II is a small axial flow pump that continuously draws 
blood from the LV apex by the action of a rapidly rotating 
impeller and returns the blood to the ascending aorta in a 
nonpulsatile fashion. It has been approved in the United 
States as a bridge to transplantation since 2008 and as 
destination therapy since 2010. Complication rates with 
the HeartMate II are dramatically lower than with the 
previous generation of pulsatile devices, and the durabil-
ity of the device far exceeds that of the HeartMate I (>5 
years, compared with only approximately 18 months). 
The current rate of successful bridging to transplantation 
with the HeartMate II is approximately 79%.

Total artificial hearts exist (e.g., the CardioWest tem-
porary Total Artificial Heart [TAH-t], Syncardia Systems, 
Tucson, Ariz.; and the AbioCor Implantable Replacement 
Heart [IRH], Abiomed, Inc., Danvers, Mass.). The Cardio-
West TAH-t is FDA approved (and approved and available 
in Europe and Canada) as a bridge to transplantation and 
has had renewed popularity because of its 79% successful 
rate of bridging patients to transplantation, with a lower 
incidence of adverse neurologic events than is associated 
with approved VADs. According to the manufacturer, 
more than 1100 TAH-t devices have been implanted. The 
AbioCor IRH is currently approved in the United States 
only as destination therapy under a Humanitarian Device 
Exemption for transplant-ineligible patients with end-
stage HF. At the time of this writing, very few AbioCor 
IRHs have been implanted, so relatively little experience 
exists with this device in humans.

Cardiac Transplantation
Discovery of the immunosuppressive agent cyclospo-
rine in the early 1980s made cardiac transplantation an 
accepted surgical option for end-stage HF.329 Currently, 
1-year survival is 85% or more, and 5-year survival is 
approximately 70%.305 Patients 30 to 59 years old tend 
to have the best survival, as do recipients who required 
transplantation because of nonischemic cardiomyopathy.

Most candidates for cardiac transplantation have class 
D HF that has been maximally treated medically but is 
nevertheless likely to result in death in less than 1 year. 
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Such patients typically are in cardiogenic shock or have 
a chronic low-output state that necessitates mechanical 
or inotropic support, but candidates also include patients 
with advanced symptomatic HF and peak oxygen uptake 
less than 10 mL/kg/minute (with the achievement of an 
anaerobic threshold), patients with NYHA class IV HF 
caused by advanced hypertrophic or restrictive cardio-
myopathy, patients with refractory angina pectoris and 
inoperable CAD, and patients with life-threatening ven-
tricular arrhythmias that are refractory to all appropriate 
medical and surgical treatment. Usually, the patient’s EF 
is less than 20%. However, patients with NYHA class III 
HF who are at risk for sudden death related to malignant 
arrhythmias are sometimes placed on the waiting list.

In the United States, cardiac transplantation is per-
formed in member centers of the United Network for 
Organ Sharing (UNOS), an umbrella organization respon-
sible for coordinating organ procurement, organ alloca-
tion, and statistical information. The UNOS allocates 
donor hearts according to each patient’s priority status, 
ABO group compatibility, body size match, and distance 
from the donor center. The highest priority is given to 
inpatients supported by mechanical circulatory assist 
devices for acute hemodynamic decompensation, patients 
maintained on assist devices who have significant device-
related complications, patients requiring continuous 
infusion of single or multiple high-dose intravenous ino-
tropic medications, and patients with a life expectancy of 
less than 7 days without transplantation.

The most common diagnoses in adult patients with HF 
who require cardiac transplantation include idiopathic or 
ischemic cardiomyopathy and complex congenital heart 
disease (CHD). Less common diagnoses include viral car-
diomyopathy, postpartum cardiomyopathy, refractory 
valvular disease, primary myocardial diseases (e.g., sarcoid-
osis, amyloidosis), and drug-induced myocardial disease.

The selection criteria have been broadened for both 
heart recipients and heart donors.327 For example, 
patients with HF in two previously excluded categories—
those with diabetes and those older than 65 years old—
are now considered transplantation candidates in many 
centers.330 In addition, although centers generally prefer 
donors to be younger than 35 years old, the age criterion 
has been expanded to include suitable donors (e.g., those 
without cardiac risk factors or evidence of CAD) who are 
60 years old or older. Major contraindications to heart 
transplantation that continue to steer patients toward 
destination therapy with a VAD instead of transplantation 
include older age, renal dysfunction, and high body mass 
index.327 Modifiable risk factors (e.g., pulmonary hyper-
tension) remain the subject of ongoing clinical investi-
gation. Classically, a PVR greater than 5 dyne•sec•cm-5 
that is unresponsive to pulmonary vasodilators indicates 
a “fixed” elevated PVR, which has been associated with 
an increased risk for early mortality after orthotopic heart 
transplantation.331

The manner in which the donor heart is implanted has 
also changed, with a shift away from the classic biatrial 
technique (originally described by Lower and Shumway 
in 1960) to the bicaval Wythenshawe technique described 
in the early 1990s (Fig. 67-39). The advantages of a bica-
val implantation technique include shorter hospital 
stays, reduced postoperative dependence on diuretics, 
and lower incidences of LA dilatation, atrial dysrhyth-
mias, conduction disturbances, mitral and tricuspid valve 
incompetence, and RV failure. Furthermore, several series 
that compared the classic Shumway technique with the 
bicaval technique showed greater 12-month survival in 
the bicaval group.332,333

An even more recent implantation technique further 
reduces the size of the native LA remnant to two islands 
containing the pulmonary veins on either side. This is 
called a total technique.

Because the recipient sinoatrial node is no longer rou-
tinely retained with either of the modern bicaval tech-
niques, the concept of two P waves on the posttransplant 
ECG is now only of historical interest. Posttransplanta-
tion physiology, however, remains unchanged: the req-
uisite denervation of the donor organ during harvesting 
results in the absence of both direct afferent and efferent 
neural innervation via autonomic or somatic neural path-
ways after implantation in the recipient. In plain English, 
the transplanted heart functions in isolation from the 
recipient’s nervous system, although the potential for 
direct activation of myocardial receptors (e.g., myocardial 
adrenergic receptors) by circulating factors is retained, as 
are all intrinsic myocardial reflexes and mechanisms (e.g., 
the Starling mechanism, the Anrep effect, the Bowditch 
effect, the vasoconstrictive effect on coronary arteries 
of hypocarbia). The loss of parasympathetic tone in the 
transplanted heart means that the resting heart rate is 
faster than normal, and heart rates of approximately 90 
to 110 beats/minute are usual (and, in fact, are necessary 
to maintain CO in many cases).

A clear understanding of what remains intact and what 
is lost in the transplanted heart dictates and guides post-
transplant anesthetic management. Adequate preload is 
critical. Direct-acting drugs (e.g., epinephrine, dobutamine, 
norepinephrine, isoproterenol) and pacing are maximally 
and immediately effective when needed to increase inot-
ropy or chronotropy, respectively, in the transplanted 
heart. Primarily indirect-acting drugs (e.g., ephedrine, 
dopamine) rely mostly on the release of epinephrine and 
norepinephrine from the adrenal glands. Digoxin retains 

A B

Figure 67-39. Surgical techniques for cardiac transplantation.  
A, Biatrial technique. The donor heart is anastomosed to the main 
bulk of the recipient’s native right and left atria. B, Bicaval technique. 
The donor left atrium is anastomosed to a single left atrial cuff, includ-
ing the pulmonary veins, in the recipient.
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its direct inotropic effect on the heart through inhibi-
tion of sodium-potassium adenosine triphosphatase, with 
resultant buildup of intramyocardial calcium, but loses its 
potential to decrease chronotropy (a parasympathetically 
mediated effect on the AV node). One should not expect 
a decrease or increase in heart rate after the administration 
of medications that cause bradycardia (e.g., fentanyl) or 
tachycardia (e.g., meperidine, pancuronium) as a side effect. 
Anticholinergic medications (e.g., atropine, glycopyrrolate) 
are not expected to increase heart rate in the denervated 
heart but are always administered at the time of reversal of 
muscle relaxation by acetylcholinesterase inhibitors (e.g., 
neostigmine) to decrease the potential adverse extracardiac 
cholinergic effects of the anticholinesterase group.

The denervated heart is subject to accelerated athero-
sclerotic disease, causing a significant 5-year incidence of 
CAD in transplant recipients, but these recipients do not 
experience angina. Significant dysrhythmias or arrhyth-
mias in a transplanted heart should be considered harbin-
gers of ischemia until proven otherwise.

CONGENITAL HEART DISEASE IN ADULTS

Background and Current Perspective
Medical and surgical advances in CHD surgery since 
the 1960s have significantly reduced the death rates of 
patients with CHD. Today, 85% to 95% of babies born 
with CHD can reach adulthood, and the number of adults 
with CHD now exceeds the number of children.334 Adult 
patients who present with CHD can have extremely com-
plex conditions that require careful assessment and oper-
ative planning. They may present for cardiac surgery for 
the first time or for further palliative correction, either 
definitively or for residua. Most patients with CHD face 
a lifetime of significant challenges,335 ranging from the 
complications of long-term antibiotic prophylaxis to 
thromboembolic ventricular dysfunction resulting from 
cardiac arrhythmias and pulmonary hypertension.

Preoperative Anesthetic Considerations
The unique problems of this population include the mul-
tisystem effects of single-ventricle physiology, cyanosis, 
systemic right ventricle, complex intracardiac baffles, 
and failing subpulmonary right ventricle.334 The initial 
assessment, history taking, and physical examination of 
an adult patient with CHD must be broadly systemic to 
capture any noncardiac organ involvement. A full review 
of each organ system is beyond the scope of this chap-
ter, but readers are referred to the excellent review articles 
by Chassot and Bettex335 and by Lovell.336 Appropriate 
consultation with the patient’s cardiologist (pediatric or 
adult), as well as access to old medical records, is valuable, 
especially for patients who have complex CHD or have 
undergone complex surgical procedures. Preoperative 
echocardiography is extremely helpful in understand-
ing the anatomy and cardiac function, both primary and 
compensatory, of patients with CHD.

One of the early clinical decisions to be made for an 
individual patient involves determining the appropriate-
ness of surgical care in a given institution. Obviously, 
emergency procedures give very little latitude, but elective 
procedures should warrant careful assessment, especially 
of the abilities and experience of the anesthesiologist who 
will be caring for a patient with complex corrected or pal-
liated CHD. In 2001, the Thirty-second Bethesda Confer-
ence on CHD advocated the creation of regional centers 
for the care of adults with CHD (ACHD centers), whose 
personnel would include a cardiac anesthesiologist and 
other subspecialists with expertise in the management of 
patients with CHD.337 The conference recommended that 
all adult patients with complex (Box 67-12) and moderate 
(Box 67-13) CHD be referred to such ACHD centers. Cur-
rent U.S.338 and Canadian334 updates to these guidelines 
echo these recommendations.

Intraoperative Anesthetic Considerations
In-depth discussion of the anesthetic management of par-
ticular congenital heart defects in adult patients is not the 
purpose of this section. However, a few basic principles 
are essential for all anesthesiologists to know, especially 
those who do not have specialized training in cardiac 
anesthesia or CHD but who may be faced with an older 
patient with CHD who needs urgent noncardiac surgery.

The anesthetic care presents a challenge and requires 
detailed knowledge of the anatomy and physiology of the 
lesion.336 A skilled multidisciplinary team is very helpful 
for providing optimal management.339,340 During the pre-
operative assessment of an adult with CHD, an extensive 
review should be conducted to elicit signs of CHF, cya-
nosis, or compromised peripheral vascular disease. Anes-
thetic considerations are lesion specific and are discussed 
in several reviews.336,341,342

principlE 1: thE prEsEncE or aBsEncE of cyanosis. 
 Cyanosis is usually a marker for complex CHD. Chronic 
cyanosis can lead to the development of abnormalities of 

Conduits, valved or nonvalved
Cyanotic congenital heart disease (all forms)
Double-outlet ventricle
Eisenmenger syndrome
Fontan procedure
Mitral atresia
Single ventricle (also called double inlet or outlet, common,  

or primitive)
Pulmonary atresia (all forms)
Pulmonary vascular obstructive disease
Transposition of the great arteries
Tricuspid atresia
Truncus arteriosus or hemitruncus
Other abnormalities of atrioventricular or ventriculoarterial con-

nection not included here (i.e, crisscross heart, isomerism, 
heterotaxy syndromes, ventricular inversion)

BOX 67-12 Types of Adult Congenital Heart 
Disease of Great Complexity

From Warnes CA, Williams RG, Bashore TM, et al: ACC/AHA 2008 guidelines 
for the management of adults with congenital heart disease: executive sum-
mary: a report of the American College of Cardiology/American Heart As-
sociation Task Force on Practice Guidelines (Writing Committee to Develop 
Guidelines for the Management of Adults with Congenital Heart Disease). 
Developed in collaboration with the American Society of Echocardiogra-
phy, Heart Rhythm Society, Angiography and Interventions and Society of 
Thoracic Surgeons, Circulation 118:2395-2451, 2008.
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RBC production and hemostasis. Elevated levels of eryth-
ropoietin in cyanotic patients can lead to a hyperviscos-
ity syndrome and elevated neurologic risk. Risk factors 
include coexistent systemic hypertension, atrial fibrilla-
tion, and a history of phlebotomy and microcytosis.

In any patient with cyanotic CHD, the anesthe-
siologist should establish intravenous fluid therapy 
and monitor urine output to minimize the circulatory 
effects of perioperative fasting, dehydration, and intra-
operative hypovolemia. These conditions cause hyper-
viscosity, which can be associated with hemostatic 
abnormalities. Long-term administration of antiplate-
let medications to ensure conduit patency should be 
noted. Arterial pressure monitoring should be consid-
ered. The decision whether to measure CVPs should be 
approached with caution and should involve consulta-
tion with a cardiologist familiar with CHD and with 
the patient’s diagnosis. This decision also requires a 
complete understanding of the patient’s anatomy and 
underlying cardiac function, as well as the proposed 
surgical intervention. A caval-pulmonary connection, 
such as the bidirectional Glenn shunt or Fontan pro-
cedure, elevates the patient’s risk of thrombosis from 
indwelling venous catheters.

principlE 2: thE prEsEncE or aBsEncE of intracardiac 
or Extracardiac shunts. Intracardiac shunts are classi-
cally located at the level of the atria or ventricles. The 

Aorto–left ventricular fistula
Anomalous pulmonary venous drainage, partial or total
Atrioventricular septal defect (partial or complete)
Coarctation of the aorta
Ebstein anomaly
Infundibular right ventricular outflow obstruction of significance
Ostium primum atrial septal defect
Patent ductus arteriosus (not closed)
Pulmonary valve regurgitation (moderate to severe)
Pulmonary valve stenosis (moderate to severe)
Sinus of Valsalva fistula or aneurysm
Sinus venosus atrial septal defect
Subvalvular or supravalvular aortic stenosis (except HOCM)
Tetralogy of Fallot
Ventricular septal defect with:

Absent valve or valves
Aortic regurgitation
Coarctation of the aorta
Mitral valve disease
Right ventricular outflow tract obstruction
Straddling tricuspid or mitral valve
Subaortic stenosis

BOX 67-13 Diagnoses in Adult Patients 
With Congenital Heart Disease of Moderate 
Complexity

From Warnes CA, Williams RG, Bashore TM, et al: ACC/AHA 2008 guidelines 
for the management of adults with congenital heart disease: executive sum-
mary: a report of the American College of Cardiology/American Heart As-
sociation Task Force on Practice Guidelines (Writing Committee to Develop 
Guidelines for the Management of Adults with Congenital Heart Disease). 
Developed in collaboration with the American Society of Echocardiography, 
Heart Rhythm Society, Angiography and Interventions, and Society of 
Thoracic Surgeons, Circulation 118:2395-2451, 2008.

HOCM, Hypertrophic obstructive cardiomyopathy.
magnitude of the shunt is often expressed in terms of the 
ratio of pulmonary blood flow (Qp) to systemic blood 
flow (Qs): Qp/Qs. Balanced flow is the hallmark of nor-
mal physiology. A Qp/Qs ratio greater than 1 is gener-
ally consistent with acyanotic heart disease and luxuriant 
pulmonary blood flow. A Qp/Qs ratio less than 1 would 
be consistent with the clinical manifestation of cyanotic 
heart disease. Chassot and Bettex remind us in their 
review article of important subcharacteristics of intracar-
diac shunts335:

 1.  The direction of shunt flow is important. Shunts 
can be right, left, or bidirectional. Shunt flow can be 
influenced by changes in driving pressure across a 
shunt or pressure in the receiving chamber. The high 
intrathoracic pressure that can occur with mechani-
cal ventilation, coughing, the Valsalva maneuver, 
bronchospasm, or positive end-expiratory pressure 
can actually reverse the direction of a left-to-right 
shunt or at least make it bidirectional. Therefore, 
paradoxical embolization by clot or air is a real risk 
in patients with intracardiac shunts and warrants 
fastidious attention to de-airing intravenous lines 
and careful administration of drugs by syringes 
through ports in intravenous lines.

 2.  The size of the intracardiac defect is important. 
Shunts are commonly labeled as restrictive or nonre-
strictive according to their blood velocity or pressure 
characteristics measured at catheterization or by 
echocardiography. Large defects with associated low 
pressure gradients across them have nonrestrictive 
flow. In addition, larger defects can be expected to 
have a greater effect on downstream structures and 
pressures. Small defects with high pressure or gradi-
ents restrict the amount of blood flow. The main-
stays of the anesthetic management of shunt lesions 
are understanding and controlling factors that may 
influence the direction and magnitude of the shunt. 
Shunt flow and direction are directly influenced by 
both PVR and SVR. Elevated SVR and decreased PVR 
generally increase the magnitude of and propensity 
for left-to-right shunting. Conversely, decreased SVR 
decreases the magnitude of left-to right shunting, as 
do elevations in PVR. Mechanical ventilation, the 
inspired oxygen concentration, carbon dioxide lev-
els, and the hemodynamic effects of anesthetic drugs 
are all used to achieve certain therapeutic goals in 
relation to shunt management. Oxygen is a potent 
pulmonary vasodilator, as is a lower PacO2. If the 
clinical problem is luxuriant pulmonary blood flow, 
a high FiO2 is not optimal and should be avoided. 
Similarly, the direction and magnitude of the shunt 
flow determine whether one should hyperventilate 
a patient to achieve a low PacO2 or tolerate a high-
normal PacO2.

 3.  In the presence of a shunt, the potential enlargement 
of receiving chambers and high downstream pres-
sure are important. A shunt above the level of the 
AV valves, such as a left-to-right shunt at the atrial 
level, usually causes right-sided chamber enlargement. 
Defects or shunts below the AV valves, such as a VSD 
or patent ductus arteriosus (PDA), initially result in 
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left-sided chamber enlargement. Shunts at both loca-
tions increase pulmonary blood flow and, with time, 
can lead to potentially irreversible elevations in PVR 
and pulmonary pressure. Furthermore, exposure to 
elevated pulmonary pressure and afterload leads to RV 
enlargement, RV failure, bidirectional shunting, and in 
the most extreme cases, reversal of shunt direction and 
cyanosis, as in patients with Eisenmenger syndrome.

  

Extracardiac shunts can be native to CHD (e.g., aber-
rant pulmonary venous return), surgically created (e.g., 
Blalock-Taussig shunt placement in some cases of cya-
notic heart disease), or compensatory (e.g., aortopulmo-
nary collateral formation with long-standing cyanotic 
heart disease). Special mention of certain aortopulmo-
nary shunts, used commonly in the past to palliate some 
forms of cyanotic heart disease, is warranted. The proxi-
mal connection may be to the ascending aorta, brachio-
cephalic trunk, or subclavian artery. Because blood flow 
through this type of shunt is dependent on systemic 
blood pressure, systemic hypotension may lead to wors-
ening hypoxemia. Furthermore, long-term exposure to 
these extracardiac shunts can result in left-sided chamber 
enlargement and dysfunction secondary to chronic vol-
ume overload.

principlE 3: thE prEsEncE of pulMonary hypErtEnsion. 
Pulmonary arterial hypertension is defined as a mean PAP 
greater than 25 mm Hg or greater than 30 mm Hg with 
exercise. Some degree of pulmonary hypertension devel-
ops in 5% to 10% of adult patients with CHD. This is 
associated with exercise intolerance and decreased func-
tional capacity, which appear to have important prognos-
tic implications.340

The anesthetic management of patients with pulmo-
nary hypertension can be challenging. Invasive moni-
toring and careful anesthetic titration may be required. 
Regional anesthesia may be used for appropriate proce-
dures, but neuraxial blocks should be administered with 
caution. Patients with significant pulmonary hyperten-
sion are very sensitive to preload; therefore, hypovo-
lemia, whether primary (from blood loss) or secondary 
(from vasodilation), should be treated immediately and 
aggressively. Pulmonary hypertension can be managed 
pharmacologically and mechanically. Factors associated 
with decreasing PVR and, subsequently, reductions in 
PAP are listed in Box 67-14.336

principlE 4: thE prEsEncE of VEntricular dysfunc-
tion. As in adult patients with heart disease that is not 
congenital, the presence of ventricular dysfunction is 
an important risk factor for morbidity and mortality, 
both in the perioperative period and in the long term. 
Regarding RV dysfunction, predictors of a poor out-
come may include pulmonary hypertension, pulmonic 
valve incompetence, and consequent dysfunction of 
the subpulmonic ventricle.342 LV dysfunction has been 
observed in patients with repaired tetralogy of Fallot, 
which is associated with male gender, LV enlargement, 
duration of shunt before repair, history of arrhythmia, 
QRS duration, ICD, and moderate to severe RV dys-
function.343
OTHER CARDIAC PROCEDURES

Surgical Ablation of Atrial Fibrillation
In the United States, 2.7 to 6.1 million persons are esti-
mated to have atrial fibrillation.1 Among Medicare 
patients 65 years old or older, the prevalence of atrial 
fibrillation increased from 3.2% in 1992 to 6.0% in 2002 
and is higher in older patients.344 Stroke remains the most 
feared complication of atrial fibrillation; stroke risk is 
fourfold to fivefold higher in patients with atrial fibrilla-
tion than in patients without this arrhythmia. Addition-
ally, atrial fibrillation causes 24% of strokes in patients 
older than 80 years old.1

With regard to persistent atrial fibrillation, both the 
left atrium and the pulmonary veins have been implicated 
in the pathogenesis and maintenance of persistent atrial 
fibrillation. Paroxysmal atrial fibrillation, conversely, 
may result from the juxtaposition of the pulmonary vein 
endothelium and the LA endocardium. The transition of 
the electrical signal from one type of tissue to the other is 
probably responsible for this arrhythmia.

The classic Maze procedure is currently the most 
effective curative therapy for atrial fibrillation.345,346 To 
simplify the procedure and improve its results, Cox and 
colleagues modified the operation twice, hence its cur-
rent name, the Cox-Maze III procedure.345 This procedure 
appears to cure atrial fibrillation in 99% of cases.346 Cur-
rent indications for the Cox-Maze III operation include 

DeCrease in PuLmonary VasCuLar resistanCe

Increasing PaO2

Hypocapnia
Alkalemia
Minimizing intrathoracic pressure

Spontaneous ventilation
Normal lung volumes
High-frequency and jet ventilation
Avoidance of sympathetic stimulation
Deep anesthesia

Pharmacologic methods
Isoproterenol
Phosphodiesterase III inhibitors
Prostaglandin infusion (PGE1 and PGI2)
Inhaled nitric oxide

inCrease in PuLmonary VasCuLar resistanCe

Sympathetic stimulation
Light anesthesia
Pain

Acidemia
Hypoxia
Hypercapnia
Hypothermia
Increased intrathoracic pressure

Controlled ventilation
Positive end-expiratory pressure
Atelectasis

BOX 67-14 Factors Associated With 
Decreasing Pulmonary Vascular Resistance and 
Reductions in Pulmonary Artery Pressure

From Lovell AT: Anaesthetic implications of grown-up congenital heart  
disease, Br J Anaesth 93:129-139, 2004.

PaO2, Partial pressure of arterial oxygen.
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drug intolerance, arrhythmia intolerance, and recurrent 
embolic events.347

Ablative treatments for atrial fibrillation involve mak-
ing RA and LA incisions and cryolesions to interrupt 
the multiple reentrant circuits that cause atrial fibrilla-
tion. Isolating the pulmonary veins and excising the LA 
appendage (LAA) are integral parts of the Maze procedure, 
which requires CPB (for 45 to 60 minutes, if the opera-
tion is performed by an experienced surgeon) and cardiac 
arrest.348-350 This procedure can be performed through 
a minimally invasive chest incision, as an alternative to 
sternotomy, while the patient is undergoing CPB and is 
in cardiac arrest with cardioplegia.

A study done by Prasad and co-workers found that the 
Cox-Maze III procedure effectively cured atrial fibrillation 
when the operation was performed alone or concomi-
tantly with coronary or valve procedures.347 In patients 
who underwent such concomitant operations, the Cox-
Maze III procedure did not significantly add to the mor-
tality or morbidity associated with the revascularization 
or valve repair procedure.

The underuse of the Maze procedure in the past prob-
ably reflected the procedure’s perceived complexity. 
Currently, newer technologies enable the rapid creation 
of lines of conduction blockade, which surgeons use 
to ablate atrial fibrillation in patients undergoing con-
comitant cardiac surgical procedures. These technologies 
include alternate energy sources such as radiofrequency 
(RF) and microwave energy, ultrasound, cryotherapy, and 
laser (Table 67-17). These technologies are also used in 
minimally invasive surgical ablation procedures to cure 
isolated atrial fibrillation.346 Furthermore, the develop-
ment of epicardial probes has facilitated off-pump abla-
tion of atrial fibrillation in the beating heart.

Because cardiac structures can be visualized directly 
during open surgical procedures, ablation lines can be 
created safely, thus avoiding the complication of pul-
monary vein stenosis. An epicardial approach to abla-
tion eliminates the risk of esophageal injury.345,346 The 
advantage of a surgical approach is the ease of excising 
the LAA, which virtually eliminates the risk of stroke. 
However, isolation of the pulmonary vein and excision 
of the LAA can now be done through the minimally 
invasive “keyhole approach” (Fig. 67-40) or a thoraco-
scopic approach.351 Both approaches can be used without 
the need for CPB.346 As experience with the Cox-Maze 
procedures increases and the technology continues to 
advance, the goal is to improve patients’ quality of life 
and free them from the need for antiarrhythmic and 
anticoagulant medications.
TABLE 67-17 ENERGY SOURCES FOR SURGICAL ABLATION OF ATRIAL FIBRILLATION 

Energy Type
Endocardial 
Application

Epicardial 
Application Flexible Probe

Assess 
Transmural No Char Rapid

Radiofrequency* + + + + − +
Microwave + + + − + +
Cryothermy + + − − + −

From Gillinov AM, Blackstone EH, McCarthy PM: Atrial fibrillation: current surgical options and their assessment, Ann Thorac Surg 74:2210-2217, 2002.
*Radiofrequency energy may be delivered in unipolar or bipolar fashion. A commercially available bipolar instrument allows the operator to assess  

transmurality.

A B C
Figure 67-40. “Keyhole” approach for minimally invasive epicardial pulmonary vein isolation with excision of the left atrial appendage.  
A, Access to the right pulmonary veins is gained through a keyhole incision under endoscopic guidance. B, A bipolar radiofrequency clamp is used 
to isolate the left atrial cuff adjacent to the right pulmonary veins. C, Stapled excision of the left atrial appendage after the left pulmonary veins 
are isolated with a technique similar to that shown for the right pulmonary veins. (From Gillinov AM, Wolf RK: Surgical ablation of atrial fibrillation, 
Prog Cardiovasc Dis 48:169-177, 2005.)
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