
 435

22
C H A P T E R

 Anesthesia for 
Cardiovascular Surgery 

  K E Y  C O N C E P T S  

  Cardiopulmonary bypass (CPB) is a 
technique that diverts venous blood 
away from the heart (most often from 
one or more cannulas in the right atrium), 
adds oxygen, removes CO   

2
   , and returns 

the blood through a cannula in a large 
artery (usually the ascending aorta or a 
femoral artery). As a result, nearly all blood 
bypasses the heart and lungs . 

      The fl uid level in the reservoir is critical. If 
a “roller” pump is used and the reservoir is 
allowed to empty, air can enter the main 
pump and be embolized into the patient 
where it may cause organ damage or 
fatality . 

      Initiation of CPB is associated with a variable 
increase in stress hormones and systemic 
infl ammatory response . 

      Establishing the adequacy of the patient’s 
preoperative cardiac function should be 
based on exercise (activity) tolerance, 
measurements of myocardial contractility 
such as ejection fraction, the severity and 
location of coronary stenoses, ventricular 
wall motion abnormalities, cardiac end-
diastolic pressures, cardiac output, and 
valvular areas and gradients . 

      Blood should be immediately available for 
transfusion if the patient has already had 
a midline sternotomy (a “redo”); in these 
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cases, the right ventricle or coronary grafts 
may be adherent to the sternum and may 
be accidentally entered during the repeat 
sternotomy . 

  In general, pulmonary artery catheterization 
has been most often used in patients 
with compromised ventricular function 
(ejection fraction  < 40–50%) or pulmonary 
hypertension and in those undergoing 
complicated procedures . 

  Transesophageal echocardiography (TEE) 
provides valuable information about 
cardiac anatomy and function during 
surgery. Two-dimensional, multiplane TEE 
can detect regional and global ventricular 
abnormalities, chamber dimensions, valvular 
anatomy, and the presence of intracardiac 
air. Three-dimensional TEE provides a more 
complete description of valvular anatomy 
and pathology . 

  Anesthetic dose requirements are variable 
and patient tolerance of inhaled anesthetics 
generally declines with declining ventricular 
function. Severely compromised patients 
should be given anesthetic agents in 
incremental, small doses . 

  Anticoagulation must be established 
before CPB to prevent acute disseminated 
intravascular coagulation and formation of 
clots in the CPB pump . 
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436 SECTION III Anesthetic Management

      Antifi brinolytic therapy may be particularly 
useful for patients who are undergoing 
a repeat operation; who refuse blood 
products, such as Jehovah’s Witnesses; 
who are at high risk for postoperative 
bleeding because of recent administration 
of glycoprotein IIb/IIIa inhibitors (abciximab, 
eptifi batide, or tirofi ban); who have 
preexisting coagulopathy; and who 
are undergoing long and complicated 
procedures involving the heart or aorta . 

      Hypotension from impaired ventricular fi lling 
may occur during manipulation of the venae 
cavae and the heart . 

      Hypothermia  (< 34°C) potentiates general 
anesthetic potency, but failure to give 
anesthetic agents, particularly during 
rewarming on CPB, may result in awareness 
and recall . 

      Protamine administration can result in a 
number of adverse hemodynamic eff ects, 
some of which are immunological in origin. 
Protamine given slowly (5–10 min) usually 
has few eff ects; when given more rapidly 
it produces a fairly consistent vasodilation 
that is easily treated with blood from the 
pump oxygenator and small doses of 
phenylephrine. Catastrophic protamine 
reactions often include myocardial 
depression and marked pulmonary 
hypertension. Diabetic patients previously 
maintained on protamine-containing insulin 
(such as NPH) may be at increased risk for 
adverse reactions to protamine . 

      Persistent bleeding often follows 
prolonged durations of bypass (>2 h) and 
in most instances has multiple causes. 
Inadequate surgical control of bleeding 
sites, incomplete reversal of heparin, 
thrombocytopenia, platelet dysfunction, 
hypothermia-induced coagulation defects, 
undiagnosed preoperative hemostatic 
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defects, or newly acquired factor defi ciency 
or hypofi brinogenemia may be responsible . 

  Chest tube drainage in the fi rst 2 h of more 
than 250–300 mL/h (10 mL/kg/h)—in the 
absence of a hemostatic defect—is excessive 
and may require surgical reexploration. 
Intrathoracic bleeding at a site not 
adequately drained may cause cardiac 
tamponade, requiring immediate reopening 
of the chest . 

  Factors known to increase pulmonary 
vascular resistance (PVR) such as acidosis, 
hypercapnia, hypoxia, enhanced 
sympathetic tone, and high mean airway 
pressures are to be avoided for patients 
with right-to-left shunting; hyperventilation 
(hypocapnia) with 100% oxygen is usually 
eff ective in lowering PVR. Conversely, 
patients with left-to-right shunting benefi t 
from systemic vasodilation and increases 
in PVR, although specifi c hemodynamic 
manipulation is generally not attempted . 

  Induction of general anesthesia in patients 
with cardiac tamponade can precipitate 
severe hypotension and cardiac arrest . 

  The sudden increase in left ventricular 
afterload after application of the aortic 
cross-clamp during aortic surgery may 
precipitate acute left ventricular failure 
and myocardial ischemia, particularly 
in patients with underlying ventricular 
dysfunction or coronary disease. The period 
of greatest hemodynamic instability follows 
the release of the aortic cross-clamp; the 
abrupt decrease in afterload together with 
bleeding and the release of vasodilating acid 
metabolites from the ischemic lower body 
can precipitate severe systemic hypotension . 

  The emphasis of anesthetic management 
during carotid surgery is on maintaining 
adequate perfusion to the brain and heart .   
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established, the extracorporeal circuit is in series 
with the systemic circulation and provides both 
artifi cial ventilation and perfusion. Th is technique 
provides distinctly nonphysiological conditions, 
because arterial pressure is usually less than normal 
and blood fl ow is usually nonpulsatile. To minimize 
organ damage during this stressful period, various 
degrees of systemic hypothermia may be employed. 
Topical hypothermia (an ice-slush solution) and car-
dioplegia (a chemical solution for arresting myocar-
dial electrical activity) may also be used to protect 
the heart. 

 Th e operation of the CPB machine is a complex 
task requiring the attention of a perfusionist—a spe-
cialized (and certifi ed) technician. Optimal results 
with CPB require close cooperation and commu-
nication between the surgeon, anesthesiologist, and 
perfusionist. 

  BASIC CIRCUIT 
 Th e typical CPB machine has six basic components: 
a venous reservoir, an oxygenator, a heat exchanger, 
a main pump, an arterial fi lter, tubing that conducts 
venous blood to the venous reservoir, and tubing 
that conducts oxygenated blood back to the patient 
( Figure 22–1 ). Modern machines use a single dis-
posable unit that includes the reservoir, oxygen-
ator, and heat exchanger. Most machines also have 

 Anesthesia for cardiovascular surgery requires an 
understanding of circulatory physiology, pharma-
cology, and pathophysiology as well as a familiarity 
with cardiopulmonary bypass (CPB) pumps, fi lters, 
and circuitry; transesophageal echocardiography 
(TEE); and techniques of myocardial preservation. 
Because surgical manipulations oft en have a pro-
found impact on circulatory function, the anesthe-
siologist must understand the rationale behind the 
surgical techniques, follow the progress of the sur-
gery, and anticipate the potential problems associ-
ated with each step. 

 Th is chapter presents an overview of anesthe-
sia for cardiovascular surgery and of the principles, 
techniques, and physiology of CPB. Surgery on the 
aorta, the carotid arteries, and the pericardium pres-
ents problems that require special anesthetic consid-
erations, which are also discussed herein. 

  Cardiopulmonary Bypass 
     CPB is a technique that diverts venous blood 
away from the heart (most oft en from one or 

more cannulas in the right atrium), adds oxygen, 
removes CO 2 , and returns the blood through a can-
nula in a large artery (usually the ascending aorta 
or a femoral artery). As a result, nearly all blood 
bypasses the heart and lungs. When CPB is fully 
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  FIGURE 221     The basic design of cardiopulmonary bypass machines.  
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438 SECTION III Anesthetic Management

  Oxygenator 
 Blood is drained by gravity from the bottom of the 
venous reservoir into the oxygenator, which con-
tains a blood–gas interface that allows blood to 
equilibrate with the gas mixture (primarily oxygen). 
A volatile anesthetic is frequently added to the oxy-
genator gas mixture. Th e blood–gas interface in a 
modern, membrane-type oxygenator is a very thin, 
gas-permeable silicone membrane. Arterial CO 2
tension during CPB is dependent on total gas fl ow 
past the oxygenator. By varying the inspired oxygen 
concentration, a membrane oxygenator allows inde-
pendent control of Pa o  2  and Paco   2 .  

  Heat Exchanger 
 Blood from the oxygenator enters the heat exchanger 
and can either be cooled or warmed, depending 
on the temperature of the water fl owing through 
the exchanger; heat transfer occurs by conduction. 
Because gas solubility decreases as blood tempera-
ture rises, a fi lter is built into the unit to catch any 
bubbles that may form during rewarming.  

  Main Pump 
 Modern CPB machines use either an electrically 
driven double-arm roller (positive displacement) or 
a centrifugal pump to propel blood through the CPB 
circuit. 

  A. Roller Pumps 
 Roller pumps produce fl ow by compressing large-
bore tubing in the main pumping chamber as the 
roller heads turn. Subtotal occlusion of the tubing 
prevents excessive red cell trauma. Th e rollers pump 
blood regardless of the resistance encountered, and 
produce a nearly continuous nonpulsatile fl ow. Flow 
is directly proportional to the number of revolutions 
per minute. In some pumps, an emergency back-up 
battery provides power in case of an electrical power 
failure. All roller pumps have a hand crank to allow 
manual pumping, but those who have hand cranked 
a roller pump head will confi rm that this is not a 
good long-term solution.  

  B. Centrifugal Pumps 
 Centrifugal pumps consist of a series of cones in a 
plastic housing. As the cones spin, the centrifugal 
forces created propel the blood from the centrally 

separate accessory pumps that can be used for blood 
salvage (cardiotomy suction), venting (draining) 
the left  ventricle, and administration of cardioplegia 
solutions. A number of other fi lters, alarms, and in-
line pressure, oxygen-saturation, and temperature 
monitors are also typically used.  

 Prior to use, the CPB circuit must be primed 
with fl uid (typically 1200–1800 mL for adults) that 
is devoid of bubbles. A balanced salt solution, such 
as lactated Ringer’s solution, is generally used, but 
other components are frequently added, including 
colloid (albumin or starch), mannitol (to promote 
diuresis), heparin (500–5000 units), and bicarbon-
ate. At the onset of bypass, hemodilution decreases 
the hematocrit to about 22–27% in most patients. 
Blood is included in priming solutions for smaller 
children and severely anemic adults to prevent 
severe hemodilution. 

  Reservoir 
 Th e reservoir of the CPB machine receives blood 
from the patient via one or two venous cannulas 
placed in the right atrium, the superior and inferior 
vena cava, or a femoral vein. With most circuits 
blood returns to the reservoir by gravity drainage. 
During extracorporeal circulation the patient’s 
venous pressure is normally low. Th us, the driving 
force for fl ow into the pump is directly related to the 
diff erence in height between the patient and the res-
ervoir and inversely proportional to the resistance of 
the cannulas and tubing. An appropriately primed 
CPB machine draws in blood like a siphon. 
Entrainment of air in the venous line can produce an 
air lock that may prevent blood fl ow. With some cir-
cuits (eg, use of an unusually small venous cannula) 
assisted venous drainage may be required; a regu-
lated vacuum together with a hard shell venous res-
ervoir or centrifugal pump (see below) is used in 

such instances.     Th e fl uid level in the reservoir 
is critical. If a “roller” pump is used and the 

reservoir is allowed to empty, air can enter the main 
pump and be embolized into the patient where it 
may cause organ damage or fatality. A low reservoir 
level alarm is typically present. Centrifugal pumps 
will not pump air but have the disadvantage of not 
impelling a well-defi ned volume with each turn of 
the head (unlike roller pumps).  

2
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located inlet to the periphery. In contrast to roller 
pumps, blood fl ow with centrifugal pumps is pres-
sure sensitive and must be monitored by an elec-
tromagnetic fl owmeter. Increases in distal pressure 
will decrease fl ow and must be compensated for by 
increasing the pump speed. Because these pumps are 
nonocclusive, they are less traumatic to blood than 
roller pumps. Unlike roller pumps, which are placed 
aft er the oxygenator ( Figure 22–1 ), centrifugal pumps 
are normally located between the venous reservoir 
and the oxygenator. Centrifugal (unlike roller) pumps 
have the advantage of not being able to pump air.  

  C. Pulsatile Flow 
 Pulsatile blood fl ow is possible with some roller 
pumps. Pulsations can be produced by instantaneous 
variations in the rate of rotation of the roller heads; 
they can also be added aft er fl ow is generated. Pulsatile 
fl ow is not available with centrifugal pumps. Although 
there is no consensus and the data are contradictory, 
some clinicians believe that pulsatile fl ow improves 
tissue perfusion, enhances oxygen extraction, attenu-
ates the release of stress hormones, and results in lower 
systemic vascular resistances (SVRs) during CPB.   

  Arterial Filter 
 Particulate matter (eg, thrombi, fat globules, tissue 
debris) may enter the CPB circuit via the cardiotomy 
suction line. Although fi lters are oft en used at other 
locations, a fi nal, in-line, arterial fi lter (27–40 µm) 
helps to reduce systemic embolism. Once fi ltered, 
the propelled blood returns to the patient, usually 
via a cannula in the ascending aorta, or less com-
monly in the femoral artery. A normally functioning 
aortic valve prevents blood from regurgitating into 
the left  ventricle. 

 Th e fi lter is always in parallel with a (normally 
clamped) bypass limb in case the fi lter becomes 
clogged or develops increased resistance. For the 
same reason, arterial infl ow pressure is measured 
before the fi lter. Th e fi lter is also designed to trap air, 
which can be bled out through a built-in stopcock.  

  Accessory Pumps & Devices 
  A. Cardiotomy Suction 
 Th e cardiotomy suction pump aspirates blood from 
the surgical fi eld during CPB and returns it directly 

to the main pump reservoir. Th is is a potential port 
of entry for fat and other debris to the pump that 
could embolize to organs. A so-called cell-saver suc-
tion device may also be used to aspirate blood from 
the surgical fi eld, in which case blood is returned 
to a separate reservoir on a separate device. When 
suffi  cient blood has accumulated (or at the end of 
the procedure), the cell-saver blood is centrifuged, 
washed, and returned to the patient. Excessive suc-
tion pressure can theoretically contribute to red cell 
trauma. Use of cell-saver suction (instead of cardi-
otomy suction) during bypass will deplete CPB cir-
cuit volume if blood loss is brisk. Th e high negative 
pressure of ordinary wall suction devices produces 
excessive red cell trauma precluding blood salvage 
from that source.  

  B. Left Ventricular Vent 
 With time, even with “total” CPB, blood reaccumu-
lates in the left  ventricle as a result of residual pulmo-
nary fl ow from the bronchial arteries (which arise 
directly from the aorta or the intercostal arteries) 
or thebesian vessels (see Chapter 20), or sometimes 
as a result of aortic valvular regurgitation. Aortic 
regurgitation can occur as a result of either (struc-
tural) valvular abnormalities or surgical manipula-
tion of the heart (functional). Distention by blood 
of the left  ventricle compromises myocardial pres-
ervation (see below) and requires decompression 
(venting). Most surgeons accomplish this by insert-
ing a catheter via the right superior pulmonary vein 
and left  atrium into the left  ventricle. Venting may 
also be accomplished using a catheter placed in the 
left  ventricular apex or across the aortic valve. Th e 
blood aspirated by the vent pump normally passes 
through a fi lter before being returned to the venous 
reservoir.  

  C. Cardioplegia Pump 
 Cardioplegic solutions are most oft en administered 
via an accessory pump on the CPB machine. Th is 
technique allows optimal control over the infusion 
pressure, rate, and temperature. A separate heat 
exchanger ensures control of the temperature of the 
cardioplegia solution. Less commonly, cardioplegic 
solutions may be infused from a cold intravenous 
fl uid bag given under pressure or by gravity.  

Morg_Ch22_0435-0486.indd   439 11/02/13   10:29 AM



440 SECTION III Anesthetic Management

related to incomplete myocardial preservation dur-
ing CPB. Injury related to hemodynamic instability 
results from an imbalance between oxygen demand 
and supply, producing cell ischemia. Aft er ischemia, 
reperfusion injury may also play a role. Reperfusion 
following a period of ischemia may produce excess 
oxygen-derived free radicals, intracellular calcium 
overload, abnormal endothelial–leukocyte interac-
tions, and myocardial cellular edema. Patients at 
greatest risk are those with poor ventricular func-
tion (as measured preoperatively) (see  Table 21–13 ) 
those with ventricular hypertrophy, and those with 
diff use severe coronary artery disease. Inadequate 
myocardial preservation is usually manifested at 
the end of bypass as a persistently reduced cardiac 
output, worsened ventricular function by TEE, or 
cardiac arrhythmias. Electrocardiographic signs 
of myocardial ischemia are oft en diffi  cult to detect 
due to frequent use of electrical pacing. Myocardial 
“stunning,” resulting from ischemia and reperfu-
sion, produces systolic and diastolic dysfunction 
that is reversible with time. Th e stunned myocar-
dium usually responds to positive inotropic drugs. 
Myocardial necrosis, on the other hand, produces 
irreversible injury. 

 Aortic cross-clamping during CPB completely 
excludes the coronary arteries from the general-
ized bypass machine fl ow to the body, reducing 
coronary blood fl ow to 0. Although it is diffi  cult to 
estimate a safe period for cross-clamping because 
of diff ering vulnerabilities among patients and dif-
fering techniques for myocardial preservation, CPB 
times longer than 120 min (while oft en unavoid-
able) increase risk relative to shorter bypass times. 
Myocardial ischemia during bypass may occur not 
only during aortic clamping, but also aft er release 
of the cross-clamp. Low arterial pressures, coro-
nary embolism (from thrombi, platelets, air, fat, or 
atheromatous debris), reperfusion injury, coronary 
artery or bypass graft  vasospasm, and contortion 
of the heart—causing compression or distortion of 
the coronary vessels—are all possible causes. Areas 
of the myocardium distal to a high-grade coronary 
obstruction are at greatest risk. 

 Ischemia causes depletion of high-energy phos-
phate compounds and an accumulation of intracel-
lular calcium. When coronary blood fl ow ceases, 

  D. Ultrafi ltration 
 Ultrafi ltration can be used during CPB to increase 
the patient’s hematocrit without transfusion. 
Ultrafi lters consist of hollow capillary fi bers that can 
function as membranes, allowing separation of the 
aqueous phase of blood from its cellular and pro-
teinaceous elements. Blood can be diverted to pass 
through the fi bers either from the arterial side of the 
main pump or from the venous reservoir using an 
accessory pump. Hydrostatic pressure forces water 
and electrolytes across the fi ber membrane. Effl  uents 
of up to 40 mL/min may be removed.    

  SYSTEMIC HYPOTHERMIA 
 Intentional hypothermia is oft en used following the 
initiation of CPB. Core body temperature may be 
reduced to 20–32°C. In recent years, so-called tepid 
bypass has been used; this may be accomplished by 
allowing the patient’s temperature to “drift ” down-
ward to 30–35°C. Metabolic oxygen requirements 
are generally halved with each reduction of 10°C in 
body temperature. At the end of the surgical pro-
cedure, rewarming via the heat exchanger restores 
normal body temperature. 

 For complex repairs, profound hypothermia 
to temperatures of 15–18°C allows total circulatory 
arrest for durations of as long as 60 min. During 
that time, both the heart and the CPB machine are 
stopped. 

 Th e adverse eff ects of hypothermia include 
platelet dysfunction; reversible coagulopathy; and 
depression of myocardial contractility.  

  MYOCARDIAL PRESERVATION 
 Optimal results in cardiac surgery require an expe-
ditious and complete surgical repair with minimal 
physical trauma to the heart. Meanwhile, several 
techniques are used to prevent myocardial damage 
and maintain normal cellular integrity and function 
during CPB. Nearly all patients sustain at least mini-
mal myocardial injury during cardiac surgery. With 
good preservation techniques, however, most of the 
injury is reversible. Although myocardial injury can 
be related to the hemodynamic instability or sur-
gical technique, it most commonly appears to be 
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Depending on the amount and the location of coro-
nary emboli, even small air bubbles can cause vary-
ing degrees of ventricular dysfunction at the end of 
CPB. To some extent, air emboli may preferentially 
fi nd their way into the right (versus left ) coronary 
ostium because of its superior location on the aortic 
root in the supine patient.  

  Potassium Cardioplegia 
 Th e most widely used method of arresting myo-
cardial electrical activity is the administration of 
potassium-rich crystalloid or blood–crystalloid solu-
tions. Following initiation of CPB and aortic cross-
 clamping, the coronary circulation is perfused inter-
mittently with (usually cold) cardioplegic solutions. 
Th e resulting increase in extracellular potassium 
concentration reduces the transmembrane potential. 
Eventually, the heart is arrested in diastole. Usually, 
cold cardioplegia must be repeated at intervals 
(about every 30 min) because of gradual washout 
and rewarming of the myocardium. Th e heart is sub-
ject to warming by contact with blood in the adja-
cent descending aorta and by contact with warmer 
ambient air in the surgical theater. Moreover, mul-
tiple doses of cardioplegia solutions may improve 
myocardial preservation by preventing an excessive 
accumulation of metabolites that inhibit anaerobic 
metabolism. 

 Although the exact recipe varies from center 
to center, the essential ingredient of the induction 
dose of cardioplegic solution is the same: an elevated 
potassium (10–40 mEq/L) concentration. Potassium 
concentration is kept below 40 mEq/L, because 
higher levels can be associated with an excessive 
potassium load and excessive potassium concentra-
tions at the end of termination of bypass perfusion. 
Sodium concentration in cardioplegic solutions is 
usually less than in plasma (<140 mEq/L) because 
ischemia tends to increase intracellular sodium con-
tent. A small amount of calcium (0.7–1.2 mmol/L) 
is needed to maintain cellular integrity, whereas 
magnesium (1.5–15 mmol/L) is usually added to 
control excessive intracellular infl uxes of calcium. A 
buff er—most commonly bicarbonate—is necessary 
to prevent excessive buildup of acid metabolites; in 
fact, alkalotic perfusates are reported to produce 
better myocardial preservation. Alternative buff ers 

creatine phosphate and anaerobic metabolism 
become the principal sources of cellular energy; 
fatty acid oxidation is impaired. Unfortunately, these 
energy stores rapidly become depleted, and the pro-
gressive acidosis that develops limits glycolysis. 

 Cardioplegic solutions maintain normal cellu-
lar integrity and function during CPB by reducing 
energy expenditure and preserving the availability 
of high-energy phosphate compounds. Although 
measures directed at increasing or replenishing 
energy substrates in the form of glucose or gluta-
mate/aspartate infusions are used, the emphasis of 
myocardial preservation has been on reducing cel-
lular energy requirements to minimal levels. Th is 
is accomplished initially by the use of potassium 
cardioplegia (below). Th e initial dose of cardiople-
gic solution may be hypothermic or may start warm 
(“hot shot”) and progress to cold. Maintenance of 
myocardial protection may be facilitated by sys-
temic and topical cardiac hypothermia (ice slush). 
Myocardial hypothermia reduces basal metabolic 
oxygen consumption, and potassium cardioplegia 
minimizes energy expenditure by arresting both 
electrical and mechanical activity. Myocardial 
temperature is oft en monitored directly; 10–15°C 
is usually considered desirable. Cardioplegic solu-
tions can be administered either antegrade through 
a catheter placed in the proximal aorta between 
the aortic clamp and the aortic valve, or retrograde 
through a catheter placed through the right atrium 
into the coronary sinus. 

 Ventricular fi brillation and distention (previ-
ously discussed) are important causes of myocardial 
damage. Ventricular fi brillation can dangerously 
increase myocardial oxygen demand, whereas dis-
tention not only increases oxygen demand but also 
reduces oxygen supply by interfering with suben-
docardial blood fl ow. Th e combination of the two is 
particularly bad. Other factors that might contribute 
to perioperative myocardial damage include the use 
of excessive doses of positive inotropes or calcium 
salts. In open heart procedures, de-airing of cardiac 
chambers and venting before and during initial car-
diac ejection are critically important in preventing 
cerebral or coronary air embolism (and strokes—
see below). Removing air from coronary graft s 
during bypass procedures is similarly important. 
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be administered to wash out byproducts and replen-
ish metabolic substrates. Hypercalcemia should 
be avoided in the immediate reperfusion period. 
Reperfusion pressures should be controlled closely 
because of altered coronary autoregulation. Systemic 
perfusion pressure is reduced just prior to clamp 
release; it is then brought up initially to about 40 mm 
Hg before gradually being increased and maintained 
at about 70 mm Hg. To further minimize metabolic 
requirement, the heart should have the opportunity 
to recover and resume contracting in an empty state 
for some additional time (5–10 min), and acidosis 
and hypoxia should be corrected before attempting 
to wean the patient from bypass perfusion. 

 Inadequate myocardial protection or inade-
quate washout and recovery from cardioplegia can 
result in asystole, atrioventricular conduction block, 
or a poorly contracting heart at the end of bypass. 
Excessive volumes of hyperkalemic cardioplegic 
solutions may produce persisting systemic hyper-
kalemia. Although calcium salt administration par-
tially off sets hyperkalemia, excessive calcium can 
promote and enhance myocardial damage. In the 
usual patient myocardial performance improves 
with time as the contents of the cardioplegia are 
cleared from the heart.  

  PHYSIOLOGICAL EFFECTS OF 
CARDIOPULMONARY BYPASS 
  Hormonal, Humoral, & 
Immunological Responses 

     Initiation of CPB is associated with a vari-
able increase in stress hormones and systemic 

infl ammatory response. Elevated levels of catechol-
amines, cortisol, arginine vasopressin, and angioten-
sin are observed. Th ese neurohormonal responses 
are variously infl uenced by depth of anesthesia, 
blood pressure, type of surgical repair, or presence 
of pulsatile CPB. 

 Multiple humoral systems are also activated, 
including complement, coagulation, fi brinolysis, 
and the kallikrein system. Contact of blood with 
the internal surfaces of the CPB system activates 
complement via the alternate pathway (C3) as well 
as the classic pathway; the latter also activates the 

3

include histidine and tromethamine (also known as 
THAM). Other components may include hypertonic 
agents to control cellular edema (mannitol) and 
agents thought to have membrane-stabilizing eff ects 
(lidocaine or glucocorticoids). Energy substrates are 
provided as glucose, glutamate, or aspartate. Th e 
question of whether to use crystalloid or blood as 
a vehicle for achieving cardioplegia remains con-
troversial, although blood cardioplegia has become 
very common in North America. Evidence suggests 
that at least some groups of high-risk patients may 
do better with blood cardioplegia. Certainly, oxy-
genated blood cardioplegia may contain more oxy-
gen than crystalloid cardioplegia. 

 Because cardioplegia may not reach areas distal 
to high-grade coronary obstructions (the areas that 
need it most), many surgeons administer retrograde 
cardioplegia through a coronary sinus catheter. 
Some centers have reported that the combination of 
antegrade plus retrograde cardioplegia is superior 
to either technique alone. Others have suggested 
that continuous warm blood cardioplegia is supe-
rior to intermittent hypothermic cardioplegia for 
myocardial preservation, but many surgeons avoid 
continuous cardioplegia so that they can operate in 
a “bloodless” surgical fi eld. Moreover, warm cardiac 
surgery raises additional concerns about loss of the 
potentially protective eff ects of systemic hypother-
mia against cerebral injury, when true normother-
mia (rather than tepid bypass) is maintained. 

 As discussed previously, with prolonged myocar-
dial ischemic times (cross-clamp time), reperfusion 
of the myocardium can lead to extensive cell injury, 
rapid accumulation of intracellular calcium, and 
potentially irreversible cellular necrosis. Th is process 
has long been attributed to depletion of endogenous 
free radical scavengers during CPB and accumulation 
of deleterious oxygen-derived free radicals. Free radi-
cal scavengers, such as mannitol, may help decrease 
reperfusion injury and are typical constituents of 
cardioplegic solutions and bypass “priming” solu-
tions. Several steps may help limit reperfusion injury 
before unclamping of the aorta. Just prior to reperfu-
sion, the heart may be perfused by a reduced potas-
sium cardioplegic solution that serves to wash out 
accumulated metabolic byproducts. Alternatively, a 
“hot shot” or warm blood cardioplegic solution may 
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the sudden increase in volume of distribution with 
hemodilution, decreased protein binding, and 
changes in perfusion and redistribution between 
peripheral and central compartments. Some drugs, 
such as opioids, also bind CPB components (but 
this is also minimal and inconsequential). Heparin 
potentially alters protein binding of drugs and ions 
by releasing and activating lipoprotein lipase, which 
hydrolyzes plasma triglycerides into free fatty acids; 
the latter can competitively inhibit drug binding to 
plasma proteins and bind free calcium ions. With 
the possible exception of propofol, constant infusion 
of a drug during CPB (even when adjusted to main-
tain a constant “eff ect site” concentration using data 
from patients  not  undergoing CPB) generally causes 
progressively increasing blood levels as a result of 
reduced hepatic and renal perfusion (reduced elimi-
nation) and hypothermia (reduced metabolism).    

  Anesthetic Management 
of Cardiac Surgery 

  ADULTS 
 Th e preoperative evaluation and anesthetic manage-
ment of common cardiovascular diseases are dis-
cussed in Chapter 21. Th e same principles apply 
whether these patients are undergoing cardiac or 
noncardiac surgery. An important distinction is that 
patients undergoing cardiac procedures will by defi -

nition have advanced disease.     Establishing the 
adequacy of the patient’s preoperative cardiac 

function should be based on exercise (activity) toler-
ance, measurements of myocardial contractility such 
as ejection fraction, the severity and location of coro-
nary stenoses, ventricular wall motion abnormalities, 
cardiac end-diastolic pressures, cardiac output, and 
valvular areas and gradients. Fortunately, unlike non-
cardiac surgery, cardiac surgery improves cardiac 
function in the majority of patients, and these patients 
have usually been extensively evaluated before being 
off ered surgical repair. Th e anesthetic preoperative 
evaluation should also include a focus on pulmonary, 
neurological, and renal function, as preoperative 
impairment of these organ systems predisposes 
patients to myriad postoperative complications.  

4

coagulation cascade, platelets, plasminogen, and 
kallikrein. Mechanical trauma from blood contact 
with the bypass apparatus also activates platelets and 
leukocytes. Increased amounts of oxygen-derived 
free radicals are generated. A systemic infl ammatory 
response syndrome similar to that seen with sep-
sis and trauma can develop. When this response is 
intense or prolonged, patients can develop the same 
complications, including generalized edema, the 
acute respiratory distress syndrome, coagulopathy, 
and acute kidney failure. 

 CPB alters and depletes glycoprotein receptors 
on the surface of platelets. Th e resulting platelet dys-
function likely increases perioperative bleeding and 
potentiates other coagulation abnormalities (activa-
tion of plasminogen and the infl ammatory response 
described above). 

 Animal and clinical research has demon-
strated that the infl ammatory response to CPB 
can be modulated by various therapies. Leukocyte 
depletion reduces infl ammation and may similarly 
reduce complications. Leukocyte-depleted blood 
cardioplegia has been shown to improve myocar-
dial preservation in some studies. Hemofi ltration 
(ultrafi ltration) during CPB, which presumably 
removes infl ammatory cytokines, appears benefi cial 
in pediatric patients. Administration of free radical 
scavengers such as high-dose vitamins C and E and 
mannitol has improved outcome in some studies. 
Systemic corticosteroids before and during CPB can 
modulate the infl ammatory response during CPB 
but improved outcome is not well established. Two 
large randomized clinical trials are underway to test 
whether there is an outcome benefi t to the routine 
use of systemic corticosteroids with CPB. 

 One once-promising agent, aprotinin, reduced 
infl ammation and surgical bleeding following CPB. 
Unfortunately, it increased mortality and is no lon-
ger available in North America.  

  CPB Eff ects on Pharmacokinetics 
 Plasma and serum concentrations of most water-
soluble drugs (eg, nondepolarizing muscle relax-
ants) acutely decrease at the onset of CPB, but the 
change can be minimal and inconsequential for 
most lipid-soluble drugs (eg, fentanyl and sufen-
tanil). Th e eff ects of CPB are complex because of 

Morg_Ch22_0435-0486.indd   443 11/02/13   10:29 AM



444 SECTION III Anesthetic Management

of these should be in a large central vein, usually 
an internal or external jugular or subclavian vein. 
Central venous cannulations may be accomplished 
while the patient is awake but sedated or aft er induc-
tion of anesthesia. Studies show no benefi t from 
placing either central venous or pulmonary arterial 
catheters in awake (versus anesthetized) patients 
undergoing cardiovascular surgery. 

 Drug infusions should ideally be given into a 
central catheter, preferably directly into the catheter 
or into the injection port closest to the catheter (to 
minimize dead space). Multilumen central venous 
catheters and multilumen pulmonary artery cathe-
ter introducer sheaths allow for multiple drug infu-
sions with simultaneous measurement of vascular 
pressures. One intravenous port should be dedicated 
for drug infusions and nothing else; drug and fl uid 
boluses should be administered through another 
site. Th e side port of the introducer sheath used for a 
pulmonary catheter can be used for drug infusions 
but serves better as a fl uid bolus line when a large-
bore introducer (9F) is used. 

     Blood should be immediately available for 
transfusion if the patient has already had a 

midline sternotomy (a “redo”); in these cases, the 
right ventricle or coronary graft s may be adherent to 
the sternum and may be accidentally entered during 
the repeat sternotomy.  

  Monitoring 
  A. Electrocardiography 
 Th e electrocardiogram (ECG) is continuously 
monitored with two leads, usually leads II and V 5 . 
Baseline tracings of all leads may be recorded on 
paper for further reference. Th e advent of monitors 
with computerized ST-segment analysis and the use 
of additional monitoring leads (V 4 , aVF, and V 4R ) 
have greatly improved detection of ischemic epi-
sodes, as has the frequent intraoperative use of TEE.  

  B. Arterial Blood Pressure 
 In addition to all basic monitoring, arterial cannula-
tion is always performed either prior to or immedi-
ately aft er induction of anesthesia, as the induction 
period represents a time when major hemodynamic 
alterations may occur. Radial arterial catheters may 

5

  1. Preinduction Period 

  Premedication 
 Th e prospect of heart surgery is frightening, and 
relatively “heavy” oral or intramuscular premedica-
tion was oft en given in the past, particularly when 
patients had coronary artery disease with good left  
ventricular function (see Chapter 21). However, in 
current practice, most patients receive no sedative-
hypnotic premedication until their arrival on the 
surgical unit, at which time most will receive small 
doses of intravenous midazolam. 

 Benzodiazepine sedative-hypnotics (diazepam, 
5–10 mg orally), alone or in combination with an 
opioid (morphine, 5–10 mg intramuscularly or 
hydromorphone, 1–2 mg intramuscularly), were 
oft en used in the past. Longer acting premedicant 
agents (eg, lorazepam) are avoided by most practi-
tioners to permit “fast tracking” of patients through 
their recovery.  

  Preparation 
 Th e best practitioners of cardiac anesthesia formu-
late a simple anesthetic plan that includes adequate 
preparations for contingencies. Many patients are 
critically ill, and there is little time intraoperatively 
to have an assistant search for drugs and equipment. 
At the same time, the anesthetic plan should not be 
excessively rigid; when problems are encountered 
with one technique, one should be ready to change 
to another without delay. Preparation, organization, 
and attention to detail permit one to more effi  ciently 
deal with unexpected intraoperative problems. Th e 
anesthesia machine, monitors, infusion pumps, 
and blood warmer should all be checked before the 
patient arrives. Drugs—including anesthetic and 
vasoactive agents—should be immediately avail-
able. Many clinicians prepare one vasoconstrictor 
and one vasodilator infusion before the start of the 
procedure.  

  Venous Access 
 Cardiac surgery is sometimes associated with large 
and rapid blood loss, and with the need for multiple 
drug infusions. Ideally, two large-bore (16-gauge or 
larger) intravenous catheters should be placed. One 
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catheter, some clinicians opine that it makes sense to 
restrict pulmonary artery catheterization only to 
devices that off er these advanced capabilities. 

 Th e right internal jugular vein is the preferred 
approach for intraoperative central venous can-
nulation. Catheters placed through the other sites, 
particularly on the left  side, are more likely to kink 
following sternal retraction (above) and are not 
nearly as likely to pass into the superior vena cava 
as those placed through the right internal jugular 
vein. 

 Pulmonary artery catheters migrate distally 
during CPB and may spontaneously wedge with-
out balloon infl ation. Infl ation of the balloon under 
these conditions can rupture a pulmonary artery 
causing lethal hemorrhage. Pulmonary artery cath-
eters should be routinely retracted 2–3 cm during 
CPB and the balloon subsequently infl ated slowly. If 
the catheter wedges with less than 1.5 mL of air in 
the balloon, it should be withdrawn farther.  

  D. Urinary Output 
 Once the patient is anesthetized, an indwelling uri-
nary catheter is placed to monitor the hourly output. 
Bladder temperature is oft en monitored as a mea-
sure of core temperature but may not track core tem-
perature well with reduced urinary fl ow. Th e sudden 
appearance of reddish urine may indicate excessive 
red cell hemolysis caused by CPB or a transfusion 
reaction.  

  E. Temperature 
 Multiple temperature monitors are usually placed 
once the patient is anesthetized. Bladder (or rectal), 
esophageal, and pulmonary artery (blood) tempera-
tures are oft en simultaneously monitored. Because 
of the heterogeneity of readings during cooling and 
rewarming, bladder and rectal readings are gener-
ally taken to represent an average body temperature, 
whereas esophageal represents core temperature. 
Pulmonary artery temperature provides an accurate 
estimate of blood temperature, which should be the 
same as core temperature in the absence of active 
cooling or warming. Nasopharyngeal and tympanic 
probes may most closely approximate brain tem-
perature. Myocardial temperature is oft en measured 
directly during CPB.  

occasionally give falsely low readings following ster-
nal retraction as a result of compression of the sub-
clavian artery between the clavicle and the fi rst rib. 
Th ey may also provide falsely low values early aft er 
CPB due to the opening of atrioventricular shunts in 
the hand during rewarming. Th e radial artery on the 
side of a previous brachial artery cutdown should be 
avoided, because its use is associated with a greater 
incidence of arterial thrombosis and wave distor-
tion. Obviously, if a radial artery will be harvested 
for a coronary bypass conduit, it cannot be used as 
a site for arterial pressure monitoring. Other useful 
catheterization sites include the ulnar, axillary, and 
especially brachial and femoral arteries. A backup 
manual or automatic blood pressure cuff  should also 
be placed on the opposite side for comparison with 
direct measurements.  

  C. Central Venous and Pulmonary 
Artery Pressure 
 Central venous pressure is not terribly useful for 
diagnosis of hypovolemia but has been customarily 
monitored in nearly all patients undergoing cardiac 
surgery. Th e decision about whether to use a pulmo-
nary artery catheter is based on the patient, the pro-
cedure, and the preferences of the surgical team. 
Routine use of a pulmonary artery catheter, once 
nearly universal in adult cardiovascular practice, is 
controversial. Pulmonary artery catheterization has 
declined precipitously in nearly all circumstances 
except adult cardiac surgery due to lack of evidence 
of a positive eff ect on patient outcomes. Left  ven-
tricular fi lling pressures can be measured with a left  
atrial pressure line inserted by the surgeon during 

bypass.     In general, pulmonary artery catheter-
ization has been most oft en used in patients 

with compromised ventricular function (ejection 
fraction <40–50%) or pulmonary hypertension and 
in those undergoing complicated procedures. Th e 
most useful data are pulmonary artery pressures, the 
pulmonary artery occlusion (“wedge”) pressure, and 
thermodilution cardiac outputs. Specialized cathe-
ters provide extra infusion ports, continuous mea-
surements of mixed venous oxygen saturation and 
cardiac output, and the capability for right ventricu-
lar or atrioventricular sequential pacing. Given the 
risk associated with placing any pulmonary artery 

6
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Two-dimensional, multiplane TEE can detect 
regional and global ventricular abnormalities, cham-
ber dimensions, valvular anatomy, and the presence 
of intracardiac air. Th ree-dimensional TEE provides 
a more complete description of valvular anatomy 
and pathology. TEE can also be helpful in confi rm-
ing cannulation of the coronary sinus for cardiople-
gia. Multiple views should be obtained from the 
upper esophagus, mid-esophagus, and transgastric 
positions in the transverse, sagittal, and in-between 
planes ( Figure 22–2 ). Th e two views most com-
monly used for monitoring during cardiac surgery 
are the four-chamber view ( Figure 22–3 ) and the 
transgastric (short-axis) view ( Figure 22–4 ). Th ree-
dimensional echocardiography off ers great promise 
for better visualization of complex anatomic fea-
tures, particularly of cardiac valves. Th e following 
represent the most important applications of intra-
operative TEE.    
  1. Assessment of valvular function  —Valvular mor-
phology can be assessed by multiplane and three- 
dimensional TEE. Pressure gradients, area and sever-
ity of stenosis, and severity of valvular regurgitation 
can be assessed by Doppler echocardiography and 

  F. Laboratory Parameters 
 Intraoperative laboratory monitoring is mandatory 
during cardiac surgery. Blood gases, hematocrit, 
serum potassium, ionized calcium, and glucose 
measurements should be immediately available. 
Th e  activated clotting time (ACT)  approximates 
the Lee–White clotting time and is used to moni-
tor heparin anticoagulation. Some centers routinely 
use thromboelastography (TEG) to identify causes 
of bleeding aft er CPB.  

  G. Surgical Field 
 One of the most important actions in intraopera-
tive monitoring is inspection of the surgical fi eld. 
Once the sternum is opened, lung expansion can be 
observed through the pleura. When the pericardium 
is opened, the heart (primarily the right ventricle) is 
visible; thus cardiac rhythm, volume, and contractil-
ity can oft en be judged visually. Blood loss and sur-
gical maneuvers must be closely watched and related 
to changes in hemodynamics and rhythm.  

  H. Transesophageal Echocardiography 

7      TEE provides valuable information about car-
diac anatomy and function during surgery. 

  FIGURE 222     Useful views during transesophageal 
echocardiography.  A:  The relationship between the angle 
of the ultrasound beam and image orientation relative to 
the patient.  B–D:  Echocardiographic views from the upper 
mid-esophagus, lower mid-esophagus, and transgastric 
position ( C ). Note that diff erent views can be obtained in 
each position as the tip of the probe is tilted either upward 
(antefl exion) or backward (retrofl exion) and the angle of 
the beam is changed from 0° to 180°. The angle of the 

beam is shown in the upper left-hand corner of each image. 
The probe is also rotated clockwise or counterclockwise 
to optimize viewing of the various structures. AO, aorta; 
AV, aortic valve; CS, coronary sinus; IVC, inferior vena cava; 
LA, left atrium; LAA, left atrial appendage; LUPV, left upper 
pulmonary vein; LV, left ventricle; MPA, main pulmonary 
artery; MV, mitral valve; PA, pulmonary artery; RA, right 
atrium; RPA, right pulmonary artery; RV, right ventricle; SVC, 
superior vena cava.   (continued)
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FIGURE 222 (continued) 
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regurgitation, and can detect vegetations from endo-
carditis. Th e TEE images in the upper mid-esophagus 
at 40–60° and 110–130° are useful for examining the 
aortic valve and ascending aorta ( Figure 22–6 ). Th e 

color-fl ow imaging ( Figure 22–5 ). Colors are usually 
adjusted so that fl ow toward the probe is red and fl ow 
in the opposite direction is blue. TEE also can detect 
prosthetic valve dysfunction, such as obstruction or 

Transgastric
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Papillary muscle
Short-axis

Two-chamber
long axis

Deep transgastric

LVRV
LA

LV
LA

AO

D

LV

FIGURE 222 (continued) 

  FIGURE 223     Transesophageal echocardiogram of 
the mid-esophageal four-chamber view, showing the right 
and left atria and ventricles.  

  FIGURE 224     Transesophageal echocardiogram at the 
lower esophageal/transgastric level looking up at the left 
ventricle at the level of the papillary muscles.  
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to guide and assess the quality of mitral valve repair 
surgery. Th e commissural view (at about 60°) is par-
ticularly helpful because it cuts across many scallops 
of the mitral valve.       
  2. Assessment of ventricular function  — Ventricular 
function can be assessed by global systolic function, 
estimated by means of ejection fraction (oft en cal-
culated using Simpson’s method of disks) and left  
ventricular end-diastolic volume; diastolic function 

valve annular diameter can also be estimated with 
reasonable accuracy. Doppler fl ow across the aortic 
valve must be measured looking up from the deep 
transgastric view ( Figure 22–7 ). Th e anatomic fea-
tures of the mitral valve relevant to TEE are shown in 
 Figure 22–8 . Th e mitral valve is examined from the 
mid-esophageal position, looking at the mitral valve 
apparatus with and without color in the 0° through 
150° views ( Figure 22–9 ). TEE is an invaluable aid 

  FIGURE 225     Transesophageal echocardiography 
Doppler and color-fl ow imaging. Pulse-wave Doppler 
recording of mitral valve infl ow showing two phases, E 

(early fi lling) and A (atrial fi lling) ( A ). Color-fl ow imaging 
demonstrates backward fl ow (regurgitant jet) across the 
mitral valve during systole (mitral regurgitation) ( B ).  

  FIGURE 226     Two views of the aortic valve. Between 40° and 60°, all three leafl ets are usually visualized ( A ). Between 
110° and 130°, the left ventricular outfl ow, aortic valve, and ascending aorta are clearly visualized ( B ).  
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(ie,  looking for abnormal relaxation and restrictive 
diastolic patterns by checking mitral fl ow velocity or 
by measuring movements of the mitral valve annulus 
using tissue Doppler techniques); and regional systolic 
function (by assessing wall motion and thickening ab-
normalities). Regional wall  abnormalities from myo-
cardial ischemia oft en  appear  before ECG changes. 
Regional wall motion abnormalities can be classifi ed 
into three categories based on severity ( Figure 22–10 ): 
hypokinesis  (reduced wall motion), akinesis (no wall 
motion), and dyskinesis (paradoxical wall motion). 
Th e  location of a regional wall motion abnormal-
ity can indicate which coronary artery is experienc-
ing  reduced fl ow. Th e left  ventricular myocardium 
is supplied by three major arteries: the left  anterior 
descending artery, the left  circumfl ex artery, and the 
right coronary artery ( Figure 22–11 ). Th e  areas of dis-
tribution of these arteries on echocardiographic views 

  FIGURE 227     Transesophageal echocardiographic 
recording of continuous-wave Doppler from the 
transgastric view looking up at the aortic valve, 
demonstrating severe aortic stenosis. Peak velocity 
of 409 cm/s indicates a gradient of 66.9 mm Hg.  

  FIGURE 228     The anatomy of the mitral valve and 
its anatomic relationships to the aortic valve and left 
circumfl ex coronary artery. The posterior leafl et has 
three scallops, P 

1
 , P 

2
 , and P 

3
 . The anterior leafl et is usually 

divided into A 
1
  and A 

2
  regions; in some classifi cations 

the anterior leafl et is divided into three areas (A 
1
 , A 

2
 , A 

3
 ), 

corresponding to the opposing corresponding areas of 
the posterior leafl et.  
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  FIGURE 229     Multiplane imaging cuts across diff erent segments of the mitral valve apparatus between 0° and 180° 
( A ). Images of the mitral valve at 0°, 71°, and 142° ( B, C , and  D , respectively).  
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  FIGURE 2210     Classifi cation of regional wall motion abnormalities.  
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  3. Assessment of other cardiac structures and 
abnormalities  —In an adult undergoing elective 
cardiac surgery TEE can help diagnose previously 
undetected congenital defects such as an atrial or 
ventricular septal defect; pericardial diseases such 
as pericardial eff usions and constrictive pericardi-
tis; and cardiac tumors. Doppler color-fl ow imag-
ing helps delineate abnormal intracardiac blood 
fl ows and shunts. TEE can assess the extent of 
myomectomy in patients with hypertrophic car-
diomyopathy (idiopathic hypertrophic subaor-
tic stenosis).  Upper-, mid-, and lower-esophageal 
views are valuable in diagnosing aortic disease pro-
cesses such as dissection, aneurysm, and atheroma 
( Figure 22–13 ). Th e extent of dissections in the 
ascending and descending aorta can be accurately 
defi ned; however, airway structures prevent com-
plete visualization of the aortic arch. Th e presence 
of protruding atheroma in the ascending aorta in-
creases the risk of postoperative stroke and should 
prompt the use of epiaortic scanning to identify an 
atheroma-free cannulation site or a change in surgi-
cal plans.   
  4. Examination for residual air  —Air is introduced 
into the cardiac chambers during all “open” heart 
procedures, such as valve surgery. Residual amounts 
of air oft en remain in the left  ventricular apex even 
aft er the best deairing maneuvers. TEE is helpful in 
defi ning the volume of residual air, to determine 
whether additional surgical maneuvers need to 
be  undertaken to help avoid cerebral or coronary 
 embolism.   

  I. Electroencephalography 
 Computer-processed electroencephalographic (EEG) 
recordings can be used to assess anesthetic depth 
during cardiac surgery, and either the processed or 
“raw” EEG can be used to ensure complete drug-
induced electrical silence (for brain protection) 
prior to circulatory arrest. Th ese recordings are gen-
erally not useful in detecting neurological insults 
during CPB. Progressive hypothermia (or progres-
sively deepened anesthesia) is typically associated 
with EEG slowing, burst suppression, and, fi nally, 
an isoelectric recording. Most strokes during CPB 
are due to small emboli that are not likely to pro-
duce changes in the EEG. Artifacts from the CPB 
roller pump may be seen on the raw EEG (due to 

are shown in  Figure 22–12 . Th e ventricular short-
axis mid view at the  mid-papillary muscle level con-
tains all three blood supplies from the major coronary 
arteries.     

  FIGURE 2211     Standard angiographic views of the 
left ( A ) and right ( B ) coronary arteries. Note the left main 
coronary artery quickly divides into the left anterior 
descending and the left circumfl ex arteries.  A:  (1) Left 
anterior descending artery with septal branches; (2) ramus 
medianus; (3) diagonal artery; (4) fi rst septal branch; (5) left 
circumfl ex artery; (6) left atrial circumfl ex artery; (7) obtuse 
marginal artery.  B:  (1) Conus artery; (2) SA node artery; 
(3) acute marginal artery; (4) posterior descending artery 
with septal branches; (5) AV node artery; (6) posterior left 
ventricular artery.  
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  J. Transcranial Doppler (TCD) 
 Th is modality provides noninvasive measurements 
of blood fl ow velocity in the middle cerebral artery, 
which is insonated through the temporal bone. TCD 
is useful for detecting cerebral emboli. Increased 
numbers of emboli detected by TCD or Doppler 
interrogation of the carotid artery have been asso-
ciated with an increased risk of postoperative neu-
robehavioral dysfunction.   

  Induction of Anesthesia 
 Cardiac operations usually require general anesthe-
sia, endotracheal intubation, and controlled ven-
tilation. Some centers have used thoracic epidural 
anesthesia alone for minimally invasive surgery 
without CPB or combined thoracic epidural with 
light general endotracheal anesthesia for other forms 
of cardiac surgery. Th ese techniques have never been 
popular in North America due to concerns about the 
risk of spinal hematomas following heparinization, 
the associated medical–legal consequences, and the 
limited evidence of an outcome benefi t. Other cen-
ters use a single intrathecal morphine injection to 
provide postoperative analgesia. 

piezoelectric eff ects from compression of the pump 
tubing) but can usually be identifi ed as such by com-
puter processing.  

  FIGURE 2212     Coronary artery supply of the left 
and right ventricles in three views: the short-axis view 
( A ), the four-chamber view ( B ), and the three-chamber 

view ( C ). Green, right coronary artery; blue, left anterior 
descending artery; pink, left circumfl ex artery.  

BA C

  FIGURE 2213     Upper esophageal TEE views of the 
aortic arch and descending aorta. The ascending aorta can 
be visualized in the upper mid-esophagus at 110–130° 
with antefl exion at the aortic valve level (see Figures 22–2B 
and 22–6B).  
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  Choice of Anesthetic Agents 
 Anesthetic techniques for cardiac surgery have 
evolved over the years. Successful techniques range 
from primarily volatile inhalation anesthesia to 
high-dose opioid totally intravenous techniques. 
In recent years, total intravenous anesthesia with 
short-acting agents and combinations of intra-
venous and volatile agents have become most 
popular. 

  A. “High-Dose” Opioid Anesthesia 
 Th is technique was originally developed to circum-
vent the myocardial depression associated with 
older volatile anesthetics, particularly halothane. 
But pure high-dose opioid anesthesia (eg, fentanyl, 
50–100 mcg/kg, or sufentanil, 15–25 mcg/kg) pro-
duces prolonged postoperative respiratory depres-
sion (12–24 h), is associated with an unacceptably 
high incidence of patient awareness (recall) during 
surgery, and oft en fails to control the hypertensive 
response to stimulation in many patients with pre-
served left  ventricular function. Other undesirable 
eff ects include skeletal muscle rigidity during induc-
tion and prolonged postoperative ileus. Moreover, 
simultaneous administration of benzodiazepines 
with large doses of opioids can produce hypotension 
and myocardial depression. Patients anesthetized 
with sufentanil (and other shorter acting agents) 
generally regain consciousness and can be extubated 
sooner than those anesthetized with fentanyl.  

  B. Total Intravenous Anesthesia (TIVA) 
 Th e drive for cost containment in cardiac surgery 
was a major impetus for development of anesthe-
sia techniques with short-acting agents. Although 
the drugs may be costlier, large economic benefi ts 
resulted from earlier extubation, decreased inten-
sive care unit (ICU) stays, earlier ambulation, and 
earlier hospital discharge (“fast-track” manage-
ment). One technique employs induction with pro-
pofol (0.5–1.5 mg/kg followed by 25–100 mcg/kg/
min), and modest doses of fentanyl (total doses of 
5–7 mcg/kg) or remifentanil (0–1 mcg/kg bolus fol-
lowed by 0.25–1 mcg/kg/min). Target controlled 
infusion (TCI) employs soft ware and hardware 
(computerized infusion pump) to deliver a drug and 
achieve a set concentration at the eff ect site based 

 For elective procedures, induction of general 
anesthesia should be performed in a smooth, con-
trolled (but not necessarily “slow”) fashion oft en 
referred to as a cardiac induction. Th e principles are 
discussed in Chapter 21. Selection of anesthetic 
agents is generally less important than the way they 
are used. Indeed, studies have failed to show diff er-
ences in long-term outcome with various anesthetic 

techniques.     Anesthetic dose requirements are 
variable and patient tolerance of inhaled anes-

thetics generally declines with declining ventricular 
function. Severely compromised patients should be 
given anesthetic agents in incremental, small doses. 
A series of challenges may be used to judge when 
anesthetic depth will allow intubation without a 
marked hypertensive response, while also avoiding 
hypotension from excessive anesthetic dosing. Blood 
pressure and heart rate are continuously evaluated 
following unconsciousness, insertion of an oral air-
way, urinary catheterization, and tracheal intuba-
tion. A sudden increase in heart rate or blood 
pressure may indicate light anesthesia and the need 
for more anesthetic prior to the next challenge, 
whereas a decrease or no change suggests that the 
patient is ready for the subsequent stimulus. Muscle 
relaxant is given aft er consciousness is lost. 
Reductions in blood pressure greater than 20% gen-
erally call for administration of a vasopressor (see 
below). 

 Th e period following intubation is oft en char-
acterized by a gradual decrease in blood pressure 
resulting from the anesthetized state (oft en associ-
ated with vasodilation and decreased sympathetic 
tone) and a lack of surgical stimulation. Patients 
will usually respond to fl uid boluses or a vasocon-
strictor. Nevertheless, the administration of large 
amounts of intravenous fl uids prior to the bypass 
may serve to accentuate the hemodilution asso-
ciated with CPB (below). Small doses of phenyl-
ephrine (25–100 mcg), vasopressin (1–3 units), 
or ephedrine (5–10 mg) may be useful to avoid 
excessive hypotension. Following intubation and 
institution of controlled ventilation; arterial blood 
gases, hematocrit, serum potassium, and glu-
cose concentrations are measured. Th e baseline 
ACT (normal <130 s) is best measured aft er skin 
incision.  
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Th e major advantage of volatile agents or infusions 
of remifentanil or propofol, or both, is the ability 
to change the anesthetic concentration and depth 
rapidly. Isofl urane, sevofl urane, and desfl urane are 
the most commonly used volatile anesthetics. Early 
laboratory reports of isofl urane inducing intracoro-
nary steal have been overshadowed by later reports 
of myocardial protection. Isofl urane remains a com-
monly used volatile agent. Nitrous oxide is gener-
ally not used, particularly during the time interval 
between cannulation and decannulation, because of 
its tendency to expand any intravascular air bubbles 
that may form.   

  D. Other Techniques 
 Th e combination of ketamine with midazolam (or 
diazepam or propofol) for induction and mainte-
nance of anesthesia is a useful technique, particularly 
in frail patients with hemodynamic compromise. 
It is associated with stable hemodynamics, reli-
able amnesia and analgesia, minimal postoperative 
respiratory depression, and rare (if any) psychoto-
mimetic side eff ects. Ketamine and midazolam are 
compatible in solution, and may be mixed together 
in the same syringe or infusion bag in a 20:1 ratio. 
For induction, ketamine, 1–2 mg/kg, with mid-
azolam, 0.05–0.1 mg/kg, is given as a slow intrave-
nous bolus. Anesthesia can then be maintained by 
infusion of ketamine, 1.3–1.5 mg/kg/h, and mid-
azolam, 0.065–0.075 mg/kg/h, or more easily with 
an inhaled agent. Hypertension following intubation 
or surgical stimulation can be treated with propofol 
or a volatile agent.  

  E. Muscle Relaxants 
 Muscle relaxation is helpful for intubation, to 
facilitate sternal retraction, and to prevent patient 
movement and shivering. Unless airway diffi  cul-
ties are expected, intubation may be accomplished 
aft er administration of a nondepolarizing mus-
cle relaxant. Th e choice of muscle relaxant in the 
past was oft en based on the desired hemodynamic 
response. Modern, shorter acting agents such as 
rocuronium, vecuronium, and cisatracurium are 
commonly used and have almost no hemodynamic 
side eff ects of their own. Vecuronium, however, has 
been reported to markedly enhance bradycardia 

on pharmacokinetic modeling. For propofol the 
clinician sets only the patient’s age and weight, and 
the desired blood concentration on the Diprifusor, 
a TCI device widely available in countries outside 
North America. During cardiac surgery, this tech-
nique can be used for propofol with a target con-
centration of 1.5–2 mcg/mL. Whenever the very 
short-acting remifentanil is used for painful surgery, 
provision must be made for postoperative analgesia 
aft er its discontinuation.  

  C. Mixed Intravenous/Inhalation Anesthesia 
 Renewed interest in volatile agents came about fol-
lowing studies demonstrating the protective eff ects 
of volatile agents on ischemic myocardium and an 
increased emphasis on fast-track recovery of car-
diac patients. Selection of anesthetic agents is ori-
ented to hemodynamic stability as well as early 
extubation (1–6 h). Propofol (0.5–1.5 mg/kg) or 
etomidate (0.1–0.3 mg/kg) is oft en used for induc-
tion. Induction usually follows sedation with small 
doses of midazolam (0.05 mg/kg). Opioids are 
given in small doses together with a volatile agent 
(0.5–1.5 minimum alveolar concentration [MAC]) 
for maintenance anesthesia and to blunt the sym-
pathetic response to stimulation. Th e opioid may be 
given in small intermittent boluses, by continuous 
infusion, or both ( Table 22–1 ). To facilitate fast-
track management, typical total doses of fentanyl 
and sufentanil generally do not exceed 15 and 5 
mcg/kg, respectively, and some clinicians com-
bine much smaller doses of fentanyl or sufentanil 
with an analgesic dose of hydromorphone or mor-
phine administered toward the end of CPB. Some 
clinicians also administer a low-dose infusion of 
propofol (25–50 mcg/kg/min) for maintenance. 

    TABLE 221   Opioid dosing compatible with 
early extubation after cardiac surgery. 

Opioid

Loading 
Dose 
(mcg/kg)

Maintenance 
Infusion

Boluses 
(mcg/kg)

Fentanyl 1–5 1–3 mcg/kg/h 0.5–1

Sufentanil 0.25–1.25 0.25–0.75 mcg/kg/h 0.125–0.25

Remifentanil 0.5–1 0.1–1 mcg/kg/min 0.25–1
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to administer the heparin themselves directly into 
the right atrium. If heparin is administered by the 
anesthesiologist, it should be given through a reli-
able (usually central) intravenous line, and the ACT 
should be measured 3–5 min later. If the ACT is 
less than 400 s, additional heparin (100 units/kg) 
is given. Some drugs (eg, aprotinin) prolong the 
celite-activated ACT but not the kaolin-activated 
ACT; the kaolin-ACT should be used to assess ade-
quacy of anticoagulation in these circumstances. 
Heparin concentration assays (see Reversal of 
Anticoagulation, below) measure heparin levels and 
not necessarily eff ect; these assays are therefore not 
reliable for measuring the degree of anticoagulation 
but can be used as an adjunct. A whole blood hepa-
rin concentration of 3–4 units/mL is usually suffi  -
cient for CPB. Th e high-dose thrombin time (HiTT) 
is not infl uenced by aprotinin but is more compli-
cated to perform than a kaolin-ACT. HiTT cannot 
provide a preheparin control and does not provide 
an index for the adequacy of reversal with protamine 
(see below). 

Resistance to heparin is occasionally encoun-
tered; many such patients have antithrombin III 
defi ciency (acquired or congenital) . Antithrombin 
III is a circulating serine protease that irreversibly 
binds and inactivates thrombin (as well as the acti-
vated forms of factors X, XI, XII, and XIII). When 
heparin complexes with antithrombin III, the anti-
coagulant activity of antithrombin III is enhanced 
1000-fold. Patients with antithrombin III defi ciency 
will achieve adequate anticoagulation following 
infusion of 2 units of fresh frozen plasma or anti-
thrombin III concentrate. Alternatively, recombi-
nant human antithrombin III may be administered. 
Milder forms of heparin resistance can be managed 
by administration of a modestly larger than normal 
dose of heparin. 

 Patients with a history of heparin-induced 
thrombocytopenia (HIT) require special consider-
ation. Th ese patients produce heparin-dependent 
(platelet factor 4) antibodies that agglutinate plate-
lets and produce thrombocytopenia, sometimes 
associated with thromboembolism. If the history 
of HIT is remote and antibodies can no longer be 
demonstrated, heparin may safely used for CPB. 
Other anticoagulants should be preferred in other 

associated with large doses of opioids, particularly 
sufentanil. Because of its vagolytic eff ects, pan-
curonium was oft en used in patients with marked 
bradycardia who were taking β-blocking agents, 
Succinylcholine remains appropriate for endotra-
cheal intubation, particularly for rapid sequence 
induction. Judicious dosing and appropriate use of 
a peripheral nerve stimulator allow fast-tracking 
with any of these agents.    

  2. Prebypass Period 
 Following induction and intubation, the anesthetic 
course is typically characterized by an initial period 
of minimal stimulation (skin preparation and drap-
ing) that is frequently associated with hypotension, 
followed by discrete periods of intense stimulation 
that can produce tachycardia and hypertension. 
Th ese periods of stimulation include the skin inci-
sion, sternotomy and sternal retraction, opening the 
pericardium, and, sometimes, aortic dissection. Th e 
anesthetic agent should be adjusted appropriately in 
anticipation of these events. 

 Accentuated vagal responses resulting in 
marked bradycardia and hypotension may occa-
sionally be seen during sternal retraction or open-
ing of the pericardium, perhaps more commonly in 
patients who have been taking β-adrenergic block-
ing agents or diltiazem. 

 Myocardial ischemia in the prebypass period 
is not always associated with hemodynamic per-
turbations such as tachycardia, hypertension, or 
hypotension. Prophylactic infusion of nitroglycerin 
(1–2 mcg/kg/min) has been studied many times and 
continues to be used but does not appear to reduce the 
incidence of ischemic episodes or to alter outcomes. 

  Anticoagulation 
     Anticoagulation must be established before 
CPB to prevent acute disseminated intravas-

cular coagulation and formation of clots in the CPB 
pump. In most centers the adequacy of anticoagula-
tion will be confi rmed by measuring the ACT. An 
ACT longer than 400–480 s is considered adequate 
at most centers. Heparin, 300–400 units/kg, is usu-
ally given while the aortic pursestring sutures are 
placed before cannulation. Some surgeons prefer 
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cannulation is usually done fi rst because of the 
hemodynamic problems frequently associated with 
venous cannulation and to allow convenient and 
rapid transfusion from the pump oxygenator. Th e 
infl ow cannula is most oft en placed in the ascend-
ing aorta. Th e small opening of most arterial cannu-
las produces a jet stream that, when not positioned 
properly, can cause aortic dissection or preferential 
fl ow of blood to the innominate artery. Th e sys-
temic arterial pressure is customarily reduced to 
90–100 mm Hg systolic during placement of the 
aortic cannula to reduce the likelihood of dissection. 
Air bubbles should be absent from the arterial can-
nula and infl ow line, and adequacy of the connection 
between the arterial infl ow line and the patient must 
be demonstrated before bypass is initiated. Failure 
to remove all air bubbles will result in air emboli, 
possibly into the coronary or cerebral circulations, 
whereas failure to enter the aorta may result in aor-
tic dissection. Some clinicians routinely hand com-
press the carotid arteries during aortic cannulation 
to decrease the likelihood of cerebral emboli, but the 
effi  cacy of this technique is doubtful. 

 One or two venous cannulas are placed in 
the right atrium, usually through the right atrial 
appendage. One cannula is usually adequate for 
most coronary artery bypass and aortic valve opera-
tions. Th e single cannula used oft en has two por-
tals (two-stage); when it is properly positioned, one 
opening is in the right atrium and the other is in the 
inferior vena cava. 

 Separate cannulas in the superior and inferior 
venae cavae are used for open-heart procedures. 

    Hypotension from impaired ventricular fi lling 
may occur during manipulation of the venae 

cavae and the heart. Venous cannulation also fre-
quently precipitates atrial or, less commonly, ventric-
ular arrhythmias. Premature atrial contractions and 
transient bursts of a supraventricular tachycardia are 
common. Sustained paroxysmal atrial tachycardia or 
atrial fi brillation frequently leads to hemodynamic 
deterioration, which may be treated pharmacologi-
cally, electrically, or by immediate initiation of bypass 
(provided that full anticoagulation has been con-
fi rmed). Malpositioning of the venous cannulas can 
interfere with venous return or impede venous 
drainage from the head and neck (superior vena cava 

11

circumstances. When signifi cant antibody titers 
are detected, alternative anticoagulants including 
hirudin, bivalirudin, ancrod, and argatroban may 
be considered, but experience with them is limited. 
Consultation with a hematologist may be helpful.  

  Bleeding Prophylaxis 
 Bleeding prophylaxis with antifi brinolytic agents 
may be initiated before or aft er anticoagulation. 
Some clinicians prefer to administer antifi brinolytic 
agents aft er heparinization to reduce the possible 
incidence of thrombotic complications; others fear 
that delayed administration may reduce antifi brino-

lytic effi  cacy.     Antifi brinolytic therapy may be 
particularly useful for patients who are under-

going a repeat operation; who refuse blood products 
(such as Jehovah’s Witnesses); who are at high risk 
for postoperative bleeding because of recent admin-
istration of glycoprotein IIb/IIIa inhibitors (abcix-
imab [RheoPro], eptifi batide [Integrilin], or tirofi ban 
[Aggrastat]); who have preexisting coagulopathy; 
and who are undergoing long and complicated pro-
cedures involving the heart or aorta. Th e antiplatelet 
eff ect of abciximab typically lasts 24–48 h; those of 
eptifi batide and tirofi ban are 2–4 and 4–8 h, respec-
tively. Th e combination of aspirin and the adenosine 
diphosphate receptor antagonist clopidogrel (Plavix) 
is also associated with excessive bleeding. 

 Th e antifi brinolytic agents currently avail-
able, ε-aminocaproic acid and tranexamic acid, do 
not aff ect the ACT and only rarely induce allergic 
reactions. ε-Aminocaproic acid is usually adminis-
tered as a 50–75 mg/kg loading dose followed by a 
20–25 mg/kg/h maintenance infusion (some clini-
cians use a standard 5–10 g loading dose followed by 
1 g/h). Tranexamic acid is oft en dosed at 10 mg/kg 
followed by 1 mg/kg/h, although pharmacokinetic 
studies suggest that larger doses may more reliably 
maintain eff ective blood concentrations. Intra-
operative collection of platelet-rich plasma by 
pheresis prior to CPB is employed by some centers; 
reinfusion following bypass may decrease bleeding 
and reduce transfusion requirements.  

  Cannulation 
 Placement of venous and arterial cannulas for 
CPB is a critical time.  Aft er heparinization ,  aortic 
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temporarily stopped until a cannula can be placed 
distally in the “true” aortic lumen. Other possible 
causes for hypotension include inadequate pump 
fl ow from poor venous return or a pump malfunc-
tion, or pressure transducer error. Factitious hyper-
tension has been reported when the right radial 
artery is used for monitoring and the aortic cannula 
is directed toward the innominate artery. 

 Th e relationship between pump fl ow, SVR, and 
mean systemic arterial blood pressure may be con-
ceptualized as follows: 

 Mean arterial pressure = Pump fl ow × SVR 

 Consequently, with a constant SVR, mean arte-
rial pressure is proportional to pump fl ow. Similarly, 
at any given pump fl ow, mean arterial pressure is pro-
portional to SVR. To maintain both adequate arte-
rial pressures and blood fl ows one can manipulate 
pump fl ow and SVR. Most centers strive for blood 
fl ows of 2–2.5 L/min/m 2  (50–60 mL/kg/min) and 
mean arterial pressures between 50 and 80 mm Hg. 
Metabolic fl ow requirements generally decline with 
decreasing core body temperature. Evidence also 
suggests that during deep hypothermia (20–25°C), 
mean blood pressures as low as 30 mm Hg may still 
be consistent with adequate cerebral blood fl ow and 
cerebral oxygen delivery. SVR can be increased with 
phenylephrine, vasopressin, or norepinephrine. 

 Increased systemic arterial pressures (>150 mm 
Hg) are deleterious and may promote aortic dissec-
tion or cerebral hemorrhage. Generally, when mean 
arterial pressure exceeds 100 mm Hg, hypertension 
is said to exist and is treated by decreasing pump fl ow 
or increasing the concentration of a volatile agent to 
the oxygenator infl ow gas. In the rare instance that 
the hypertension is refractory to these maneuvers 
or if pump fl ow is already low, a vasodilator such as 
clevidipine, nicardipine, or nitroprusside is used.  

  Monitoring 
 Additional monitoring during CPB includes the 
pump fl ow rate, venous reservoir level, arterial 
infl ow line pressure (see above), blood (perfusate 
and venous) and myocardial temperatures, and in-
line (arterial and venous) oxygen saturations. In-line 
pH, CO 2  tension, and oxygen tension sensors are 
also available. Blood gas tensions and pH should be 

syndrome). Upon initiation of CPB, the former is 
manifested as inadequate volume in the venous res-
ervoir, whereas the latter produces engorgement of 
the head and neck. Under these circumstances, cen-
tral venous pressure may not increase if the tip of the 
central line is adjacent or very near the cannula.   

  3. Bypass Period 

  Initiation 
 Once the cannulas are properly placed and secured, 
the ACT is acceptable, and the perfusionist is ready, 
CPB is initiated. Th e clamps placed across the 
venous cannula(s) during insertion are removed, 
and the main CPB pump is started. Establishing the 
adequacy of venous return to the pump reservoir is 
critical. Normally, the reservoir level rises and CPB 
pump fl ow is gradually increased. If venous return 
is poor, as shown by a decreasing reservoir level, the 
pump prime will quickly empty and air can enter 
the pump circuit. When the venous reservoir falls 
the cannulas should be checked for proper place-
ment and for forgotten clamps, kinks, or an air lock. 
Under these circumstances, pump fl ow should be 
slowed until the problem is resolved. Adding volume 
(blood or colloid) to the reservoir may be necessary. 
With full CPB and unimpeded venous drainage, the 
heart should empty; failure to empty or progressive 
distention implies malpositioning of the venous 
cannula or aortic regurgitation. In the rare case of 
severe aortic insuffi  ciency that limits the extent of 
peripheral perfusion, immediate aortic cross-clamp-
ing (and cardioplegia) may be necessary.  

  Flow & Pressure 
 Systemic mean arterial pressure is closely moni-
tored as pump fl ow is gradually increased to 2–
2.5 L/min/m 2 . At the onset of CPB, systemic arte-
rial pressure usually decreases abruptly. Initial mean 
systemic arterial (radial) pressures of 30–40 mm Hg 
are not unusual. Th is decrease is usually attributed 
to abrupt hemodilution, which reduces blood vis-
cosity and eff ectively lowers SVR. It is oft en treated 
with increased fl ow and vasopressors. 

 Persistent and excessive decreases (<30 mm 
Hg) should prompt a search for unrecognized aor-
tic dissection. If dissection is present, CPB must be 
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glucose should be checked even in patients with-
out a history of diabetes. Th e ACT is measured 
immediately aft er bypass and then every 20–30 min 
thereaft er. Cooling generally increases the half-life 
of heparin and prolongs its eff ect. Some centers 
calculate a heparin dose–response curve to guide 
calculation of heparin dosing and protamine rever-
sal ( Figure 22–14 ). Th e hematocrit is usually not 
allowed fall much below 20–25%. Red cell trans-
fusions into the pump reservoir may be necessary. 
Marked increases in serum potassium concentra-
tions (secondary to cardioplegia) are usually treated 
with a furosemide-induced diuresis.   

  Hypothermia & Cardioplegia 
 Moderate (26–32°C) or deep (20–25°C) hypother-
mia is used routinely for many procedures. Th e 
lower the temperature, the longer the time required 
for cooling and rewarming. Low temperatures, 

confi rmed by direct measurements (see below). In 
the absence of hypoxemia, low venous oxygen satu-
rations (<70%), a progressive metabolic acidosis, or 
reduced urinary output may indicate inadequate 
fl ow rates. 

 During bypass, arterial infl ow line pressure 
is almost always greater than the systemic arterial 
pressure recorded from a radial artery or even an 
aortic catheter. Th e diff erence in pressure represents 
the pressure drop across the arterial fi lter, the arte-
rial tubing, and the narrow opening of the aortic 
cannula. Nonetheless, monitoring this pressure is 
important in detecting problems with an arterial 
infl ow line. Infl ow pressures should remain below 
300 mm Hg; higher pressures may indicate a clogged 
arterial fi lter, obstruction of the arterial tubing or 
cannula, or aortic dissection. 

 Serial ACT, hematocrit, and potassium mea-
surements are performed during CPB. Blood 

  FIGURE 2214     Heparin dose–response curve. 
Activated clotting time (ACT) in seconds versus total 
heparin dose in milligrams per kilogram.   1. Plot the initial 
ACT on the  x -axis.   2. Plot the ACT after heparinization.  
 3. Draw the line defi ned by these two points.   4. If 
additional anticoagulation is needed, fi nd the desired ACT 
on that line. The amount of additional heparin needed 
is the diff erence on the  y -axis between the present ACT 

and the desired ACT.   5. If the third point does not lie on 
the original line, a new line is drawn originating from the 
baseline ACT and passing midway between the other two 
points.   6. For reversal of anticoagulation, the protamine 
dose is based on the remaining heparin activity, estimated 
to be the heparin dose corresponding to the latest ACT on 
the dose–response line.  
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during hypothermic CPB in adults. Th e controversy 
stemmed from the fact that the solubility of a gas 
increases and the neutral pH (ie, the pH at which 
concentrations of H +  and OH −  ions are the same) of 
water increases with hypothermia. As a result of the 
former eff ect, although total CO 2  content does not 
change (in a closed system), the partial pressure of 
CO 2  will decrease as blood temperature drops. Th e 
problem is most signifi cant for arterial CO 2  ten-
sion because of its eff ect on arterial pH and cerebral 
blood fl ow. As the temperature decreases, the plasma 
bicarbonate concentration does not change, but the 
decrease in arterial CO 2  tension tends to increase pH 
and make blood alkalotic (by normothermic defi ni-
tions). Blood with a CO 2  tension of 40 mm Hg and a 
pH of 7.40 at 37°C, when cooled to 25°C, will have 
a CO 2  tension of about 23 mm Hg and a pH of 7.60. 

 Normally—regardless of the patient’s tempera-
ture—blood samples are heated to 37°C in blood 
gas analyzers before gas tensions are measured. If a 
temperature-corrected reading is desired, a table or 
a program in the blood gas machine can be used to 
estimate what would be the gas tension and pH if 
they had been measured at the patient’s temperature. 
Th e practice of temperature correcting gas tensions 
with the goal of maintaining a constant CO 2  ten-
sion of 40 mm Hg and a constant pH of 7.40 during 
hypothermia is referred to as  pH-stat management . 
During hypothermic CPB, pH-stat management, 
which may require adding CO 2  to the oxygenator 
gas infl ow, increases total blood CO 2  content. Under 
these conditions, cerebral blood fl ow increases (due 
to increased CO 2  tension relative to α-stat manage-
ment) more than is required based on oxygen con-
sumption. Increased cerebral blood fl ow is useful to 
increase uniformity of brain cooling prior to deep 
hypothermic circulatory arrest (more oft en used in 
children than adults). On the other hand, increased 
cerebral blood fl ow can also direct a greater frac-
tion of atheromatous arterial emboli to the brain—
a greater concern than uniformity of brain cooling 
during cardiac surgery in adults. 

 Th e use of uncorrected gas tensions during 
hypothermia— α-stat management —is the rule in 
adults and is common in children when circulatory 
arrest will not be used. Th e basis of this approach 
is that preservation of normal protein function 

however, permit lower CPB fl ows to be used safely. 
At a temperature of 20°C, fl ows as low as 1.2 L/min/
m 2  may be adequate. 

 Hypothermia produces characteristic changes 
in the ECG including the Osborne wave, a charac-
teristic positive defl ection between the QRS and ST 
segments. Ventricular fi brillation oft en occurs as the 
heart is cooled below 28–29°C. Cardioplegia should 
be established immediately, as fi brillation consumes 
high-energy phosphates at a greater rate than slower 
rhythms. Cardioplegia is achieved by cross-clamping 
the ascending aorta proximal to the aortic infl ow can-
nula and (as previously described) infusing cardio-
plegia solution through a small catheter proximal to 
the cross-clamp or directly into the coronary ostia if 
the aorta is opened (eg, for aortic valve replacement). 
Many surgeons routinely employ retrograde cardio-
plegia via a catheter in the coronary sinus (see above). 
During aortocoronary bypass graft ing, cardioplegia 
solution may also be given through the graft  when the 
surgeon elects to perform the distal anastomosis fi rst.  

  Ventilation 
 Ventilation of the lungs is discontinued when ade-
quate pump fl ows are reached and the heart stops 
ejecting blood. Following institution of full CPB, 
ventricular ejection continues briefl y until the left  
ventricular volume reaches a critically low level. 
Discontinuing ventilation prematurely when there 
is any remaining pulmonary blood fl ow acts as a 
right-to-left  shunt that can promote hypoxemia. 
Th e importance of this mechanism depends on the 
relative ratio of remaining pulmonary blood fl ow 
to pump fl ow. At some centers, once ventilation is 
stopped, oxygen fl ow is continued in the anesthesia 
circuit with a small amount of continuous positive 
airway pressure (5 cm H 2 O) in the hope of prevent-
ing postoperative pulmonary dysfunction. Most 
centers either stop all gas fl ow or continue a low 
fl ow of oxygen (1–2 L/min) in the anesthesia circuit. 
Ventilation is resumed at the conclusion of CPB in 
anticipation of the heart beginning to eject blood.  

  Management of Respiratory Gases 
 Th ere formerly was controversy about whether 
to use temperature-corrected (pH stat) or uncor-
rected (α-stat) arterial blood gas tensions 
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response to perfusion with warm blood (rather 
than “light” anesthesia). During rewarming, blood 
temperature should not exceed core temperature by 
more than 2°C.  

  Cerebral Protection 
 Th e incidence of neurobehavioral defi cits aft er 
CPB varies widely, depending on how long aft er 
surgery the examination is performed and the cri-
teria for diagnosis. In the fi rst week aft er surgery 
the incidence may be as high as 80%. Fortunately, 
in most instances, these defi cits are transient. 
Neurobehavioral defi cits detectable 8 weeks or more 
(20–25%) aft er operation or strokes (2–6%) are less 
common. Factors that have been associated with 
neurological sequelae include increased numbers of 
cerebral emboli, combined intracardiac (valvular) 
and coronary procedures, advanced age, and preex-
isting cerebrovascular disease. 

 During open-heart procedures, deairing of car-
diac chambers, assumption of a head-down position, 
and venting before and during initial cardiac ejection 
are important in preventing gas emboli. Some centers 
fi ll the surgical fi eld with CO 2 , a gas that if entrained 
and embolized will more rapidly be reabsorbed. TEE 
can detect residual air within the heart and the need 
for further deairing procedures. During coronary 
bypass procedures, minimizing the amount of aortic 
manipulation, the number of aortic clampings, and 
the number of graft  sites on the surface of the aorta, 
and using sutureless proximal anastomotic devices 
may help reduce atheromatous emboli. Palpation 
of the aorta, TEE, and especially epiaortic echocar-
diography can help identify high-risk patients and 
guide management. Epiaortic echocardiography is 
the most sensitive and specifi c technique. 

 Although embolic phenomena appear respon-
sible for most neurological defi cits, the contribu-
tion of cerebral hypoperfusion remains unclear. 
Th e data are controversial and sparse that prophy-
lactic drug infusions (eg, barbiturates or propofol to 
suppress electroencephalographic activity) imme-
diately before and during intracardiac (open ven-
tricle) procedures will decrease the incidence and 
severity of neurological defi cits. Prior to circulatory 
arrest with very deep hypothermia, some clinicians 
administer a corticosteroid (methylprednisolone, 

depends on maintaining a constant state of intra-
cellular electroneutrality (the balance of charges on 
proteins). At physiological pH, these charges are 
primarily located on the imidazole rings of histi-
dine residues (referred to as α residues). Moreover, 
as temperature decreases,  K  w —the dissociation 
constant for water—also decreases (p K  w  increases). 
Th erefore, at lower temperatures, the electroneutral-
ity of aqueous solutions, where [H + ] = [OH − ], corre-
sponds to a lower [H + ] (a higher pH). Hypothermic 
“alkalosis” thus does not necessarily refl ect [OH – ] > 
[H + ] but rather an absolute decrease in both [H + ] and 
[OH – ]. Hypothermic CPB with α-stat management 
does not require addition of CO 2  to the oxygenator: 
the total CO 2  content of blood and the electroneu-
trality are unchanged. In contrast to pH-stat man-
agement, α-stat management appears to preserve 
cerebral autoregulation of blood fl ow. Despite the 
theoretical and observed diff erences, in most stud-
ies comparisons between the two techniques fail to 
reveal appreciable diff erences in patient outcomes 
except in children undergoing circulatory arrest.  

  Anesthesia 
     Hypothermia (<34°C) potentiates general 
anesthetic potency, but failure to give anes-

thetic agents, particularly during rewarming on 
CPB, may result in awareness and recall. With light 
anesthesia hypertension may be seen and, if muscle 
paralysis is also allowed to wear off , the patient may 
move. Consequently, additional doses of anesthetic 
agents may be necessary during CPB. Reduced con-
centrations of a volatile agent (eg, 0.5–0.75% isofl u-
rane) via the oxygenator are frequently used. Th e 
volatile agent concentration may need to be reduced 
to a value that does not depress contractility imme-
diately prior to termination of bypass if residual 
myocardial depression is apparent. Th ose relying 
on opioids and benzodiazepines for anesthesia dur-
ing CPB may need to administer additional doses of 
these agents or commence a propofol infusion. Some 
clinicians routinely administer a benzodiazepine 
(eg, midazolam) or scopolamine (0.2–0.4 mg) when 
rewarming is initiated. Alternatively, a propofol, opi-
oid, or ketamine–midazolam infusion may be con-
tinued throughout CPB. Sweating during rewarming 
is common and usually indicates a hypothalamic 

12
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necessary. Administration of lidocaine, 100–200 mg, 
and magnesium sulfate, 1–2 g, prior to removal of 
aortic cross-clamping is a common protocol and 
may decrease the likelihood of fi brillation. Many 
clinicians advocate a head-down position while 
intracardiac air is being evacuated to decrease the 
likelihood of cerebral emboli. Lung infl ation facili-
tates expulsion of (left -sided) intracardiac air by 
compressing pulmonary vessels and returning blood 
into the left  heart. TEE is useful in detecting resid-
ual intracardiac air. Initial reinfl ation of the lungs 
requires greater than normal airway pressure and 
should generally be done under direct visualization 
of the surgical fi eld because excessive lung expansion 
can interfere with internal mammary artery graft s. 

 General guidelines for separation from CPB 
include the following: 

•   Th e core body temperature should be at least 
37°C. 

•  A stable rhythm must be present. 
Atrioventricular pacing is oft en used and 
confers the benefi t of a properly timed atrial 
systole. Persistence of atrioventricular block 
should prompt measurement of serum 
potassium concentration. If hyperkalemia 
is present, it can be treated with calcium, 
NaHCO 3 , furosemide, or glucose and insulin. 

•  Th e heart rate must be adequate (generally 
80–100 beats/min). Slow heart rates are generally 
treated by pacing. Many inotropic agents 
will also increase heart rate. Supraventricular 
tachycardias generally require cardioversion. 

•  Laboratory values must be within acceptable 
limits. Signifi cant acidosis (pH < 7.20), 
hypocalcemia (ionized), and hyperkalemia 
(>5.5 mEq/L) should be treated; ideally the 
hematocrit should exceed 22%; however, a 
hematocrit <22% should not by itself trigger 
transfusion of red blood cells at this time. 
When CPB reservoir volume and fl ow are 
adequate, ultrafi ltration may be used to 
increase the hematocrit. 

•  Adequate ventilation with 100% oxygen must 
have been resumed. 

•  All monitors should be rechecked for proper 
function and recalibrated if necessary.  

30 mg/kg, or the equivalent dose of dexametha-
sone) and mannitol (0.5 g/kg). Th e head is also 
covered with ice bags (avoiding the eyes). Surface 
cooling delays rewarming and may also facilitate 
adequacy of brain cooling. A long list of drugs has 
been tested and has failed to improve cerebral out-
comes aft er heart surgery. Human studies during 
cardiac surgery have not shown improved neu-
robehavioral outcomes with prophylactic adminis-
tration of calcium channel blockers (nimodipine), 
 N -methyl- d -aspartate (NMDA) antagonists (rema-
cemide), free radical scavengers (pegorgotein), 
sedative-hypnotics (thiopental, propofol, or clome-
thiazole), or lazaroids (tirilazad).   

  4. Termination of CPB 
 Discontinuation of bypass is accomplished by a 
series of necessary procedures and conditions: 

1.    Rewarming must be completed.  
2.   Air must be evacuated from the heart and any 

bypass graft s.  
3.   Th e aortic cross-clamp must be removed and 

the heart must beat.  
4.   Lung ventilation must be resumed.   

 Th e surgeon’s decision about when to rewarm 
is important; adequate rewarming requires time, but 
rewarming too soon removes the protective eff ects 
of hypothermia. Rapid rewarming oft en results in 
large temperature gradients between well-perfused 
organs and peripheral vasoconstricted tissues; sub-
sequent equilibration following separation from 
CPB decreases core temperature again. An excessive 
gradient between the infusate temperature and the 
patient’s core temperature can result in deleterious 
brain hyperthermia. Infusion of a vasodilator drug 
(nitroprusside, isofl urane, or phentolamine [primar-
ily in children]) by allowing higher pump fl ows oft en 
speeds the rewarming process and decreases large 
temperature gradients. Some believe that allowing 
some pulsatile fl ow (ventricular ejection) may also 
speed rewarming. Excessively rapid rewarming, 
however, can result in the formation of gas bubbles 
in the bloodstream as the solubility of gases rapidly 
decreases. If the heart fi brillates during rewarm-
ing, direct electrical defi brillation (5–10 J) may be 
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arterial pressure rises. Once the venous line is 
completely occluded and systolic arterial pressure 
is judged to be adequate (>80–90 mm Hg), pump 
fl ow is stopped and the patient is evaluated.  Some 
surgeons wean by clamping the venous line and 
then progressively “fi lling” the patient with arte-
rial infl ow . 

  Most patients fall into one of four groups 
when coming off  bypass ( Table 22–2 ) . Patients 
with good ventricular function are usually quick 
to develop good blood pressure and cardiac out-
put and can be separated from CPB immedi-
ately. Hyperdynamic patients can also be rapidly 
weaned. Th ese patients emerge from CPB with a 
very low SVR, demonstrating good contractility 
and adequate volume, but have low arterial pres-
sure; their hematocrit is oft en reduced (<22%). 
Diuresis (off  CPB) or red blood cell transfusions 
increase arterial blood pressure.  

 Hypovolemic patients include those with nor-
mal ventricular function and those with varying 
degrees of impairment. Th ose with preserved myo-
cardial function quickly respond to 100-mL aliquots 
of pump blood infused via the aortic cannula. Blood 
pressure and cardiac output rise with each bolus, 

  Weaning from CPB 
 CPB should be discontinued as systemic arterial 
pressure, ventricular volumes and fi lling pressures, 
and cardiac function (on TEE) are assessed. Central 
aortic pressure may be measured directly and should 
be compared with the radial artery pressure and 
cuff  pressure (if there is a disparity). A reversal of 
the normal systolic pressure gradient, with aortic 
pressure being greater than radial pressure, is oft en 
seen immediately postbypass. Th is has been attrib-
uted to opening of arteriovenous connections in the 
hand as a consequence of rewarming. Central aortic 
root pressure can also be estimated by palpation by 
an experienced surgeon. Right ventricular volume 
and contractility can be estimated visually, whereas 
fi lling pressures are measured directly by central 
venous, pulmonary artery, or left  atrial catheters. 
Cardiac output can be measured by thermodilution. 
TEE can defi ne adequacy of end-diastolic volumes, 
right and left  ventricular contractility, and valvular 
function. 

 Weaning is typically accomplished by pro-
gressively clamping the venous return line (tub-
ing). As the beating heart fi lls, ventricular ejection 
resumes. Pump fl ow is gradually decreased as 

    TABLE 222   Post-CPB hemodynamic subgroups. 1  

Group I: 
Vigorous

Group II: 
Hypovolemic

Group IIIA: 
LV Pump Failure

Group IIIB: 
RV Failure

Group IV: Vasodilated 
(Hyperdynamic)

Blood pressure Normal Low Low Low Low

Central venous 
pressure

Normal Low Normal or high High Normal or low

Pulmonary 
wedge pressure

Normal Low High Normal or high Normal or low

TEE findings Normal Underfilled RV/LV Reduced LV 
performance

Dilated RV Normal or underfilled 
RV/LV

Cardiac output Normal Low Low Low High

Systemic vascular 
resistance

Normal Low, normal, 
or high

Low, normal or high Normal or high Low

Treatment None Volume Inotrope; IABP, LVAD Inotrope, pulmonary 
vasodilator; RVAD

Vasoconstrictor, volume

 1 CPB, cardiopulmonary bypass; LV, left ventricular; RV, right ventricular; IABP, intraaortic balloon pump; LVAD, left ventricular assist device; RVAD, right 
ventricular assist device; TEE, transesophageal echocardiography.
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and the increase becomes progressively more sus-
tained. Most of these patients maintain good blood 
pressure and cardiac output with a left  ventricular 
fi lling pressure below 10–15 mm Hg. Ventricular 
impairment should be suspected (when defi nitive 
diagnosis using TEE is not available) in hypovolemic 
patients whose fi lling pressures rise during volume 
infusion without appreciable changes in blood pres-
sure or cardiac output or in those who require fi lling 
pressures above 10–15 mm Hg. Ventricular dysfunc-
tion is easily diagnosed by TEE. 

 Patients with pump failure emerge from CPB 
with a sluggish, poorly contracting heart that pro-
gressively distends. In such cases, CPB may need 
to be reinstituted while inotropic therapy is initi-
ated; alternatively, if the patient is less unstable, a 
positive inotrope (epinephrine, dopamine, dobu-
tamine) can be administered while the patient is 
observed for improvement. If the patient does not 
respond to reasonable doses of one of these three 
agents, milrinone can be added. In patients with 
poor preoperative ventricular function milrinone 
may be administered as the fi rst-line agent prior to 
separation from CPB. In the rare instance that SVR 
is increased, aft erload reduction with nitroprus-
side or milrinone can be tried. Th e patient should 
be evaluated for unrecognized ischemia (kinked 
graft  or coronary vasospasm), valvular dysfunction, 
shunting, or right ventricular failure (the distention 
is primarily right sided). TEE will facilitate the diag-
nosis in these cases. 

 If drug therapies fail,  intraaortic balloon 
pump  (IABP) counterpulsation should be initiated 
while the patient is “rested” on CPB. Th e effi  cacy 
of IABP depends on proper timing of infl ation and 
defl ation of the balloon ( Figure 22–15 ).  Th e bal-
loon should infl ate just aft er the dicrotic notch is 
seen on the intraaortic pressure tracing to aug-
ment diastolic blood pressure and coronary fl ow 
aft er closure of the aortic valve . Infl ation too early 
increases aft erload and exacerbates aortic regur-
gitation, whereas late infl ation reduces diastolic 
augmentation. Balloon defl ation should be timed 
just prior to left  ventricular ejection to decrease its 
aft erload. Early defl ation makes diastolic augmen-
tation and aft erload reduction less eff ective. Use of 
a left  or right ventricular assist device (LVAD or 

  FIGURE 2215     A central arterial waveform during 
1:2 intraaortic balloon pump counterpulsation. Ideally 
the balloon, which is positioned in the descending aorta 
just distal to the left subclavian artery, should infl ate at 
the dicrotic notch (1) and be completely defl ated just 
as the left ventricle begins to eject (2). Note the lower 
end-diastolic pressures after balloon augmentation and 
slightly lower systolic pressure in the following beat. 
N, nonaugmented beat; A, augmented beat; B, balloon 
augmentation.  
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RVAD, respectively), may be necessary for patients 
with refractory pump failure. If myocardial stun-
ning is a major contributor or there are areas of 
hibernating myocardium, a delayed improvement 
in contractile function may allow complete wean-
ing from all drugs and support devices only aft er 
12–48 h of therapy. Circulatory assist devices, such 
as the Abiomed and HeartMate, can be used as a 
bridge to cardiac transplantation; the former can 
be used for several days whereas the latter device 
can be left  in place for months to years.  

 Many clinicians believe that positive inotropes 
should not routinely be used in patients coming 
off  CPB because they increase myocardial oxy-
gen demand. Th e routine use of calcium similarly 
may worsen ischemic injury and may contribute to 
coronary spasm (particularly in patients who were 
taking calcium channel blockers preoperatively). 
Nevertheless, there are centers that administer cal-
cium salts or a positive inotrope (eg, dobutamine), 
or both, to every patient at the conclusion of CPB. 
Commonly used positive inotropes and vasopres-
sors are listed in  Table 22–3 . Epinephrine, dopa-
mine, and dobutamine are the most commonly 
used agents. Clinically, epinephrine is the most 
potent inotrope and is oft en eff ective in increasing 
both cardiac output and systemic blood pressure 
when others agents have failed. In lower doses, it 
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oxygen consumption. Th e combination of an ino-
dilator (usually milrinone) and a β-adrenergic 
agonist results in at least additive (and possibly 
synergistic) inotropic eff ects. Norepinephrine is 
useful for increasing SVR but may compromise 
splanchnic and renal blood fl ow at increased doses. 
Some clinicians use norepinephrine in combina-
tion with phosphodiesterase inhibitors to prevent 
excessive reductions in systemic arterial pressure. 
Arginine vasopressin may be used in patients with 
refractory hypotension, a low SVR, and resistance 
to norepinephrine. Inhaled nitric oxide and pros-
taglandin E 1  may also be helpful for refractory pul-
monary hypertension and right ventricular failure 
( Table 22–4 ); nitric oxide has the added advantage 
of not decreasing systemic arterial pressure. Studies 
have not confi rmed outcome benefi ts to the use of 
nesiritide, a human B-type natriuretic peptide, thy-
roid hormone (T 3 ), or glucose– insulin–potassium 

has predominantly β agonist activity. Dobutamine, 
unlike dopamine, does not increase fi lling pres-
sures and  may  be associated with less tachycardia 
than dopamine; unfortunately, cardiac output oft en 
increases without signifi cant changes in blood pres-
sure. On the other hand, dopamine may improve 
renal blood fl ow (at reduced doses) and is oft en 
more eff ective in increasing blood pressure than 
in increasing cardiac output. Interestingly, when 
infused to increase cardiac output to similar extents, 
epinephrine is associated with no more increase 
(and perhaps less) in heart rate than dobutamine. 
Inamrinone and milrinone, both selective phos-
phodiesterase type III inhibitors, are inotropes with 
arterial and venous dilator properties; milrinone 
may be less likely than inamrinone to decrease the 
platelet count. In studies of patients with chronic 
heart failure these two inodilators, unlike other 
inotropes, did not appreciably increase myocardial 

    TABLE 223   Vasopressors and inotropic agents. 1  

Bolus Infusion

Adrenergic Activity
Phosphodiesterase 
Inhibitionα β Indirect

Epinephrine 2–10 mcg 0.01–0.03 mcg/kg/min + +++ 0 0

0.04–0.1 mcg/kg/min ++ +++ 0 0

>0.1 mcg/kg/min +++ +++ 0 0

Norepinephrine 0.01–0.1 mcg/kg/min +++ ++ 0 0

Isoproterenol 1–4 mcg 0.01–0.1 mcg/kg/min 0 +++ 0 0

Dobutamine 2–20 mcg/kg/min 0 ++ 0 0

Dopamine 2–10 mcg/kg/min + ++ + 0

10–20 mcg/kg/min ++ ++ + 0

Ephedrine 5–25 mg + ++ + 0

Phenylephrine 50–200 mcg 10–50 mcg/min +++ 0 0 0

Inamrinone 0.5–1.5 mg/kg 5–10 mcg/kg/min 0 0 0 +++

Milrinone 50 mcg/kg 0.375–0.75 mcg/kg/min 0 0 0 +++

Vasopressin 1–2 units 2–8 units/h 0 0 0 0

 1 +, mild activity; ++, moderate activity; +++, marked activity.
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arrhythmias in this setting can rapidly deteriorate 
into ventricular tachycardia and fi brillation. 

  Reversal of Anticoagulation 
 Once hemostasis is judged acceptable and the 
patient continues to remain stable, heparin activ-
ity is reversed with protamine.  Protamine  is a 
highly positively charged protein that binds and 
eff ectively inactivates heparin (a highly negatively 
charged polysaccharide). Heparin–protamine 
complexes are then removed by the reticuloendo-
thelial system. Protamine can be dosed in varying 
ways, but the results of all techniques should be 
checked for adequacy by repeating the ACT 3–5 
min aft er completion of the protamine infusion. 
Additional incremental doses of protamine may 
be necessary. 

 One dosing technique bases the protamine dose 
on the amount of heparin initially required to pro-
duce the desired ACT; the protamine is then given in 
a ratio of 1–1.3 mg of protamine per 100 units 
of  heparin. A still simpler approach is to give 
adult patients a defi ned dose (eg, 3–4 mg/kg) then 
check for adequacy of reversal. Another approach 
 calculates the protamine dose based on the heparin 
dose–response curve ( Figure 22–14 ). Automated 
heparin–protamine titration assays eff ectively mea-
sure residual heparin concentration and can also be 
used to calculate the protamine dose. Th e justifi ca-
tion for using this methodology is the observation 
that when protamine is given in excess it may have 
anticoagulant activity, although this has never been 
demonstrated in humans. Th is approach also 
assumes that administered protamine remains in 
circulation for a prolonged time (which has been 
proven false in studies of patients undergoing car-
diac surgery). To accomplish the heparin:protamine 
titration, premeasured amounts of protamine are 
added in varying quantities to several wells, each 
containing a blood sample. Th e well whose prot-
amine concentration best matches the heparin con-
centration will clot fi rst. Clotting will be prolonged 
in wells containing either too much or too little prot-
amine. Th e protamine dose can then be estimated by 
multiplying the concentration in the tube that clots 
fi rst by the patient’s calculated blood volume. 
Supplemental protamine (50–100 mg) should be 

infusions for vasoactive/ inotropic support aft er 
CPB.     

  5. Postbypass Period 
 Following CPB, bleeding is controlled, bypass can-
nulas are removed, anticoagulation is reversed, 
and the chest is closed. Systolic arterial pressure 
is generally maintained at less than 140 mm Hg 
to minimize bleeding. Checking for bleeding, par-
ticularly from the posterior surface of the heart, 
requires lift ing the heart, which can cause periods 
of precipitous hypotension. Some surgeons will 
need to be informed of the extent and duration of 
the hypotension; others have greater situational 
awareness. Th e atrial cannula(s) is removed before 
the aortic cannula in case the latter must be used 
to rapidly administer volume to the patient. Most 
patients need additional blood volume aft er ter-
mination of bypass. Administration of blood, col-
loids, and crystalloid is guided by fi lling pressures 
(and observation of the left  ventricle on TEE), and 
the postbypass hematocrit. A fi nal hematocrit of 
25–30% is desirable, but is not mandatory. Blood 
remaining in the CPB reservoir can be transfused 
via the aortic cannula (while it remains in place) 
or washed and processed by a cell-saver device and 
given intravenously. Frequent ventricular ectopy 
may refl ect electrolyte disturbances or residual 
ischemia and should be treated with amiodarone 
(or lidocaine or procainamide); hypokalemia or 
hypomagnesemia should be corrected. Ventricular 

    TABLE 224   Vasodilators. 

Drug Dosage

Clevidipine 1–16 mg/hr

Fenoldopam 0.03–0.6 mcg/kg/min

Nicardipine 2.5–10 mg/h

Nitric oxide 10–60 ppm (inhaled)

Nitroglycerin 0.5–10 mcg/kg/min

Nitroprusside 0.5–10 mcg/kg/min

Prostaglandin E 
1
 0.01–0.2 mcg/kg/min
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 If diff use oozing continues despite adequate 
surgical hemostasis and the ACT is normal or the 
heparin–protamine titration assay shows no residual 
heparin, thrombocytopenia or platelet dysfunction 
is most likely. Comparison of a conventional ACT 
with an ACT measured in the presence of hepari-
nase (an enzyme that cleaves and inactivates hepa-
rin) can confi rm that no residual heparin requiring 
protamine reversal remains present when both tests 
provide the same result. Platelet defects are recog-
nized complications of CPB, which may necessitate 
platelet transfusion. Signifi cant depletion of coagu-
lation factors, particularly factors V and VIII, dur-
ing CPB is less commonly responsible for bleeding 
but should be treated with fresh frozen plasma; both 
the prothrombin time and partial thromboplas-
tin time are usually prolonged in such instances. 
Hypofi brinogenemia (fi brinogen level <100 mg/dL 
or a prolonged thrombin time without residual 
heparin) should be treated with cryoprecipitate. 
Desmopressin (DDAVP), 0.3 mcg/kg (intravenously 
over 20 min), can increase the activity of factors VIII 
and XII and the von Willebrand factor by releasing 
them from the vascular endothelium. DDAVP may 
be eff ective in reversing qualitative platelet defects 
in some patients but is not recommended for rou-
tine use. Accelerated fi brinolysis may occasion-
ally be encountered following CPB and should be 
treated with ε-aminocaproic acid or tranexamic acid 
if one or the other of these agents has not already 
being given; the diagnosis should be confi rmed by 
elevated fi brin degradation products (≥32 mg/mL), 
or evidence of clot lysis on thromboelastography. 
Increasingly, factor VII concentrate (at a cost of 
many thousands of dollars) is administered as a “last 
resort” in the setting of coagulopathic bleeding fol-
lowing cardiac surgery.  

  Anesthesia 
 Unless a continuous intravenous infusion technique 
is used, additional anesthetic agents are necessary 
following CPB; the choice may be determined by 
the hemodynamic response of the patient follow-
ing CPB. Traditional teaching would have unstable 
patients receive small amounts of an opioid, ben-
zodiazepine, or scopolamine, whereas anesthetic 
doses of a volatile agent might be recommended for 

considered aft er administration of unwashed blood 
remaining in the pump reservoir aft er CPB because 
that blood contains heparin. 

     Protamine administration can result in a num-
ber of adverse hemodynamic eff ects, some of 

which are immunological in origin. Protamine given 
slowly (5–10 min) usually has few eff ects; when 
given more rapidly it produces a fairly consistent 
vasodilation that is easily treated with blood from 
the pump oxygenator and small doses of phenyl-
ephrine. Catastrophic protamine reactions oft en 
include myocardial depression and marked pul-
monary hypertension. Diabetic patients previously 
maintained on protamine-containing insulin (such 
as NPH) may be at increased risk for adverse reac-
tions to protamine.  

  Persistent Bleeding 
     Persistent bleeding oft en follows prolonged 
durations of bypass (>2 h) and in most 

instances has multiple causes. Inadequate surgi-
cal control of bleeding sites, incomplete reversal 
of heparin, thrombocytopenia, platelet dysfunc-
tion, hypothermia-induced coagulation defects, 
and undiagnosed preoperative hemostatic defects, 
or newly acquired factor defi ciency or hypofi bri-
nogenemia may be responsible. Th e absence (or 
loss) of clot formation may be noted in the surgical 
fi eld. Normally, the ACT should return to baseline 
following administration of protamine; additional 
doses of protamine (25–50 mg) may be necessary. 
Reheparinization (heparin rebound) aft er appar-
ent adequate reversal is poorly understood but 
oft en attributed to redistribution of peripherally 
bound heparin to the central compartment and to 
the exceedingly short persistence of protamine in 
blood. Hypothermia (<35°C) accentuates hemo-
static defects and should be corrected. Th e admin-
istration of platelets and coagulation factors should 
be guided by additional coagulation studies, but 
empiric therapy may be necessary when such tests 
are not readily or promptly available as well as when 
treating massive transfusion. On the other hand, 
there can be abnormalities in multiple tests of coag-
ulation whether or not there is bleeding, so the true 
diagnostic specifi city and reliability of these tests is 
oft en overstated. 
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infusion. Th e emphasis in the fi rst few postoperative 
hours should be on maintaining hemodynamic sta-
bility and monitoring for excessive postoperative 

bleeding.     Chest tube drainage in the fi rst 2 h of 
more than 250–300 mL/h (10 mL/kg/h)—in 

the absence of a hemostatic defect—is excessive and 
may require surgical reexploration. Subsequent 
drainage that exceeds 100 mL/h is also worrisome. 
Intrathoracic bleeding at a site not adequately 
drained may cause cardiac tamponade, requiring 
immediate reopening of the chest. 

 Hypertension despite analgesia and sedation is 
a common postoperative problem and should gen-
erally be treated promptly so as not to exacerbate 
bleeding or myocardial ischemia. Nitroprusside, 
nitroglycerin, clevidipine, or nicardipine is gener-
ally used. β Blockade may be particularly useful for 
patients recovering from coronary artery surgery. 

 Fluid replacement may be guided by fi ll-
ing pressures, echocardiography, or by responses 
to treatment. Most patients present with relative 
hypovolemia for several hours following operation. 
Hypokalemia (from intraoperative diuretics) oft en 
develops and requires replacement. Postoperative 
hypomagnesemia is common in patients who receive 
no magnesium supplementation intraoperatively. 

 Extubation should be considered only when 
muscle paralysis has worn off  (or been reversed) 
and the patient is hemodynamically stable. Caution 
should be exercised in obese and elderly patients 
and those with underlying pulmonary disease. 
Cardiothoracic procedures are typically associated 
with marked decreases in functional residual capac-
ity and postoperative diaphragmatic dysfunction.   

  Off -Pump Coronary Artery 
Bypass Surgery 
 Th e development of advanced epicardial stabiliz-
ing devices, such as the Octopus ( Figure 22–16 ), 
has facilitated coronary artery bypass graft ing with-
out the use of CPB, also known as off -pump coro-
nary artery bypass (OPCAB). Th is type of retractor 
uses suction to stabilize and lift  the anastomotic 
site rather than compress it down, which allows for 
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hyperdynamic patients. Nevertheless, we have found 
that most patients tolerate modest doses of volatile 
agents or propofol infusion. Patients with hyper-
tension that is unresponsive to adequate anesthesia 
with opioids and either a volatile agent or propofol 
(or both) should receive a vasodilator such as nitro-
glycerin, nitroprusside, clevidipine, or nicardipine 
( Table 22–4 ). Fenoldopam may be used and has the 
added benefi t of increasing renal blood fl ow which 
might possibly improve kidney function in the early 
postoperative period. 

 It is common for an opioid (morphine or hydro-
morphone) and either propofol or dexmedetomi-
dine to be given to provide analgesia and sedation 
during transfer to the ICU and analgesia (aft er dis-
continuation of the propofol or dexmedetomidine) 
during emergence.  

  Transportation 
 Transporting patients with critical illness from the 
operating room to the ICU is a consistently nerve-
wracking and occasionally hazardous process that is 
complicated by the possibilities of monitor failure, 
overdosage or interruption of drug infusions, and 
hemodynamic instability en route. Portable moni-
toring equipment, infusion pumps, and a full oxy-
gen cylinder with a self-infl ating bag for ventilation 
should be readied prior to the end of the operation. 
Minimum monitoring during transportation includes 
the ECG, arterial blood pressure, and pulse oximetry. 
A spare endotracheal tube, laryngoscope, succinyl-
choline, and emergency resuscitation drugs should 
also accompany the patient. Upon arrival in the ICU, 
the patient should be attached to the ventilator, breath 
sounds should be checked, and an orderly transfer of 
monitors and infusions (one at a time) should follow. 
Th e ICU staff  should be given a brief summary of the 
procedure, intraoperative problems, current drug 
therapy, and any expected diffi  culties. Many centers 
insist on a standard protocol for the “hand off .”   

  6. Postoperative Period 
 Depending on the patient, the type of surgery, and 
local practices, most patients are mechanically ven-
tilated for 1–12 h postoperatively. Sedation may be 
maintained by a propofol or dexmedetomidine 

Morg_Ch22_0435-0486.indd   468 11/02/13   10:29 AM



 CHAPTER 22 Anesthesia for Cardiovascular Surgery  469 

anesthetic agents and morphine provide myocardial 
protection during prolonged periods of ischemia. 
Maintenance of anesthesia with a volatile agent may 
therefore be desirable. When the surgeon is skill-
ful, long-term graft  patency may be comparable to 
procedures done with CPB. Patients with extensive 
coronary disease, particularly those with poor target 
vessels, may not be good candidates. OPCAB may 
decrease the incidence of postoperative neurological 
complications and the need for transfusion relative 
to conventional coronary bypass with CPB. 

  PEDIATRIC PATIENTS 
 Cardiovascular function in infants and young chil-
dren diff ers from that in adults. Stroke volume is 
relatively fi xed, so that cardiac output is primarily 
dependent on heart rate. Th e immature hearts of 
neonates and infants oft en are less forgiving of pres-
sure or volume overload. Furthermore, the functions 
of both ventricles are more interdependent, so that 
failure of one ventricle oft en precipitates failure of 
the other ( biventricular heart failure ). Transition 
of the neonate from the fetal to the adult circulation 
is discussed in Chapter 40. 

  Preoperative Evaluation 
 Th e potentially complex nature of congenital heart 
defects and their operative repair require close com-
munication among the anesthesiologist, cardiolo-
gist, and surgeon. Th e hemodynamic signifi cance of 
the lesion and the planned surgical correction must 
be clearly understood. Th e patient’s condition must 
be optimized. Congestive heart failure and pulmo-
nary infections should be treated. Prostaglandin E 1  
infusion (0.05–0.1 mcg/kg/min) is used preopera-
tively to prevent closure of the ductus arteriosus in 
infants dependent on ductal fl ow for survival. 

 Assessment of disease severity relies on both 
clinical and laboratory evaluation. Deterioration in 
infants may be manifested by increasing tachypnea, 
cyanosis, or sweating, particularly during feeding. 
Older children may complain of easy fatigability. In 
infants body weight is generally a good indication 
of disease severity, with the sickest children show-
ing failure to thrive and reduced weight relative to 
expectations for age. Signs of congestive heart failure 

greater hemodynamic stability. Full (CPB) dose hep-
arinization is usually given and the CPB machine is 
usually immediately available if needed.  

 Intravenous fl uid loading together with inter-
mittent or continuous infusion of a vasopressor may 
be necessary while the distal anastomoses are sewn. 
In contrast, a vasodilator may be required to reduce 
the systolic pressure to 90–100 mm Hg during partial 
clamping of the aorta for the proximal anastomosis. 
Intravenous nitroglycerin is oft en used because of its 
ability to ameliorate myocardial ischemia. 

 Although OPCAB was initially proposed for 
“simple” one- or two-vessel bypass graft ing in 
patients with good left  ventricular function, careful 
application of the technique has allowed it to be used 
routinely for multigraft  surgery, redo operations, and 
patients with compromised left  ventricular func-
tion (and it may be the “sicker” patients who benefi t 
most from avoidance of CPB). Some surgeons use an 
intraluminal shunt to maintain coronary blood fl ow 
during sewing of distal anastomoses. Myocardial 
preconditioning, brief periods of coronary occlusion 
prior to the more prolonged occlusion, reduce areas 
of necrosis following prolonged periods of isch-
emia in animal studies, but the technique has found 
limited use in OPCAB. On the other hand, volatile 

  FIGURE 2216     Schematic illustration of the Octopus 
retractor for off -pump coronary artery bypass surgery.  
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tachycardia, and myocardial depression. Th e opti-
mal heart rate should be selected according to age; 
slow rates decrease cardiac output, whereas fast rates 
may impair ventricular fi lling. Mild cardiac depres-
sion may be desirable in some hyperdynamic pa-
tients, eg, those with coarctation of the aorta.  
  2. Shunts  —A favorable ratio of pulmonary vascular 
resistance (PVR) to SVR should be maintained in 

the presence of shunting.     Factors known to 
increase PVR such as acidosis, hypercapnia, 

hypoxia, enhanced sympathetic tone, and high 
mean airway pressures are to be avoided in patients 
with right-to-left  shunting; hyperventilation (hypo-
capnia) with 100% oxygen is usually eff ective in 
lowering PVR. Specifi c pulmonary vasodilators are 
not available; alprostadil (prostaglandin E 1 ) or ni-
troglycerin may be tried but they oft en cause sys-
temic hypotension. Systemic vasodilation also 
worsens right-to-left  shunting and should be avoid-
ed; phenylephrine may be used to raise SVR. In-
haled nitric oxide has no eff ect on systemic arterial 
pressure. Conversely, patients with left -to-right 
shunting benefi t from systemic vasodilation and in-
creases in PVR, although specifi c hemodynamic 
manipulation is generally not attempted.   

  B. Monitoring 
 Standard intraoperative monitors are generally 
used until the patient is anesthetized, although they 
may be “added” during the course of an inhaled 
induction in some patients. A large discrepancy 
between end-tidal and arterial CO 2  tensions should 
be anticipated in patients with large right-to-left  
shunts because of increased dead space. Following 
induction, intraarterial and central venous pressure 
monitoring are employed for thoracotomies and 
all procedures employing CPB. A 22- or 24-gauge 
catheter is used to enter the radial artery; 24-gauge 
catheters may be more appropriate for small neo-
nates and premature infants. A cutdown may be 
necessary in some instances. Th e internal jugular or 
subclavian vein is generally used for central venous 
cannulation; if this approach is unsuccessful, a right 
atrial catheter may be placed intraoperatively by the 
surgeon. Pulmonary artery catheterization is almost 
never used in pediatric patients. TEE is invaluable 
for assessing the surgical repair following CPB. Ever 
smaller probes are yielding better resolution as the 
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include failure to thrive, tachycardia, an S 3  gallop, 
weak pulses, tachypnea, pulmonary rales, and hepa-
tomegaly. Cyanosis may be noted, but hypoxemia 
is best assessed by measurements of arterial blood 
gases and the hematocrit. In the absence of iron defi -
ciency, the degree of polycythemia is related to the 
severity and duration of hypoxemia. Clubbing of the 
fi ngers is frequent in children with cyanotic defects. 
Th e evaluation should also search for other congeni-
tal abnormalities, which are present in up to 30% of 
patients with congenital heart disease. 

 Th e results of echocardiography, heart catheter-
ization, electrocardiography, and chest radiography 
should be reviewed. Laboratory evaluation typi-
cally includes a complete blood count (with platelet 
count), coagulation studies, electrolytes, blood urea 
nitrogen, and serum creatinine. Measurements of 
ionized calcium and glucose are also useful in neo-
nates and critically ill children.  

  Preinduction Period 
  A. Fasting 
 Fasting requirements vary according to the patient’s 
age and current guidelines. A preoperative intra-
venous infusion that provides maintenance fl uid 
requirements should be used in patients susceptible 
to dehydration, in those with severe polycythemia, 
and when excessive delays occur prior to surgery.  

  B. Premedication 
 Premedication varies according to age and cardiac 
and pulmonary reserves. Atropine, 0.02 mg/kg 
intramuscularly (minimum dose, 0.15 mg), has by 
tradition been given to pediatric cardiac patients 
to counteract enhanced vagal tone. Neonates and 
infants younger than 6 months of age may receive 
no premedication or given only atropine. Sedation 
is desirable in older patients, particularly those with 
cyanotic lesions (tetralogy of Fallot), as agitation 
and crying worsen right-to-left  shunting. Patients 
older than 1 year may be given midazolam orally 
(0.5–0.6 mg/kg) or intramuscularly (0.08 mg/kg).   

  Induction of Anesthesia 
  A. Hemodynamic Anesthetic Goals 
  1. Obstructive lesions  —Anesthetic management 
should strive to avoid hypovolemia, bradycardia, 
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excessive secretions. Ketamine is a good choice for 
agitated and uncooperative patients as well as pa-
tients with decreased cardiac reserve. Its safety with 
cyanotic lesions (particularly in patients with Fallot’s 
tetralogy) is well established. Ketamine does not ap-
pear to increase PVR in children.  
  3. Inhalation  —Sevofl urane is the most commonly 
used volatile agent. Th e technique is the same as 
for noncardiac surgery, except for greater concerns 
about avoiding excessive anesthetic doses. Sevofl u-
rane is particularly suitable for patients with good 
cardiac reserve. Th e safety of sevofl urane in patients 
with cyanotic heart disease and good cardiac reserve 
is now well established. Nitrous oxide may be used 
with inhalation inductions; its concentration should 
be limited to 50% in patients with cyanotic lesions. 
Nitrous oxide does not appear to increase PVR in 
pediatric patients. Th e uptake of inhalation agents 
may be slowed in patients with right-to-left  shunts; 
in contrast, no signifi cant eff ect on uptake is gener-
ally observed with left -to-right shunting.    

  Maintenance Anesthesia 
 Following induction, opioids or inhalation anes-
thetics are used for maintenance. Fentanyl and suf-
entanil are the most commonly used intravenous 
agents, and isofl urane and sevofl urane the most 
commonly used inhalation agents. Some clinicians 
choose the anesthetic according to the patient’s 
hemodynamic responses. Isofl urane and sevofl u-
rane may be more suitable than halothane (the 
most commonly used inhaled agent in years past) 
for most patients; in equivalent anesthetic doses, 
they cause less myocardial depression, less slow-
ing of the heart rate, and more vasodilation than 
halothane. However, one can make a theoretical 
argument in favor of halothane over sevofl urane 
for patients with tetralogy of Fallot (and similarly 
obstructive lesions such as hypertrophic subaortic 
stenosis), where myocardial depression is much 
preferred over vasodilation.  

  Cardiopulmonary Bypass 
 Th e circuit and technique used are similar to those 
used for adults. Because the smallest circuit volume 
used is still about three times an infant’s blood vol-
ume, blood is used to prime the circuit for neonates 

technology advances. Probes are currently available 
for patients as small as 3 kg. Intraoperative epicar-
dial echocardiography is commonly used either in 
addition to or instead of TEE.  

  C. Venous Access 
 Venous access is desirable but not always necessary 
for induction. Agitation and crying are particularly 
undesirable in patients with cyanotic lesions and can 
increase right-to-left  shunting. Intravenous access 
can be established aft er induction but before intu-
bation in most patients. Subsequently, at least two 
intravenous fl uid infusion portals are required; one 
is typically via a central venous catheter. Caution 
is necessary to avoid even the smallest air bubbles. 
Shunting lesions allow the passage of venous air into 
the arterial circulation; paradoxical embolism can 
occur through the foramen ovale even in patients 
without obvious right-to-left  shunting. Aspiration 
prior to each injection prevents dislodgment of any 
trapped air at stopcock injection ports.  

  D. Route of Induction 
 To a major extent, the eff ect of premedication 
and the presence of venous access determine the 
induction technique. Intubation is facilitated by a 
nondepolarizing agent (rocuronium, 1.2 mg/kg, or 
pancuronium, 0.1 mg/kg) or, much less commonly, 
succinylcholine, 1.5–2 mg/kg. Pancuronium’s 
vagolytic eff ects are particularly useful in pediat-
ric patients, but the agent itself is less oft en seen in 
North American hospitals. 
  1. Intravenous  —Propofol (2–3 mg/kg), ketamine 
(1–2 mg/kg), fentanyl (25–50 mcg/kg), or sufentanil 
(5–15 mcg/kg) can be used for intravenous induc-
tion. High-dose opioids may be suitable for very 
small and critically ill patients when postoperative 
ventilation is planned. Intravenous agents’ onset of 
action may be more rapid in patients with right-to-
left  shunting; drug boluses should be given slowly to 
avoid transiently high arterial blood levels. In con-
trast, recirculation in patients with large left -to-right 
shunts dilutes arterial blood concentration and can 
delay the appearance of intravenous agents’ clinical 
eff ects.  
  2. Intramuscular  —Ketamine, 4–10 mg/kg, is most 
commonly used, and onset of anesthesia is within 
5 min. Coadministration with atropine helps prevent 
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and venous reservoir, passes it through an ultrafi l-
ter, and returns it to the right atrium. 

 Surgical correction of complex congenital 
lesions oft en requires a period of complete circula-
tory arrest under deep hypothermia (deep hypother-
mic circulatory arrest; DHCA). Following institution 
of CPB, cooling is accomplished by a combination of 
surface cooling and a cold perfusate. At a core tem-
perature of 15°C, up to 60 min of complete circula-
tory arrest may be safe. Ice packing around the head 
is used to delay rewarming and for surface cooling of 
the brain. Pharmacological brain protection is oft en 
attempted with methylprednisolone, 30 mg/kg, and 
mannitol, 0.5 g/kg. Following the repair, CPB fl ow is 
restarted and rewarming takes place.  

  Postbypass Period 
 Because of the large priming volumes used (oft en 
200–300% of the patient’s blood volume), hemo-
static defects from dilution of clotting factors and 
platelets are commonly seen aft er CPB in infants; in 
addition to heparin reversal, administration of fresh 
frozen plasma and platelets is oft en necessary. 

 Patients undergoing extensive or complicated 
procedures will generally remain intubated. Extu-
bation may be considered for older, relatively healthy 
patients undergoing simple procedures such as clo-
sure of a patent ductus or atrial septal defect or repair 
of coarctation of the aorta.    

  Cardiac Transplantation    

  Preoperative Considerations 
 Cardiac transplantation is the treatment of choice 
for otherwise healthy patients with end-stage heart 
disease so severe that they are unlikely to survive the 
next 6–12 months. Th e procedure is generally asso-
ciated with 80–90% postoperative survival at 1 year 
and 60–90% survival at 5 years. Transplantation 
improves the quality of life and most patients 
are able to resume a relatively normal lifestyle. 
Unfortunately, the number of cardiac transplants 
performed is limited by the supply of donor hearts, 
which are obtained from brain-dead patients, most 
commonly following intracranial hemorrhage or 
head trauma. 

and infants to prevent excessive hemodilution. CPB 
may be complicated by intracardiac and extracar-
diac shunts and a very compliant arterial system 
(in very young patients); both tend to lower mean 
arterial pressure (20–50 mm Hg) and can impair 
systemic perfusion. High fl ow rates (up to 200 mL/
kg/min) may be necessary to ensure adequate per-
fusion in very young patients. As noted previously, 
some evidence suggests that pH-stat management 
during CPB may be associated with better neuro-
logical outcome in children who will undergo cir-
culatory arrest. Weaning from CPB is generally 
not a problem in pediatric patients if the surgical 
repair is adequate; primary pump failure is unusual. 
Diffi  culty in weaning should prompt the surgeon to 
check the repair and search for undiagnosed lesions. 
Intraoperative echocardiography, together with 
measurement of the pressure and oxygen saturation 
within the various chambers, may reveal the prob-
lem. Inotropic support may be provided by any of 
the agents used for adults. Calcium chloride is more 
oft en useful in critically ill young patients than in 
adults as children more oft en have impaired cal-
cium homeostasis; ionized calcium measurements 
are invaluable in such cases. Close monitoring of 
glucose is required because both hyperglycemia 
and hypoglycemia may be observed. Dopamine and 
epinephrine are the most commonly used inotro-
pes in pediatric patients. Addition of a phosphodi-
esterase inhibitor is also useful when PVR or SVR 
is increased. Hypocapnia, systemic alkalosis, and a 
high inspired oxygen concentration should also be 
used to decrease PVR in patients with pulmonary 
hypertension; additional pharmacological adjuncts 
may include prostaglandin E 1  (0.05–0.1 mcg/kg/
min) or prostacyclin (1–40 mcg/kg/min). Inhalation 
nitric oxide may also be helpful for refractory pul-
monary hypertension. 

 Children appear to have an intense infl amma-
tory response during CPB that may be related to 
their blood being exposed to very large artifi cial 
surfaces relative to their size. Corticosteroids are 
oft en given to suppress this response. Many centers 
use modifi ed ultrafi ltration aft er weaning from CPB 
to partially correct the hemodilution but remove 
infl ammatory vasoactive substances (cytokines); 
the technique takes blood from the aortic cannula 
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unnecessarily prolongs the time under anesthesia 
for the recipient, whereas delayed induction may 
jeopardize graft  function by prolonging the period 
of ischemia. 

 Patients may receive little advance warning of 
the availability of a suitable organ. Many—if not 
most—will have eaten a recent meal and should be 
considered to have a full stomach. Oral cyclospo-
rine must be given preoperatively. Administration 
of a clear antacid (sodium citrate), a histamine H 2 -
receptor blocker, and metoclopramide should be 
considered. Any sedating premedication may be 
administered intravenously just prior to induction. 

 Monitoring is similar to that used for other 
cardiac procedures and is oft en established prior to 
induction. Strict asepsis should be observed dur-
ing invasive procedures. Use of the right internal 
jugular vein for central access does not appear to 
compromise its future use for postoperative endo-
myocardial biopsies. A pulmonary artery catheter 
is used in many centers for postbypass manage-
ment. It need not be placed in the pulmonary 
artery before CPB. 

 A rapid sequence induction may be performed. 
Th e principal objective of anesthetic management is 
to maintain organ perfusion until the patient is on 
CPB. Induction may be carried out with small doses 
of opioids (fentanyl, 5–10 mcg/kg) with or without 
etomidate (0.2–0.3 mg/kg). A low-dose ketamine–
midazolam technique (above) may also be suitable. 
Sufentanil, 5 mcg/kg, followed by succinylcholine, 
1.5 mg/kg, can be used as a rapid-sequence tech-
nique. Anesthesia is maintained in a similar fash-
ion as for other cardiac operations. A TEE probe is 
placed following induction, and antirejection drugs 
are given. 

 Sternotomy and cannulation for CPB may be 
complicated by scarring from prior cardiac opera-
tions. Aminocaproic acid or tranexamic acid can 
be used to decrease postoperative bleeding. CPB 
is initiated following cannulation of the aorta and 
both cavae. If a pulmonary artery catheter was 
placed, it must be completely withdrawn from the 
heart with its tip in the superior vena cava. It must 
remain within its sterile, protective sheath if it is 
to be safely refl oated again into the pulmonary 
artery following CPB. Th e recipient’s heart is then 

 Patients with intractable heart failure have 
an ejection fraction of less than 20% and fall into 
NYHA functional class IV (see Chapter 21) and 
heart failure class D. For most patients, the pri-
mary diagnosis is cardiomyopathy. Intractable 
heart failure may be the result of a severe con-
genital lesion, ischemic cardiomyopathy, viral 
cardiomyopathy, peripartum cardiomyopathy, a 
failed prior transplantation, or valvular heart dis-
ease. Medical therapy should include the standard 
drugs used for heart failure, including angioten-
sin-converting enzyme inhibitors (or angiotensin 
receptor blockers, or both) and β blockade (usu-
ally with carvedilol). Other drugs may include 
diuretics, vasodilators, and even oral inotropes; 
oral anticoagulation with warfarin may also be 
necessary. Patients may not be able to survive 
without intravenous inotropes while awaiting 
transplantation. Intraaortic balloon counterpulsa-
tion, an LVAD, or even a total mechanical heart 
may also be necessary. 

 Transplant candidates must not have suff ered 
extensive end-organ damage or have other major 
systemic illnesses. Reversible renal and hepatic 
dysfunction are common because of chronic hypo-
perfusion and venous congestion. PVR must be 
normal or at least responsive to oxygen or vasodi-
lators. Irreversible pulmonary vascular disease is 
usually associated with a PVR of more than 6–8 
Wood units (1 Wood unit = 80 dyn·s·cm –5 ), and is 
a contraindication to orthotopic cardiac transplan-
tation because right ventricular failure is a major 
cause of early postoperative mortality. Patients 
with long-standing pulmonary hypertension may, 
however, be candidates for combined heart–lung 
transplantation. 

 Tissue cross-matching is generally not per-
formed. Donor–recipient compatibility is based on 
size, ABO blood-group typing, and cytomegalovirus 
serology. Donor organs from patients with hepatitis 
B or C or HIV infections are excluded.   

  ANESTHETIC MANAGEMENT 
 Proper timing and coordination are necessary 
between the donor organ retrieval team and the 
transplant center. Premature induction of anesthesia 
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of the pericardium or larger pericardial fl uid collec-
tions can seriously impair cardiac output.  

  1. Cardiac Tamponade 

  Preoperative Considerations 
 Cardiac tamponade exists when increased pericar-
dial pressure impairs diastolic fi lling of the heart. 
Cardiac fi lling is ultimately related to the diastolic 
transmural (distending) pressure across each cham-
ber. Consequently, any increase in pericardial pres-
sure relative to the pressure within the chamber 
reduces fi lling. Pressure is applied equally to each 
cardiac chamber when the problem is a pericardial 
fl uid collection; or, it can be applied “selectively,” 
as for example when an isolated pericardial blood 
clot compresses the left  atrium. In general, the thin-
walled atria and the right ventricle are more sus-
ceptible to pressure-induced abnormalities of fi lling 
than the left  ventricle. 

 Pericardial pressure is normally similar to pleu-
ral pressure, varying with respiration between –4 
and +4 mm Hg. Elevations in pericardial pressure 
are most commonly due to increases in pericar-
dial fl uid volume (as a consequence of eff usions or 
bleeding). Th e magnitude of the increased pressure 
depends on both the volume of fl uid and the rate 
of fl uid accumulation; sudden increases exceeding 
100–200 mL precipitously increase pericardial pres-
sure, whereas very slow accumulations up to 1000 
mL allow the pericardium to stretch with minimal 
increases in pericardial pressure. 

 Th e principal hemodynamic features of car-
diac tamponade include decreased cardiac output 
from reduced stroke volume with an increase in 
central venous pressure. In the absence of severe 
left  ventricular dysfunction, equalization of dia-
stolic pressure occurs throughout the heart (right 
atrial pressure [RAP] = right ventricular end-
diastolic pressure [RVEDP] = left  atrial pressure 
[LAP] = left  ventricular end-diastolic pressure 
[LVEDP]). 

 Th e central venous pressure waveform is char-
acteristic in cardiac tamponade. Impairment of 
both diastolic fi lling and atrial emptying abolishes 
the  y  descent; the  x  descent (systolic atrial fi lling) 
is normal or even accentuated. Refl ex sympathetic 

excised, allowing the posterior wall of both atria 
(with the caval and pulmonary vein openings) to 
remain. Th e atria of the donor heart are anasto-
mosed to the recipient’s atrial remnants (left  side 
fi rst). Th e aorta and then the pulmonary artery are 
anastomosed end to end. Th e donor heart is then 
fl ushed with saline and intracardiac air is evacu-
ated. Methylprednisolone is given before the aortic 
cross-clamp is released. 

 Inotropic support is usually started prior to 
separation from CPB to counteract bradycar-
dia from sympathetic denervation. Prolonged 
graft  ischemia may result in transient myocardial 
depression. Slow junctional rhythms are common 
and may require epicardial pacing. Although the 
transplanted heart is totally denervated and direct 
autonomic infl uences are absent, its response to 
circulating catecholamines is usually normal. Th e 
pulmonary artery catheter can be refl oated into 
position aft er CPB and is used in conjunction with 
TEE to evaluate the patient. Th e most common 
post-CPB problem is right ventricular failure from 
pulmonary hypertension, which should be treated 
with hyperventilation, prostaglandin E 1  (0.025–0.2 
mcg/kg/min), nitric oxide (10–60 ppm), and an 
RVAD, if necessary. Bleeding is a common problem 
because of extensive suture lines and preoperative 
hemostatic defects. 

 Patients will be extubated when they meet 
criteria, as with other major cardiac operations. 
Th e postoperative course may be complicated by 
acute rejection, renal and hepatic dysfunction, and 
infections.  

  PERICARDIAL DISEASE 
 Th e parietal pericardium is a fi brous membrane 
surrounding the heart, to which it normally is not 
adherent. Th e pericardium encompasses a relatively 
fi xed intrapericardiac volume that includes a small 
volume of pericardial fl uid (20–50 mL in adults), 
the heart, and blood. As a result, the pericardium 
normally limits acute dilation of the ventricles and 
promotes diastolic coupling of the two ventricles 
(distention of one ventricle interferes with fi lling of 
the other). Th e latter eff ect is also due to the inter-
ventricular septal wall they share. Moreover, diseases 
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infarction; aortic dissection; hypersensitivity or 
autoimmune disorders; drugs; or myxedema.  

  Anesthetic Considerations 
 Symptomatic cardiac tamponade requires evacua-
tion of the pericardial fl uid, either surgically or by 
pericardiocentesis. Th e latter is associated with a risk 
of lacerating the heart or coronary arteries and of 
pneumothorax. Traumatic postoperative (following 
thoracotomy) cardiac tamponade is nearly always 
treated surgically, whereas tamponade from other 
causes may more oft en be amenable to pericardio-
centesis. Surgical treatment is also oft en undertaken 
for large recurrent pericardial eff usions (infec-
tious, malignant, autoimmune, uremic, or radiation 
induced) to prevent tamponade. Simple drainage of 
pericardial fl uid may be achieved through a subxi-
phoid approach, whereas drainage combined with 
pericardial biopsy or pericardiectomy may be per-
formed via a left  anterior thoracotomy or median 
sternotomy. Drainage and biopsies can also be 
accomplished through left -sided thoracoscopy. 

 Th e anesthetic approach must be tailored to the 
patient. For the intubated postoperative cardiac 
patient in extremis, the chest may be reopened 
immediately in the ICU. For awake conscious patients 
who will undergo left  thoracotomy or median ster-
notomy, general anesthesia and endotracheal intuba-
tion are necessary. Local anesthesia may be used for 
patients undergoing simple drainage through a sub-
xiphoid approach or pericardiocentesis. Removal of 
even a small volume of fl uid may be suffi  cient to 
greatly improve cardiac output and allow safe induc-
tion of general anesthesia. Small doses (10 mg intra-
venously at a time) of ketamine also provide excellent 
supplemental analgesia. 

     Induction of general anesthesia in patients 
with cardiac tamponade can precipitate severe 

hypotension and cardiac arrest. We fi nd it useful 
to have an epinephrine infusion available and we 
sometimes initiate it before induction. 

 Large-bore intravenous access is mandatory. 
Monitoring of intraarterial pressure is useful, but 
placement of monitors should not delay pericardial 
drainage if the patient is unstable. Th e anesthetic 
technique should maintain a high sympathetic 
tone until the tamponade is relieved; in other 
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activation is a prominent compensatory response in 
cardiac tamponade. Th e resulting increases in heart 
rate and contractility help maintain cardiac output. 
Arterial vasoconstriction (increased SVR) supports 
systemic blood pressure, whereas sympathetic acti-
vation reduces vascular capacitance, having the 
eff ect of an autotransfusion. Because stroke volume 
remains relatively fi xed, cardiac output becomes pri-
marily dependent on heart rate. 

 Acute cardiac tamponade usually presents as 
sudden hypotension, tachycardia, and tachypnea. 
Physical signs include jugular venous distention, 
a narrowed arterial pulse pressure, and muffl  ed 
heart sounds. Th e patient may complain of an 
inability to lie fl at. A friction rub may be audible. 
A prominent pulsus paradoxus (a cyclic inspira-
tory decrease in systolic blood pressure of more 
than 10 mm Hg) is typically present. Th e latter 
actually represents an exaggeration of a normal 
phenomenon related to inspiratory decreases in 
intrathoracic pressure. (A marked pulsus para-
doxus may also be seen with severe airway obstruc-
tion or right ventricular infarction.) Th e heart may 
appear normal or enlarged on a chest radiograph. 
Electrocardiographic signs are generally nonspe-
cifi c and are oft en limited to decreased voltage in 
all leads and nonspecifi c ST-segment and T-wave 
abnormalities. Electrical alternans (a cyclic altera-
tion in magnitude of the P waves, QRS complex, 
and T waves) may be seen with large pericar-
dial eff usions and is thought to be due to pendu-
lar swinging of the heart within the pericardium. 
Generalized ST-segment elevation may also be 
seen in two or three limb leads as well as V 2  to V 6  in 
the early phase of pericarditis. Echocardiography is 
invaluable in diagnosing and measuring pericardial 
eff usions and cardiac tamponade, and as a guide for 
accurate needle insertion for pericardiocentesis. 
Signs of tamponade include diastolic compression 
or collapse of the right atrium and right ventricle, 
left ward displacement of the ventricular septum, 
and an exaggerated increase in right ventricular 
size with a reciprocal decrease in left  ventricular 
size during inspiration. 

 Pericardial eff usions may be due to viral, bac-
terial, or fungal infections; malignancies; bleeding 
aft er cardiac surgery; trauma; uremia; myocardial 
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  Anesthetic Considerations 
 Pericardiectomy is usually reserved for patients with 
moderate to severe disease. Th e procedure is usu-
ally performed through a median sternotomy. It is 
complicated by the necessity for extensive manipu-
lations of the heart that interfere with cardiac fi lling 
and ejection, induce frequent arrhythmias, and risk 
cardiac perforation. CPB may be required. 

 Selection of specifi c anesthetic agents is less 
important than avoiding excessive cardiac depres-
sion, vasodilation, and bradycardia. Cardiac 
output is generally rate dependent. Adequate 
large-bore intravenous access and direct arterial 
and central venous pressure monitoring are usu-
ally employed. Although cardiac function usually 
improves immediately following pericardiectomy, 
some patients display a persistently low cardiac 
output and require temporary postoperative ino-
tropic support.    

  Anesthetic Management 
of Vascular Surgery 

  ANESTHESIA FOR SURGERY 
ON THE AORTA 
  Preoperative Considerations 
 Surgery on the aorta represents one of the great-
est challenges for anesthesiologists. Regardless of 
which part of the vessel is involved, the procedure 
is complicated by the need to cross-clamp the aorta 
and by the potential for large intraoperative blood 
losses. Aortic cross-clamping without CPB acutely 
increases left  ventricular aft erload and severely com-
promises organ perfusion distal to the point of occlu-
sion. Severe hypertension, myocardial ischemia, 
left  ventricular failure, or aortic valve regurgitation 
may be precipitated. Interruption of blood fl ow to 
the spinal cord, kidneys, and intestines can produce 
paraplegia, kidney failure, or intestinal infarction, 
respectively. Moreover, emergency aortic surgery 
is frequently necessary in critically ill patients who 
are acutely hypovolemic and have a high incidence 
of coexistent cardiac, renal, and pulmonary disease; 
hypertension; and diabetes. 

words, “deep” anesthesia is not the object. Cardiac 
depression, vasodilation, and slowing of the heart 
rates should be avoided. Similarly, increases in 
mean airway pressures can seriously jeopardize 
venous return. Awake intubation with mainte-
nance of  spontaneous ventilation is theoretically 
desirable, but coughing, straining, hypoxemia, and 
respiratory acidosis are equally detrimental and 
should be avoided. Th oracoscopy requires one-lung 
anesthesia. 

 Ketamine is the agent of choice for induction 
and maintenance until the tamponade is relieved. 
Small doses of epinephrine (5–10 mcg) may be 
useful as a temporary inotrope and chronotrope. 
Generous intravenous fl uid administration is useful 
in maintaining cardiac output.   

  2. Constrictive Pericarditis 

  Preoperative Considerations 
 Constrictive pericarditis may develop as a sequela 
of acute or recurrent pericarditis. Pathologically, 
the pericardium is thickened, fi brotic, and oft en 
calcifi ed. Th e parietal pericardium is typically 
adherent to the visceral pericardium on the heart, 
oft en obliterating the pericardial space. Th e stiff -
ened parietal pericardium limits diastolic fi lling of 
the heart to a fi xed and reduced volume. In contrast 
to acute cardiac tamponade, fi lling during early 
diastole is typically accentuated and manifested by 
a prominent  y  descent on the central venous pres-
sure waveform. 

 Patients with constrictive pericarditis display 
jugular venous distention, hepatomegaly, and oft en 
ascites. Liver function may be abnormal. In con-
trast to acute tamponade, constrictive pericardi-
tis prevents respiratory fl uctuations in pericardial 
pressure; because venous return to the heart does 
not increase during inspiration, a pulsus paradoxus 
is uncommon. In fact, venous pressure does not 
fall or may paradoxically rise during inspiration 
(Kussmaul’s sign). Th e chest radiograph will oft en 
reveal pericardial calcifi cation. Low QRS voltage 
and diff use T-wave abnormalities are usually pres-
ent on the ECG. Atrial fi brillation and conduction 
blocks may be present. Echocardiography may be 
helpful in making the diagnosis.  
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blood pressure (usually to 90–120 mm Hg) and 
aortic wall stress are initiated. Th is usually includes 
intravenous vasodilators (nicardipine or nitroprus-
side) and β-adrenergic blockade (esmolol or a lon-
ger acting agent). Th e latter is important in reducing 
the shear forces related to the rate of rise of aortic 
pressure ( dP/dt ), which may actually increase with 
nitroprusside alone.  

  Aortic Aneurysms 
 Aneurysms more commonly occur in the abdominal 
than in the thoracic aorta. Th e vast majority of aortic 
aneurysms are due to atherosclerosis; cystic medial 
necrosis is also an important cause of thoracic aortic 
aneurysms. Syphilitic aneurysms characteristically 
involve the ascending aorta. Other etiologies include 
rheumatoid arthritis, spondyloarthropathies, and 
trauma. Dilation of the aortic root oft en produces 
aortic regurgitation. Expanding aneurysms of the 
upper thoracic aorta can also cause tracheal or 
bronchial compression or deviation, hemoptysis, 
and superior vena cava syndrome. Compression of 
the left  recurrent laryngeal nerve produces hoarse-
ness and left  vocal cord paralysis. Distortion of the 
normal anatomy may also complicate endotracheal 
or endobronchial intubation or cannulation of the 
internal jugular and subclavian veins. 

 Th e greatest danger from untreated aortic aneu-
rysms is rupture and exsanguination. A pseudoaneu-
rysm forms when the intima and media are ruptured 
and only adventitia or blood clot forms the outer layer. 
Acute expansion (from leaking), manifested as sud-
den severe pain, may herald rupture. Th e likelihood 
of catastrophic rupture is related to size. Th e normal 
aorta in adults varies from 2 to 3 cm in width (it is 
wider cephalad). Th e data are clear for abdominal 
aortic aneurysms; rupture occurs in 50% of patients 
within 1 year when an aneurysm is 6 cm or greater in 
diameter. Elective treatment is generally performed 
in most patients with aneurysms 5 cm or greater. 
Most oft en this is accomplished with an intravascular 
stent; less oft en, open surgery and a prosthetic graft  
is used. Th e operative mortality rate is about 2–5% 
in good-risk patients and exceeds 50% if leaking or 
rupture has already occurred. Th e risks are much less 
with intravascular stenting, which has become the 
preferred procedure whenever the anatomy permits.  

 Indications for aortic surgery include aortic 
dissections, aneurysms, occlusive disease, trauma, 
and coarctation. Lesions of the ascending aorta lie 
between the aortic valve and the innominate artery, 
whereas lesions of the aortic arch lie between the 
innominate and left  subclavian arteries. Disease distal 
to the left  subclavian artery but above the diaphragm 
involves the descending thoracic aorta; lesions below 
the diaphragm involve the abdominal aorta.   

  SPECIFIC LESIONS 
OF THE AORTA 
  Aortic Dissection 
 In an aortic dissection an intimal tear allows blood 
to track into the aortic wall (the media), creating 
a new pathway for blood fl ow. In many cases, a 
primary degenerative process called cystic medial 
necrosis predisposes for dissection to occur. 
Patients with hereditary connective tissue defects 
such as Marfan syndrome and Ehlers–Danlos syn-
drome eventually develop cystic medial necrosis 
and are at risk for aortic dissection. Propagation 
of the dissection is thought to occur as a result of 
hemodynamic shear forces acting on the intimal 
tear; indeed, hypertension is a common fi nding 
in patients with aortic dissection. Dissection can 
also occur from hemorrhage into an atheromatous 
plaque or at the aortic cannulation site following 
cardiac surgery. 

 Dissections may occlude the orifi ce of any 
artery arising directly from the aorta; they may 
extend into the aortic root, producing incompetence 
of the aortic valve; or may rupture into the pericar-
dium or pleura, producing cardiac tamponade or 
hemothorax, respectively. TEE plays an important 
role in diagnosing and characterizing aortic dissec-
tions. Dissections are most commonly of the proxi-
mal type (Stanford type A, De Bakey types I and II) 
involving the ascending aorta. Type II dissections do 
not extend beyond the innominate artery. Distal dis-
sections (Stanford type B, De Bakey type III) origi-
nate beyond the left  subclavian artery and propagate 
only distally. Proximal dissections are nearly always 
treated surgically, whereas distal dissections may be 
treated medically. In either case, from the time the 
diagnosis is suspected, measures to reduce systolic 
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the aorta, whereas perfusion to the lower body is 
primarily from the pulmonary artery.  Postductal  
coarctation of the aorta may not be recognized until 
adulthood. Th e symptoms and hemodynamic sig-
nifi cance of this lesion depend on the severity of 
the narrowing and the extent of collateral circula-
tion that develops to the lower body (internal mam-
mary, subscapular, and lateral thoracic to intercostal 
arteries). Hypertension in the upper body, with or 
without left  ventricular failure, is usually present. 
So-called “rib notching” may be present on the chest 
radiograph as a result of dilated collateral intercostal 
arteries.   

  ANESTHETIC MANAGEMENT 
  Surgery on the Ascending Aorta 
 Surgery on the ascending aorta routinely uses 
median sternotomy and CPB. Th e conduct of 
anesthesia is similar to that for cardiac operations 
involving CPB, but the intraoperative course may 
be complicated by long aortic cross-clamp times 
and large intraoperative blood losses. TEE is espe-
cially useful. Blood loss can be reduced by adminis-
tration of ε-aminocaproic acid or tranexamic acid. 
Concomitant aortic valve replacement and coro-
nary reimplantation are oft en necessary (Bentall 
procedure). Th e radial artery cannulation site 
should be guided by the possible need for clamp-
ing of either the subclavian or innominate arteries 
during the procedure. Nicardipine or nitroprusside 
may be used for precise blood pressure control. 
β-Adrenergic blockade should also be employed in 
the presence of an aortic dissection. On the other 
hand, bradycardia worsens aortic regurgitation and 
should be avoided. Th e arterial infl ow cannula for 
CPB is placed in a femoral artery for patients with 
dissections. In the event that sternotomy may rup-
ture an aneurysm, prior establishment of partial 
CPB (using the femoral artery and femoral vein) 
should be considered.  

  Surgery Involving the Aortic Arch 
 Th ese procedures are usually performed through a 
median sternotomy with deep hypothermic circula-
tory arrest (following institution of CPB). Additional 
considerations focus on achieving optimal cerebral 

  Occlusive Disease of the Aorta 
 Atherosclerotic obliteration of the aorta most com-
monly occurs near the aortic bifurcation (Leriche’s 
syndrome). Occlusion results from a combina-
tion of atherosclerotic plaque and thrombosis. 
Atherosclerosis is usually generalized and aff ects 
other parts of the arterial system, including the cere-
bral, coronary, and renal arteries (see Chapters 21 
and 28). Treatment may be accomplished by intra-
vascular stenting or by open surgery with an 
aortobifemoral bypass graft ; proximal thromboen-
darterectomy may also be necessary.  

  Aortic Trauma 
 Aortic trauma may be penetrating or nonpen-
etrating. Both types of injuries can result in mas-
sive hemorrhage and require immediate operation. 
Whereas penetrating injuries are usually obvious, 
blunt aortic trauma may be easily overlooked if 
not suspected and the appropriate diagnostic test-
ing performed. Nonpenetrating aortic trauma typi-
cally results from sudden high-speed decelerations 
such as those caused by automobile accidents (eg, in 
which the driver’s chest impacts the steering wheel) 
and falls. Th e injury can vary from a partial tear 
to a complete aortic transection. Because the aor-
tic arch is relatively fi xed whereas the descending 
aorta is relatively mobile, the shear forces are great-
est and the site of injury most common just distal 
to the subclavian artery. Th e most consistent initial 
fi nding is a widened mediastinum on a chest radio-
graph. Defi nitive diagnosis can be accomplished 
with magnetic resonance or computed tomographic 
imaging or TEE.  

  Coarctation of the Aorta 
 Th is congenital heart defect may be classifi ed 
according to the position of the narrowed segment 
relative to the position of the ductus arteriosus. In 
the  preductal  (infantile) type, the narrowing occurs 
proximal to the opening of the ductus. Th is lesion, 
which is oft en associated with other congenital 
heart defects, is recognized in infancy because of a 
marked diff erence in perfusion between the upper 
and lower halves of the body; the lower half is cya-
notic. Perfusion to the upper body is derived from 
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excessive increases in blood pressure. In patients 
with good ventricular function, increasing anes-
thetic depth just prior to cross-clamping may also be 
helpful. 

 Excessive intraoperative bleeding may occur 
during these procedures. Prophylaxis with anti-
fi brinolytic agents may be helpful. A blood scav-
enging device (cell saver) for autotransfusion is 
routinely used. Adequate venous access and intraop-
erative monitoring are critical. Multiple large-bore 
(14-gauge) intravenous catheters (preferably with 
blood warmers) are useful. Pulmonary artery cath-
eterization and intraoperative TEE are oft en used. 
Th e period of greatest hemodynamic instability fol-
lows the release of the aortic cross-clamp; the abrupt 
decrease in aft erload together with bleeding and the 
release of vasodilating acid metabolites from the 
ischemic lower body can precipitate severe systemic 
hypotension and less commonly hyperkalemia. 
Decreasing anesthetic depth, volume loading, and 
partial or slow release of the cross-clamp are helpful 
in avoiding severe hypotension. A bolus dose of a 
vasopressor may be necessary. Sodium bicarbonate 
is oft en used, particularly for persistent severe meta-
bolic acidosis (pH < 7.20) in association with hypo-
tension. Calcium chloride may be necessary when 
symptomatic hypocalcemia follows massive transfu-
sion of citrated blood products. 

  A. Paraplegia 
 Spinal cord ischemia can complicate thoracic aortic 
cross-clamping. Th e incidence of transient post-
operative defi cits and postoperative paraplegia are 
11% and 6%, respectively. Increased rates are asso-
ciated with cross-clamping periods longer than 
30 min, extensive surgical dissections, and emer-
gency procedures. Th e classic defi cit is an anterior 
spinal artery syndrome with loss of motor function 
and pinprick sensation but preservation of vibration 
and proprioception. Anatomic variations in spinal 
cord blood supply are responsible for the unpredict-
able occurrence and variable nature of defi cits. Th e 
spinal cord receives its blood supply from the ver-
tebral arteries and from the thoracic and abdomi-
nal aorta. One anterior and two posterior arteries 
descend along the cord. Intercostal arteries feed the 
anterior and posterior arteries in the upper thoracic 

protection with systemic and topical hypother-
mia (above). Hypothermia to 15°C, barbiturate or 
propofol infusion to maintain a fl at EEG, methyl-
prednisolone or dexamethasone, mannitol, and phe-
nytoin are also commonly administered (but there is 
vanishingly small evidence for effi  cacy of these drug 
treatments). Th e necessarily long rewarming peri-
ods probably contribute to the larger intraoperative 
blood losses commonly observed aft er CPB.  

  Surgery Involving the 
Descending Thoracic Aorta 
 Surgery limited to the descending thoracic aorta may 
be performed through a left  thoracotomy without 
CPB, with or without (so-called “clamp-and–run” 
technique) a heparin-impregnated left  ventricular 
apex to femoral artery shunt; or using partial right 
atrium to femoral artery bypass. A thoracoabdomi-
nal incision is necessary for lesions that also involve 
the abdominal aorta. One-lung anesthesia greatly 
facilitates surgical exposure. Correct positioning of 
the endobronchial tube (even with fi beroptic bron-
choscopy) may be diffi  cult because of distortion of 
the anatomy. A right-sided double-lumen tube or a 
regular endotracheal tube with a bronchial blocker 
may be necessary. 

 Th e aorta must be cross-clamped above and 
below the lesion. Acute hypertension develops above 
the clamp, with hypotension below when there is no 
shunt or partial bypass. Arterial blood pressure 
should be monitored from the right radial artery, as 
clamping of the left  subclavian artery may be neces-

sary.     Th e sudden increase in left  ventricular 
aft erload aft er application of the aortic cross-

clamp during aortic surgery may precipitate acute 
left  ventricular failure and myocardial ischemia, 
particularly in patients with underlying ventricular 
dysfunction or coronary disease; it can also exacer-
bate preexisting aortic regurgitation. Cardiac output 
falls and left  ventricular end-diastolic pressure and 
volume rise. Th e magnitude of these changes is 
inversely related to ventricular function. Th ese 
eff ects can be ameliorated by the use of shunting or 
partial bypass. Moreover, the adverse eff ects of aor-
tic clamping become less pronounced the more dis-
tal on the aorta that the clamp is applied. A 
vasodilator infusion is oft en needed to prevent 
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  B. Kidney Failure 
 An increased incidence of kidney failure following 
aortic surgery is reported aft er emergency proce-
dures, prolonged cross-clamping periods, and pro-
longed hypotension, particularly in patients with 
preexisting kidney disease. A variety of “cocktails” 
have been employed in the hope of reducing the 
risk of kidney failure, including infusion of manni-
tol (0.5 g/kg) prior to cross-clamping, furosemide, 
fenoldopam (or low-dose dopamine), etc. Low 
(renal)-dose dopamine or fenoldopam will increase 
renal blood fl ow and may be used as an adjunct for a 
persistently low urinary output aft er the cross-clamp 
is released, however there is no convincing evidence 
that these treatments alter renal outcomes.   

  Surgery on the Abdominal Aorta 
 Stents are most oft en placed via catheters inserted in 
a femoral artery. When an open technique is chosen, 
either an anterior transperitoneal or an anterolat-
eral retroperitoneal approach can be used to access 
the abdominal aorta. Depending on the location 
of the lesion, the cross-clamp can be applied to the 
supraceliac, suprarenal, or infrarenal aorta. Heparin 
is usually administered prior to aortic clamping. 
Intraarterial blood pressure can be monitored from 
either upper extremity. In general, the more distally 
the clamp is applied to the aorta, the less the eff ect 
on left  ventricular aft erload. In fact, occlusion of the 
infrarenal aorta frequently results in minimal hemo-
dynamic changes. In contrast, release of the clamp 
usually produces hypotension; the same techniques 
that were described earlier (see above) may be used. 
Th e large incision and extensive retroperitoneal sur-
gical dissection increase fl uid requirements beyond 
intraoperative blood loss. We recommend colloid 
to maintain intravascular volume and crystalloid 
for maintenance fl uids. Fluid replacement may 
be guided by monitoring central venous pressure, 
noninvasive monitors of stroke volume, or TEE. 
Pulmonary artery catheters are rarely used. 

 Renal prophylaxis with mannitol should be 
considered, particularly in patients with preexist-
ing renal impairment. Clamping of the infrare-
nal aorta has been shown to decrease renal blood 
fl ow, which may contribute to postoperative kid-
ney failure. Th e decrease in renal blood fl ow is not 

aorta. Textbook descriptions suggest that in the 
lower thoracic and lumbar cord, the anterior spinal 
artery is supplied by the thoracolumbar artery of 
Adamkiewicz. Th e truth is that a single large feed-
ing artery usually cannot be identifi ed. When pres-
ent, this artery has a variable origin from the aorta, 
arising between T5 and T8 in 15%, between T9 and 
T12 in 60%, and between L1 and L2 in 25% of indi-
viduals; it nearly always arises on the left  side. It may 
be damaged during surgical dissection or occluded 
by the aortic cross-clamping. Monitoring motor and 
somatosensory evoked potentials may be useful in 
preventing paraplegia, but clearly surgical technique 
and speed are most important. 

 As noted earlier, use of a temporary heparin-
coated shunt or partial CPB with hypothermia 
maintains distal perfusion and decreases the inci-
dence of paraplegia, hypertension, and ventricular 
failure. Partial CPB has the disadvantage of requir-
ing heparinization, which increases blood loss. 
Using a heparin-coated shunt precludes the need for 
heparinization. It is usually positioned proximally 
in the left  ventricular apex and distally in a femoral 
artery. Other therapeutic measures that may be pro-
tective of the spinal cord include methylpredniso-
lone, mild hypothermia, mannitol, and drainage of 
cerebrospinal fl uid (CSF) to reduce the CSF pressure 
in the spine; magnesium is also protective in some 
animal models. Th e effi  cacy of mannitol appears 
to be related to its ability to lower CSF pressure by 
decreasing its production. Spinal cord perfusion 
pressure is mean arterial blood pressure minus CSF 
pressure; the rise in CSF pressure following experi-
mental cross-clamping of the aorta may explain 
how a mannitol-induced decrease in CSF pressure 
could improve spinal cord perfusion pressure dur-
ing cross-clamping. Any protective eff ect of drain-
age of CSF via a lumbar catheter may have a similar 
mechanism. 

 Th e excessive use of vasodilators to control 
the hypertensive response to cross-clamping may 
be a contributing factor in spinal cord ischemia, as 
drug actions also occur distal to the cross-clamp. 
Excessive reduction in blood pressure above the 
cross-clamp should therefore be avoided to prevent 
inadequate blood fl ow and excessive hypotension 
below it.  
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within 24 h; they may be due to a low-fl ow state at 
a tightly stenotic lesion or to emboli that arise from 
an extracranial vessel or the heart. When a stroke 
is associated with progressive worsening of signs 
and symptoms, it is frequently termed a  stroke in 
evolution . A second distinction is also oft en made 
between complete and incomplete strokes, based 
on whether the territory involved is completely 
aff ected or additional brain remains at risk for focal 
ischemia (eg, hemiplegia versus hemiparesis). Th e 
bifurcation of the common carotid artery (the ori-
gin of the internal carotid artery) is the most com-
mon site of atherosclerotic plaques that may lead 
to TIA or stroke. Th e mechanism may be embo-
lization of platelet-fi brin or plaque material, ste-
nosis, or complete occlusion. Th e last may be the 
result of thrombosis or hemorrhage into a plaque. 
Symptoms depend on the adequacy of collateral cir-
culation. Emboli distal to regions lacking collateral 
blood fl ow are more likely to produce symptoms. 
Small emboli in the ophthalmic branches can cause 
transient monocular blindness (amaurosis fugax). 
Larger emboli usually enter the middle cerebral 
artery, producing contralateral motor and sen-
sory defi cits that primarily aff ect the arm and face. 
Aphasia also develops if the dominant hemisphere 
is aff ected. Emboli in the anterior cerebral artery 
territory typically result in contralateral motor and 
sensory defi cits that are worse in the leg. It is com-
mon for TIAs or minor strokes to precede a major 
stroke. 

 Indications for open surgery or intravascular 
interventions include TIAs associated with ipsilat-
eral severe carotid stenosis (>70% occlusion), severe 
ipsilateral stenosis in a patient with a minor (incom-
plete) stroke, and 30–70% occlusion in a patient with 
ipsilateral symptoms (usually an ulcerated plaque). 
In the past, carotid endarterectomy was recom-
mended for asymptomatic but signifi cantly stenotic 
lesions (>60%). Currently, stenting would oft en be 
the recommendation. Operative mortality for open 
surgery is 1–4% and is primarily due to cardiac com-
plications (myocardial infarction). Perioperative 
morbidity is 4–10% and is principally neurological; 
patients with preexisting neurological defi cits have 
the greatest risk of perioperative neurological events. 
 Studies suggest that age greater than 75 years, 

prevented by epidural anesthesia or blockade of the 
renin–angiotensin system. 

 Some centers use continuous epidural anesthe-
sia combined with general anesthesia for abdominal 
aortic surgery. Th is combined technique decreases 
the general anesthetic requirement and appears to 
suppress the release of stress hormones. It also pro-
vides an excellent route for administering postop-
erative epidural analgesia. Systemic heparinization 
during surgery introduces concern regarding the risk 
of paraplegia secondary to an epidural hematoma; 
however, all credible studies suggest that there when 
the catheter is placed well in advance of hepariniza-
tion and removed aft er reversal of anticoagulation 
there is no increased risk of neuraxial hematomas as 
a consequence of epidural catheter placement.  

  Postoperative Considerations 
 Th ose undergoing stenting may not require intu-
bation either during or aft er the procedure. Most 
patients undergoing open surgery on the ascend-
ing aorta, the arch, or the thoracic aorta will remain 
intubated and ventilated for 1–24 h postoperatively. 
As with cardiac surgery, the initial emphasis in their 
postoperative care should be on hemodynamic sta-
bility and monitoring for postoperative bleeding. 
Patients undergoing open abdominal aortic surgery 
may be extubated at the end of the procedure. Th ese 
patients typically continue to require a marked 
increase in maintenance fl uids for several hours 
postoperatively.   

  ANESTHESIA FOR CAROTID 
ARTERY SURGERY 
  Preoperative Considerations 
 Ischemic cerebrovascular disease accounts for 80% 
of strokes; the remaining 20% are due to hemor-
rhage. Ischemic strokes are usually the result of 
embolism or (less commonly) thrombosis in one 
of the blood vessels supplying the brain. Ischemic 
stroke may follow severe vasospasm aft er subarach-
noid hemorrhage. By convention, a stroke is defi ned 
as a neurological defi cit that lasts more than 24 h; 
its pathological correlate is typically focal infarction 
of brain. Transient ischemic attacks (TIAs), on the 
other hand, are neurological defi cits that resolve 
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endotracheal intubation. In theory, isofl urane may 
be the volatile agent of choice because it appears 
to provide the greatest protection against cerebral 
ischemia. Desfl urane qualitatively has similar cere-
bral eff ects but may not be as eff ective as isofl urane; 
however, desfl urane is very useful in accelerating 
awakening and allowing immediate neurologi-
cal assessment in the operating room. We do not 
regard the diff erences in neuroprotection among 
inhaled agents as clinically important. Some clini-
cians also prefer remifentanil as the opioid for rapid 
emergence. 

 Intraoperative hypertension is common and 
generally necessitates the use of an intravenous 
vasodilator. Nitroglycerin is usually a good choice 
for mild to moderate hypertension because of 
its benefi cial eff ects on the coronary circulation. 
Marked hypertension requires a more potent agent, 
such as nicardipine, nitroprusside, or clevidipine. 
β-Adrenergic blockade facilitates management of 
the hypertension and prevents refl ex tachycardia 
from vasodilators, but should be used cautiously. 
Hypotension should be treated with vasopressors. 
Many clinicians consider phenylephrine the vaso-
pressor of choice; if selected, it should be admin-
istered in small increments to prevent excessive 
hypertension. 

 Pronounced or sustained refl ex bradycardia or 
heart block caused by manipulation of the carotid 
baroreceptor can be treated with atropine. To pre-
vent this response, some surgeons infi ltrate the area 
of the carotid sinus with lidocaine, but the infi ltra-
tion itself can induce bradycardia. Arterial CO 2
tension should be maintained in the normal range 
because hypercapnia can induce intracerebral steal, 
whereas extreme hypocapnia decreases cerebral 
perfusion. Ventilation should be adjusted to main-
tain normocapnia. Maintenance intravenous fl uids 
should consist of glucose-free solutions because of 
the potentially adverse eff ects of hyperglycemia. 
Heparin (5000–7500 units intravenously) is usually 
administered prior to occlusion of the carotid artery. 
Some clinicians routinely use a shunt (see below). 
Protamine, 50–150 mg, is usually given to reverse 
heparin prior to skin closure. 

 Rapid emergence from anesthesia is desir-
able because it allows immediate neurological 

symptomatic lesions, uncontrolled hypertension, 
angina, carotid thrombus, and occlusions near the 
carotid siphon increase operative risk.   

  Preoperative Anesthetic 
Evaluation & Management 
 Most patients undergoing carotid endarterectomy 
are elderly and hypertensive, with generalized arte-
riosclerosis. Many are also diabetic. Preoperative 
evaluation and management should focus on 
defi ning preexisting neurological defi cits as well as 
optimizing the patient’s clinical status in terms of 
coexisting diseases. Most postoperative neurological 
defi cits appear to be related to surgical technique. 
Uncontrolled perioperative hyperglycemia can 
increase morbidity by enhancing ischemic cerebral 
injury. 

 With the possible exception of diuretics, 
patients should receive their usual medications 
on schedule until the time of surgery. Blood pres-
sure and the blood glucose concentration should be 
controlled. Angina should be stable and controlled, 
and signs of overt congestive heart failure should be 
absent. Because most patients are elderly, enhanced 
sensitivity to premedication should be expected.  

  General Anesthesia 
     Th e emphasis of anesthetic management dur-
ing carotid surgery is on maintaining adequate 

perfusion to the brain and heart. Traditionally, this 
is accomplished by close regulation of arterial blood 
pressure and avoidance of tachycardia. Monitoring 
of intraarterial pressure is therefore nearly always 
done. Electrocardiographic monitoring should 
include the V 5  lead to detect ischemia. Continuous 
computerized ST-segment analysis is desirable. 
Carotid endarterectomy is not usually associated 
with signifi cant blood loss or fl uid shift s. 

 Regardless of the anesthetic agents selected, 
mean arterial blood pressure should be maintained 
at—or slightly above—the patient’s usual range. 
Propofol and etomidate are popular choices for 
induction because they reduce cerebral metabolic 
rate proportionately more than cerebral blood fl ow. 
Small doses of an opioid or β-adrenergic blocker 
can be used to blunt the hypertensive response to 

19

Morg_Ch22_0435-0486.indd   482 11/02/13   10:29 AM



 CHAPTER 22 Anesthesia for Cardiovascular Surgery  483 

  Regional Anesthesia 
 Carotid surgery may be performed under regional 
anesthesia. Blockade of the superfi cial cervical plexus 
eff ectively blocks the C2–C4 nerves and allows the 
patient to remain comfortably awake during sur-
gery. Deep cervical plexus block is not required. A 
substantial fraction of patients will require admin-
istration of local anesthetic by the surgeon into the 
carotid sheath (whether or not a deep cervical block 
is performed). Th e principal advantage of regional 
anesthesia (and it is a tremendous advantage) is that 
the patient can be examined intraoperatively; thus, 
the need for a temporary shunt can be assessed and 
any new neurological defi cits diagnosed immedi-
ately during surgery. In fact, intraoperative neuro-
logical examination may be the most reliable method 
for assessing the adequacy of cerebral perfusion dur-
ing carotid cross-clamping. Th e examination mini-
mally consists of level of consciousness, speech, and 
contralateral handgrip. Experienced clinicians use 
minimal sedation and “cocktail conversation” with 
the patient to monitor the neurological status. Some 
studies also suggest that when compared with gen-
eral anesthesia, regional anesthesia results in more 
stable hemodynamics but outcomes appear similar. 
Regional anesthesia for carotid surgery requires the 
cooperation of the surgeon and patient. 

  CASE DISCUSSION

A Patient for Cardioversion 
  A 55-year-old man with new-onset atrial fi brilla-
tion is scheduled for elective cardioversion . 

  What are the indications for an elective 
cardioversion? 

  Direct current (DC) cardioversion may be used 
to terminate supraventricular and ventricular 
tachyarrhythmias caused by reentry. It is not eff ec-
tive for arrhythmias from enhanced automaticity 
(multifocal atrial tachycardia) or triggered activity 
(digitalis toxicity). By simultaneously depolarizing 
the entire myocardium and possibly prolonging 
the refractory period, DC cardioversion can termi-
nate atrial fi brillation and fl utter, atrioventricular 

assessment, but the clinician must be prepared to 
treat hypertension and tachycardia.  Postoperative 
hypertension may be related to surgical dener-
vation of the ipsilateral carotid baroreceptor. 
Denervation of the carotid body blunts the ven-
tilatory response to hypoxemia . Following extu-
bation, patients should be observed closely for 
the development of a wound hematoma. When 
an expanding wound hematoma compromises the 
airway, the initial treatment maneuver may require 
opening the wound to release the hematoma. 
Transient postoperative hoarseness and ipsilateral 
deviation of the tongue may be noted; they are due 
to intraoperative retraction of the recurrent laryn-
geal or hypoglossal nerves, respectively.  

  Monitoring Cerebral Function 
 Unless regional anesthesia is used (see below), 
indirect methods must be relied upon to assess the 
adequacy of cerebral perfusion during carotid cross-
clamping. Some surgeons routinely use a shunt, but 
this practice may increase the incidence of postop-
erative neurological defi cits; shunt insertion can dis-
lodge emboli. Carotid stump pressure distal to the 
cross-clamp, EEG, somatosensory evoked poten-
tials (SSEPs), and cerebral oximetry have been used 
in some centers to determine whether a shunt is 
needed. A distal stump pressure of less than 50 mm 
Hg has traditionally been used as an indication for 
a shunt. Electrophysiological signs of ischemia (or a 
marked decline in cerebral oxygen saturation) aft er 
cross-clamping dictate the use of a shunt; changes 
lasting more than 10 min may be associated with 
a new postoperative neurological defi cit. Although 
multichannel recordings and computer processing 
can enhance the sensitivity of the EEG, neither EEG 
nor SSEP monitoring is suffi  ciently sensitive or spe-
cifi c to reliably predict the need for shunting or the 
occurrence of postoperative defi cits (see Case Dis-
cussion in Chapter 26). Other techniques, including 
measurements of regional cerebral blood fl ow with 
radioactive xenon-133, transcranial Doppler mea-
surement of middle cerebral artery fl ow velocity, 
cerebral oximetry, jugular venous oxygen satura-
tion, and transconjunctival oxygen tension, are also 
not suffi  ciently reliable.  
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fi brillation. Synchronization times the delivery so 
that it is given during the QRS complex. If the shock 
occurs in the ST segment or the T wave (unsynchro-
nized), it can precipitate a more serious arrhythmia, 
including ventricular fi brillation. All medical per-
sonnel should stand clear of the patient and the 
bed during the shock . 

  Atrial fi brillation usually requires a minimum of 
50–100 J and larger energy levels are often used. 
Hemodynamically stable ventricular tachycardia 
can often be terminated with 25–50 J, but ventricu-
lar fi brillation and unstable ventricular tachycardia 
require 200–360 J. Regardless of the arrhythmia, 
a higher energy level is necessary when the fi rst 
shock is ineff ective .  

  The cardiologist wants to do the cardioversion 
in the postanesthesia care unit (PACU). Is this an 
appropriate place for cardioversion? 

  Elective cardioversion can be performed in 
any setting in which full provisions for cardiopul-
monary resuscitation, including cardiac pacing 
capabilities, are immediately available. A physician 
skilled in airway management should be in atten-
dance. Cardioversions are commonly performed in 
an ICU, emergency department, PACU, procedure 
room, or cardiac catheterization suite .  

  How would you evaluate this patient? 

  The patient should be fasted, evaluated, and 
treated as though he were receiving a general 
anesthetic in the operating room. An ECG is per-
formed immediately before the procedure to con-
fi rm that the arrhythmia is still present; another 
is performed immediately afterward to confi rm 
the new rhythm. Preoperative laboratory values 
should be within normal limits because metabolic 
disorders, particularly electrolyte and acid–base 
abnormalities, may contribute to the arrhythmia. 
If not corrected preoperatively, they can reinitiate 
the tachycardia following cardioversion. An anti-
arrhythmic agent is often started in patients with 
atrial fi brillation 1–2 days prior to the procedure to 
help maintain normal sinus rhythm. Patients may 
also be anticoagulated with warfarin for 1–2 weeks 
prior to cardioversion .  

nodal reentry, reciprocating tachycardias from pre-
excitation syndromes, and ventricular tachycardia 
or fi brillation . 

  Specifi c indications for cardioversion of 
patients with atrial fi brillation include symptomatic 
fi brillation, recent onset, and no response to medi-
cations. Patients with long-standing fi brillation, a 
large atrium, chronic obstructive lung disease, con-
gestive heart failure, or mitral regurgitation have 
a high recurrence rate. A TEE is usually performed 
shortly before cardioversion to rule out a left atrial 
blood clot. Such clots are typically located in the 
left atrial appendage and can be embolized by car-
dioversion or sinus rhythm . 

  Emergency cardioversion is indicated for any 
tachyarrhythmia associated with hypotension, 
congestive heart failure, or angina .  

  How is cardioversion performed? 

  Although the procedure is usually per-
formed by cardiologists, the need for immediate 
cardioversion may arise in the operating room, 
ICU, or during cardiopulmonary resuscitation. 
Anesthesiologists must therefore be familiar with 
the technique. Following heavy sedation or light 
general anesthesia, DC shock is applied by either 
self-adhesive pads or 8- to 13-cm paddles. Larger 
paddles help reduce any shock-induced myocar-
dial necrosis by distributing the current over a 
wider area. The energy output should be kept at 
the minimally eff ective level to prevent myocar-
dial damage. Placement of the electrodes can be 
anterolateral or anteroposterior. In the fi rst posi-
tion, one electrode is placed on the right second 
intercostal space next to the sternum and the 
other is placed on the left fi fth intercostal space 
in the midclavicular line. When pads are used for 
the anteroposterior technique, one is placed ante-
riorly over the ventricular apex in the fi fth intercos-
tal space and the other underneath the patient in 
the left infrascapular region . 

  For supraventricular tachycardias, with the 
notable exception of atrial fi brillation, energy lev-
els of 25–50 J can successfully reestablish normal 
sinus rhythm. Synchronized shocks should be 
used for all tachyarrhythmias except ventricular 
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  What are the complications of cardioversion? 

  Complications include transient myocardial 
depression, postshock arrhythmias, and arterial 
embolism. Arrhythmias are usually due to inad-
equate synchronization, but even a properly timed 
cardioversion can occasionally result in ventricu-
lar fi brillation. Most arrhythmias are transient and 
resolve spontaneously. Although patients may 
develop ST-segment elevation, serum creatine 
phosphokinase levels (MB fraction) are usually 
normal. Embolism may be responsible for delayed 
awakening .  

  How should the patient be cared for following 
cardioversion? 

  Although recovery of consciousness is usually 
very rapid, patients should be treated like oth-
ers receiving general anesthesia (see Chapter 56). 
Recovery also specifi cally includes monitoring for 
both recurrence of the arrhythmia and signs of 
cerebral embolism .     

  What are the minimum monitors and anesthetic 
equipment required? 

  Minimum monitoring consists of the ECG, 
blood pressure, and pulse oximetry. A precor-
dial stethoscope is useful for monitoring breath 
sounds. Maintaining continuous verbal contact 
with the patient may the best method for assess-
ing whether a suffi  cient amnestic dose of (usually) 
propofol has been given . 

  In addition to a DC defi brillator capable of 
delivering up to 400 J (synchronized or unsynchro-
nized) and transcutaneous pacing, the minimum 
equipment should include the following:  
•    Reliable intravenous access . 
•   A functional bag-mask device capable of deliver-

ing 100% oxygen (see Chapter 3) . 
•   An oxygen source from a wall outlet or a full 

tank . 
•   An airway kit with oral and nasal airways and 

appropriate laryngoscopes and endotracheal 
tubes . 

•   A functional suction apparatus . 
•   An anesthetic drug kit that includes at least one 

sedative-hypnotic as well as succinylcholine . 
•   A cart that includes all necessary drugs and 

equipment for cardiopulmonary resuscitation 
(see Chapter 55) .   

  What anesthetic techniques would 
be appropriate? 

  Premedication is not necessary. Only very 
brief (1–2 min) amnesia or light general anes-
thesia is required. A short-acting agent such as 
propofol or a benzodiazepine (eg, midazolam, 
diazepam) can be used. Etomidate may be used 
but may be associated with phonation. Following 
preoxygenation with 60–100% oxygen for 3–5 
min, the sedative-hypnotic is given in small incre-
ments) every 30–60 sec while maintaining verbal 
contact with the patient. The shock is delivered 
when the patient is no longer able to respond 
verbally; some clinicians use loss of the eyelid 
refl ex as an end point. The shock usually arouses 
the patient. Transient airway obstruction or apnea 
may be observed, particularly if more than one 
shock is necessary .  
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