
Chapter 67: Anesthesia for Cardiac Surgical Procedures 2073
Pericardial Tamponade and  
Constrictive Pericarditis
pEricardial taMponadE. The pericardial sac has two lay-
ers: the outer, parietal pericardium; and the inner, visceral 
pericardium (epicardium), which is directly adherent 
to the surface of the heart. The normal amount of fluid 
between the two layers is 15 to 30 mL, which generates a 
pressure that is 5 mm Hg less than the CVP and approxi-
mates the pleural pressure.

Cardiac tamponade occurs when the volume of fluid 
trapped in the pericardial sac increases and compresses the 
heart, thereby compromising CO.352 In classic tamponade, 
the circulation adapts by increasing the systemic venous 
and pulmonary venous pressures to equalize with the peri-
cardial pressure so that total collapse of the cardiac cham-
bers is prevented.353 The PCWP and the LV, RV, and RA 
diastolic pressures increase to equalize with the pressure in 
the pericardium. As a result, the atrial and ventricular dia-
stolic transmural pressures are essentially zero, a hallmark 
of pericardial tamponade. Although this virtual loss of 
pressure reduces the stroke volume, high adrenergic tone 
helps to partially preserve CO by increasing the heart rate.

If enough fluid accumulates, the pericardium reaches 
a stage at which it can no longer distend; therefore, the 
total pericardial volume no longer changes throughout the 
respiratory cycle.353 This results in a phenomenon referred 
to as ventricular interdependence, wherein any change in 
the volume of one side of the heart causes the opposite 
change in the volume of the other side. During inspiration, 
increased venous return and filling of the right heart cause 
the interatrial and interventricular septa to bulge to the left, 
and opposite changes occur during expiration. Such ven-
tricular interdependence is evident on echocardiography.

Ventricular interdependence manifests clinically as 
pulsus paradoxus,354 an exaggeration of the normal dimi-
nution of the radial pulse on inspiration (Fig. 67-41). 
Pulsus paradoxus is defined as a drop in systolic blood 
pressure exceeding 10 mm Hg during inspiration.355 In 
particularly severe cases, no brachial or radial pulse may 
be palpable on inspiration.356

Cardiac tamponade is not necessary to cause pulsus 
paradoxus. Wide swings in intrathoracic pressure and 
conditions such as pulmonary embolism or hypovole-
mic shock can also give rise to the phenomenon. Addi-
tionally, patients with cardiac tamponade may not have 
pulsus paradoxus if they have coexisting aortic insuffi-
ciency, ASD, or preexisting elevated LVEDP resulting 
from LV hypertrophy or dilatation.

Figure 67-42 illustrates the pressure-volume relation-
ship in the pericardium, depending on whether the effu-
sion is accumulating slowly or rapidly.356 This “J”-shaped 
curve suggests that a sudden increase in pericardial fluid 
volume of 100 to 200 mL can increase pericardial pressure 
to 30 mm Hg or more and cause severe cardiac tamponade. 
The faster the fluid accumulation, the more severe is the 
hemodynamic compromise. Causes of this type of acute 
tamponade include rupture of a thoracic aortic aneurysm, 
traumatic mediastinal injury, and accidental puncture of 
a cardiac chamber or blood vessel in the CCL.353

When accumulation of pericardial fluid is slower, com-
pliance of the parietal pericardium is greater, and changes 
in volume produce smaller rises in pressure than they 
would if fluid accumulated more rapidly. As pericardial 
volume increases, so does intrapericardial pressure, with 
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Figure 67-42. Cardiac tamponade. Pericardial pressure-volume (or 
strain-stress) curves are shown in which the volume increases slowly or 
rapidly over time. On the left, rapidly increasing pericardial fluid first 
reaches the limit of the pericardial reserve volume (the initial flat seg-
ment) and then quickly exceeds the limit of parietal pericardial stretch, 
thus causing a steep rise in pressure, which becomes even steeper as 
smaller increments in fluid cause a disproportionate increase in the 
pericardial pressure. On the right, a slower rate of pericardial filling 
takes longer to exceed the limit of pericardial stretch because more 
time is available for the pericardium to stretch and for compensatory 
mechanisms to become activated. (From Spodick DH: Acute cardiac 
tamponade, N Engl J Med 349:684-690, 2003).
Figure 67-41. Physiology of paradoxical pulses in cardiac 
tamponade. (From Fowler NO: Diseases of the pericardium. In 
Harvey WP, de Leon AC Jr, Leonard JJ, et al, editors: Curr Probl 
Cardiol 2:6-38, 1978.)
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a compensatory increase in CVP to maintain a gradient to 
allow cardiac filling.352 When pericardial compliance cannot 
increase further, the intrapericardial pressure gradually equal-
izes with the pressures in the cardiac chambers. CO gradu-
ally declines, accompanied by a compensatory tachycardia, 
peripheral vasoconstriction, and increased contractility.

sympToms and signs of pericardial Tamponade. Patients 
with pericardial tamponade may present with pain or 
feelings of fullness in the chest, dyspnea, lethargy, fever, 
cough, weakness, fatigue, anorexia, or palpitations.352 
The Beck triad may appear as a combination of three 
signs of severe tamponade: low blood pressure, increased 
jugular venous pressure, and distant heart sounds. How-
ever, patients whose tamponade develops secondary to a 
chronic medical condition (e.g., malignant disease, end-
stage renal disease, collagen vascular disease) may not 
present with the classic findings of the Beck triad.

echocardiographic feaTures of pericardial Tamponade. 
Of the various echocardiographic signs of cardiac tam-
ponade (Box 67-15), one of the best established is dias-
tolic collapse of the right atrium or right ventricle. RV 
collapse, seen in early diastole, appears as an invagination 
of the RV free wall (Fig. 67-43). In contrast, RA collapse is 
seen in late diastole and early systole and appears as an 
invagination of the RA wall (see Fig. 67-43). The timing of 

Exaggerated inspiratory variation of the two ventricles  
(inspiratory expansion of the right ventricle and simultaneous 
compression of the left ventricle; reciprocal changes in the 
expiratory phase)

Right atrial collapse
Right ventricular collapse
Left atrial collapse
Left ventricular collapse
Inferior vena cava plethora
Abnormal increased respiratory variation in transvalvular  

blood flow velocities (mitral and aortic flow reduction in the 
inspiratory phase)

BOX 67-15 Doppler Echocardiographic Signs 
of Cardiac Tamponade

From Pepi M, Muratori M: Echocardiography in the diagnosis and management 
of pericardial disease, J Cardiovasc Med (Hagerstown) 7:533-544, 2006.
the collapse of the two chambers is related to the lowest 
intracavitary pressures in those chambers (i.e., early dias-
tole for the right ventricle and late diastole for the right 
atrium). The presence of both RV and RA collapse indi-
cates hemodynamically significant pericardial effusion. 
Left-sided heart collapse is rarely seen, both because the 
thickness and stiffness of the left ventricle enable it to re-
sist collapse and because the left atrium is located posteri-
orly. However, in patients with very large effusions, fluid 
does accumulate behind the left atrium and eventually 
collapses this chamber.357 The presence of LA collapse is 
highly specific for tamponade.356

anesTheTic managemenT of pericardial Tamponade.  
Indications for pericardiocentesis (surgical drainage of 
the pericardial effusion) were summarized by Soler-Soler 
and co-workers (Box 67-16).358 Surgical intervention for 
pericardial disease warrants invasive monitoring, which 
should involve an intraarterial catheter and possibly a 
central venous catheter.

In patients who are severely hemodynamically com-
promised, one surgical option is to perform pericardiocen-
tesis or subxiphoid exploration using local anesthesia359 
and inducing general anesthesia after the tamponade has 

Pericardiocentesis is indicated in patients with overt clinical tam-
ponade, in patients with suspected purulent pericarditis, and 
in patients with idiopathic chronic large pericardial effusion.

Indications for surgical drainage are tamponade, either unre-
solved or relapsing after pericardiocentesis, and persistent 
active illness 3 weeks after hospital admission.

Pericardial drainage does not seem to be warranted in the initial 
management of patients with large pericardial effusions with-
out clinical tamponade because of its low diagnostic yield and 
poor influence on the evolution of pericardial effusion. Even 
the presence of echocardiographic right chamber collapse 
(suggesting raised intrapericardial pressure) does not by itself 
warrant pericardial drainage because most of these patients do 
not develop overt tamponade.

BOX 67-16 Indications for Pericardiocentesis 
and Surgical Drainage

Modified from Soler-Soler J, Sagrista-Sauleda J, Permanyer-Miralda G:  
Management of pericardial effusion, Heart 86:235-240, 2001.
Figure 67-43. Echocardiogram 
(and drawings) showing pericardial 
effusion causing cardiac tampon-
ade. A subcostal view in early dias-
tole shows a large circumferential 
pericardial effusion compressing 
the heart, with the right ventricle 
completely collapsed (arrowheads). 
(From Roy CL, Minor MA, Brookhart 
MA, et al: Does this patient with 
a pericardial effusion have cardiac 
tamponade? JAMA 297:1810-1818, 
2007.)
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been partially relieved. If general anesthesia is planned, 
the watchwords in the management of cardiac tampon-
ade are fast, full, and strong. Intravenous fluids should 
be administered before induction of anesthesia to opti-
mize preload. Increasing intravascular volume helps to 
increase the effective filling pressures of the heart, restore 
the gradient between the chambers, and increase arterial 
pressure.

Any manipulation that can decrease venous return to 
the heart should be avoided. This includes controlled pos-
itive-pressure ventilation with large tidal volumes, which 
may significantly decrease preload and CO.359 Instead, if 
general anesthesia is required, one option is to allow the 
patient to breathe spontaneously until the pericardial sac 
is opened.359 Alternatively, a ventilation pattern of high 
rate and low tidal volumes can be used to minimize mean 
airway pressure.

Drugs that may cause myocardial depression should 
be avoided. Additionally, bradycardia should be avoided 
because tachycardia is the most important compensa-
tory mechanism for preserving CO. The use of ketamine 
to induce general anesthesia for creation of a pericardial 
window has been described.360

Once cardiac tamponade is relieved, endogenously gen-
erated and exogenously administered catecholamines may 
cause sudden, severe increases in blood pressure and heart 
rate. This phenomenon should be anticipated and treated.

constrictiVE pEricarditis

paThophysiology. Constrictive pericarditis is said to be 
present when the diastolic filling of the heart is restricted 
by a thickened and adherent pericardium. Several causes 
of constrictive pericarditis have been identified, includ-
ing infectious processes. In addition, radiation to the 
chest area and cardiac surgery itself have emerged as ad-
ditional causes of constrictive pericarditis over the past 
few decades.361 If the two pericardial layers—visceral and 
parietal—become adherent as a result of fibrosis and cal-
cification of the pericardium, the space between the two 
layers is obliterated.361

signs and sympToms of consTricTive pericardiTis. Typi-
cally, patients with constrictive pericarditis present with 
signs and symptoms of right-sided HF. A high driving 
pressure across the valves causes a rapid filling of the ven-
tricles in diastole and results in sudden increase in the 
ventricular pressures. As the ventricular pressures exceed 
the atrial pressures, flow abruptly stops, and pressures are 
elevated and equalized in all four chambers.361

Another sign seen in constrictive pericarditis is the 
Kussmaul sign (an exaggeration of the x and y descent 
on the CVP tracing), which is elicited in response to 
increased blood return to the right side of the heart on 
inspiration. Because the thickened pericardium no longer 
allows the heart to expand to accommodate all the blood 
flowing into it, the pressure generated by this returning 
volume is transmitted to the central venous system.362

As in pericardial tamponade, pulsus paradoxus is also 
usually seen in constrictive pericarditis. However, in some 
cases, thickening of the pericardium can shield the myo-
cardium from the effects of the respiratory cycle; there-
fore, pulsus paradoxus may not be that obvious. Dyspnea 
and orthopnea are common in patients with constrictive 
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pericarditis because the low CO caused by constrictive 
pericarditis severely reduces the patient’s exercise toler-
ance and, in extremely advanced cases, causes cardiac 
cachexia and muscle wasting.363 Ascites and peripheral 
edema may also be seen. Echocardiography is particularly 
helpful in differentiating constrictive pericarditis from 
other disease processes with similar presenting symp-
toms, such as restrictive cardiomyopathy.363,364

anesTheTic consideraTions for pericardiecTomy. The 
 definitive treatment for constrictive pericarditis is pericar-
diectomy.365 This procedure is usually performed through 
a sternotomy, but it can also be performed through a left 
thoracotomy incision. In patients with severe cases of the 
disease, pericardiectomy may involve stripping the pericar-
dium off the heart, which may necessitate the use of CPB.

The anesthetic management of a patient undergoing 
pericardiectomy for constrictive pericarditis is similar to 
that of a patient having a surgical intervention for pericar-
dial effusion and tamponade. However, because the peri-
cardium may need to be “peeled” from the surface of the 
heart, pericardiectomy carries an additional risk of arrhyth-
mia and injury to the myocardium itself, including rupture 
of one of the chambers. Measures should be taken to avoid 
and treat arrhythmias and massive intraoperative bleeding.

Cardiac and Aortic Trauma
pEnEtrating cardiac injury. With the increase in violent 
crime over the past few decades, the number of cases of 
gunshot and stab wounds to the heart has risen. Patients 
with penetrating cardiac injury may be critically unstable 
because of hemorrhage or cardiac tamponade, or they 
may have a benign injury to the heart.366 Hemodynamic 
and ECG changes may be deceptively absent in many 
cases. The absence of these changes does not rule out the 
presence of life-threatening injury to the heart or its sur-
rounding structures.367 Echocardiography can identify 
fluid or blood around the heart and can inform the surgi-
cal decision regarding whether to perform a sternotomy 
or to use an alternative approach.366,368

The anesthetic management of patients with pen-
etrating cardiac injury is similar to that of other trauma 
patients. Unstable patients require emergency surgical 
intervention. The anesthesiologist must ascertain that 
blood is available on first knowledge of impending sur-
gery for penetrating cardiac injury. With critically unsta-
ble patients, the anesthesiologist must secure the airway, 
establish intravenous access, and place the monitoring 
lines while the surgical incision is being made. An assis-
tant can be very helpful in efficiently caring for such a 
patient. In planning the induction of anesthesia and 
the securing of the airway, the anesthesiologist should 
assume that the patient probably has a full stomach and 
volume depletion. Monitoring lines should include an 
arterial line and a central venous catheter. Barring any 
contraindications, on the basis of the scant history that 
may be available at that time, TEE should be consid-
ered as an additional monitor. Anesthesia management 
involves attempting to maintain stable hemodynamics 
and prevent recall. As in any trauma case, if the patient is 
unstable, controlled postoperative ventilation is usually 
preferred, including transportation to the ICU with full 
monitoring and ventilatory support.
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trauMatic aortic injury. Blunt aortic injury, which can 
result in either traumatic aortic transection (TAT) or acute 
rupture, is one of the most common causes of death from 
blunt trauma, second only to head injury. On arrival at 
the hospital, only 25% of patients with blunt thoracic 
trauma and resultant aortic injury (TAT or acute rupture) 
are alive.369 Furthermore, the prognosis of patients who 
survive the initial injury and remain untreated is poor: 
30% die within the first 6 hours, 50% die in the first  
24 hours, and 90% die within the first 4 months.370

In blunt trauma to the chest, the mechanism of injury 
to the thoracic aorta is sudden traction on the relatively 
immobile portion of the aorta, the isthmus, as a result of 
sudden deceleration.369 The isthmus is distal to the left 
subclavian artery, proximal to the third intercostal artery, 
and fixed to the left PA by the ligamentum arteriosum. 
This area of attachment of the ligamentum arteriosum 
acts as a hinge for movement of the aortic arch; thus, 
it receives the brunt of the shearing force during violent 
injury to the chest area. Hence, it is the most common 
location for rupture of the aorta (50% to 70%), followed 
by the ascending aorta or the aortic arch in 18% and the 
distal thoracic aorta in 14% of cases.369 The spectrum of 
injuries to the thoracic aorta in blunt thoracic trauma 
ranges from simple subintimal hemorrhage to complete 
aortic transection.

The diagnosis of the aortic injury may be made on the 
basis of a plain chest radiograph, computed tomography, 
angiography, or TEE. TEE can also detect cardiac tam-
ponade, left pleural effusion, hypovolemia, ventricular 
dysfunction from myocardial contusion, or vascular inju-
ries from penetrating chest wounds.371 Diagnosing TAT 
with TEE requires recognition of a mural flap at the site of 
intimal disruption and corresponding deformities of the 
aortic wall caused by a contained rupture. A gap of more 
than 7 mm between the probe and the aorta at the level 
of the proximal descending thoracic aorta, in addition to 
blood between the aortic wall and the pleura, strongly 
suggests disruption of the aorta. TEE can also be useful in 
monitoring the progression of a small intimal tear or as a 
screening tool for patients who have a normal mediasti-
num after blunt thoracic trauma.

Management of TAT focuses on the high risk of rup-
ture that this injury entails. The unpredictable timing of 
this event adds to the concerns regarding these patients. 
Aggressive management of blood pressure in the preop-
erative period is necessary to minimize the risk of rup-
ture.372 Systolic blood pressure should not exceed 100 
mm Hg, and the heart rate should not exceed 100 beats/
minute. The use of β-blockers and nitroglycerin or sodium 
nitroprusside infusions is recommended.

Intraoperative monitoring should include an arterial 
catheter and central venous access. The keys to anes-
thetic management of patients with TAT are avoiding 
wide swings in systolic blood pressure and continuously 
monitoring the patient for end-organ ischemia. Because 
many operations on patients with TAT are performed on 
an emergency basis, it may be necessary to use a modi-
fied rapid-sequence induction. Despite all precautions, 
marked swings in blood pressure are often seen during 
induction and laryngoscopy. Agents such as nitroglycerin 
and esmolol should be immediately available to treat any 
undesirable hypertension during endotracheal intuba-
tion, TEE probe insertion, and surgical incision.

Surgical repair of injuries to the ascending aorta or 
aortic arch typically requires CPB with DHCA. Injuries 
to the descending thoracic aorta may require open repair 
of a short segment. Challenges include preservation of 
vital organs, particularly the spinal cord. In open proce-
dures, use of partial LHB can facilitate the operation and 
at the same time preserve visceral organ and spinal cord 
perfusion. This technique also prevents aggravation of 
any other injuries that the patient may have sustained 
because this type of bypass does not require heparin.370 
Although open repair is possible, transcutaneous endo-
vascular aortic repair has emerged as the preferred inter-
vention whenever possible, (STS class I recommendation; 
level of evidence B)373,374 (see Chapter 69).

Ischemic and Other Emergencies in the 
Cardiac Catheterization Laboratory
With rapid advances in interventional cardiology, the 
number of patients in the United States and Europe who 
undergo interventional therapy in a CCL is increasing. 
Such emergencies include coronary artery dissection, 
free rupture, tamponade, foreign body embolism, and 
wire entrapment. Patients may be at high risk for com-
plications in the CCL if they have unfavorable coronary 
anatomy or severe ventricular dysfunction. In some cases, 
cardiac surgery and cardiac anesthesia services should be 
consulted and placed on standby for a possible emergency 
intervention. Rapid surgical intervention, such as revas-
cularization or temporary mechanical support, is crucial 
to reducing the mortality and morbidity of patients who 
suffer angiography-related accidents.

When ischemic complications occur during cardiac 
catheterization with percutaneous transluminal coronary 
angioplasty and stenting, pharmacologic intervention 
and, possibly, a device such as an IABP or VAD may be 
used to stabilize the patient’s hemodynamic condition 
before the patient is transferred to the operating room on 
an urgent or emergency basis for open coronary revascu-
larization. Patients may be intubated on an emergency 
basis in the CCL. Patients with coronary dissection or 
severe ischemia may require CPR during transport to the 
operating room.375 Although the anesthesiologist, cardiol-
ogist, or both may lead these resuscitative efforts, all mem-
bers of the catheterization team—physicians, nurses, and 
technologists—should complete a course in basic CPR; 
additionally, certification in advanced cardiac life support, 
with annual recertification, is strongly urged.376

If the patient is not already intubated, the choice of 
induction agents should be tailored to the patient’s 
hemodynamic condition; one should avoid hypotension 
and tachycardia while keeping in mind the patient’s NPO 
(nothing by mouth) status. Perioperative monitoring of 
these patients should include an arterial line and cen-
tral intravenous access, which should be established as 
soon as possible. TEE can be of immense importance in 
both diagnosing the cardiac problem and monitoring the 
patient intraoperatively.

Other procedures performed in the CCL, invasive vascu-
lar laboratory, and electrophysiology laboratory—notably 
aortic aneurysm stenting and ablation procedures—may 
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also require operating room backup. A dedicated surgical 
team should be available in the event of a life-threatening 
complication. Planning for the possibility of conversion 
to an open procedure, such as in cases of an aneurysm 
leak or catheter perforation of a major blood vessel or 
cardiac chamber, is imperative. A hybrid interventional 
cardiovascular suite is ideal for such events.291 In institu-
tions without such a hybrid suite, urgent transportation 
to a general operating room may be necessary.

Optimal care also depends on the ready availability of 
a stat laboratory. Blood gas analysis, as well as the assess-
ment of electrolytes and hemoglobin or hematocrit, is 
important in urgent situations. Patients undergoing pro-
cedures for coronary revascularization may be receiving 
platelet inhibitor drugs. Conventional coagulation tests 
may not be sufficient for diagnosing clinical bleeding in 
these patients; tests that evaluate platelet function are 
useful.377

Compared with elective cardiac surgical procedures, 
emergency cardiac surgery carries higher mortality and 
morbidity risks, especially if the patient is in cardiogenic 
shock.378 Identifying high-risk patients going to the CCL 
for interventional procedures, as well as communication 
about these high-risk patients among the interventional 
cardiologists, cardiac surgeons, and cardiac anesthesiolo-
gists, is of prime importance in improving the outcome of 
these emergency procedures.

PROCEDURES IN THE CARDIAC 
CATHETERIZATION LABORATORY AND 
THE HYBRID OPERATING ROOM

GENERAL CONSIDERATIONS

Since the 1990s, the scope of activity in the CCL and 
electrophysiology laboratory has greatly increased and 
has diverged considerably from the simple diagno-
sis and evaluation of valvular heart disease, CAD, and 
CHD.289,290,376,379 Procedures and interventions in these 
settings are more complex and often involve acutely ill 
patients.290 Cardiac anesthesiologists may find them-
selves in a relatively isolated environment with bulky 
equipment, subdued lighting, and limited access to the 
patient.375,379 Assistance from surgical colleagues, if 
required, may not be readily available, nor may the ser-
vices of anesthesia support personnel, the pharmacy, and 
the stat laboratory. Finally, for patients with moderate or 
severe cardiac disease who have undergone heavy seda-
tion or general anesthesia, a suitable recovery area may 
be in a distant location.

Because fluoroscopy is frequently used during inter-
ventional procedures in the CCL and hybrid operating 
rooms, it can present a significant risk of radiation expo-
sure to both patients and health care workers. The poten-
tial hazards of ionizing radiation include skin injuries 
and cellular mutation, which can lead to leukemia, bone 
cancer, and birth defects. The radiation safety program 
at the Centers for Disease Control and Prevention (CDC) 
has developed the concept that radiation doses should 
be “as low as reasonably achievable” (ALARA). Exposure 
to radiation can be minimized by three means: distance, 
time, and shielding.376 The distance between the person 
and the source should be maximized because the dose 
rate varies with the inverse square of that distance. In 
addition, the person’s exposure time should be mini-
mized because the dose rate and time are directly related. 
Finally, personal shielding and shielding of the radiation 
source should be maximized.

The rad is a unit of absorbed dose, which is the energy 
imparted to matter by ionizing radiation per unit mass 
of irradiated material at the point of interest.376 The rem 
is a unit of effective dose, which is the estimated total 
body dose. Health care personnel in a radiation environ-
ment must wear a dosimeter badge to track cumulative 
radiation exposure. The dosimeter should be worn on 
areas at highest risk for frequent exposure, such as the 
thyroid collar, and outside any shielding garments. Cor-
rective action is recommended if an individual (patient 
or provider) receives more than 5 rem/year to the whole 
body (Box 67-17).376 In the case of pregnant women, the 
total radiation exposure to the fetus throughout gestation 
should be no more than 0.05 rad/month or 0.5 rad total.

Identifying patients at risk for a reaction to iodin-
ated contrast material is another consideration unique 
to procedures performed in the CCL or hybrid suite. A 
previous anaphylactoid reaction and a history of atopic 
conditions such as asthma are the most significant risk 
factors for acute hypersensitivity reactions.376 Premedica-
tion regimens with histamine (H2) blockers and steroids 
are recommended for the highest-risk atopic patients, 
particularly those with a known prior reaction. Current 
options include giving 50 mg oral prednisone 13 hours, 7 
hours, and 1 hour before the procedure or 200 mg intra-
venous hydrocortisone, with or without H2 blockers, 2 
hours before the cardiac catheterization.376

In patients with renal insufficiency, radiocontrast 
media–induced nephropathy is a concern, and diabetic 
patients are at particularly high risk for acute renal fail-
ure after exposure to contrast agents.375,376 These effects 
can be minimized through careful contrast administra-
tion and limitation of the total dose. Preprocedural 
and postprocedural hydration with normal saline solu-
tion, sodium bicarbonate, or both is recommended.376 
However, in patients with severe HF or near–end-stage 

Whole body 5 rem/yr (50 mSv/yr)
Skin 50 rad/yr (500 mGy/yr)
Lens of eye 2 rad/yr (20 mGy/yr)
Fetus (for pregnant worker) 0.5 rad (5 mGy) for total  

pregnancy or 0.05 rad/mo  
(0.5 mGy/mo) (estimated by 
abdominal badge under lead 
apron

Cumulative exposure (lifetime) 1 rem × age (10 mSv × age)

BOX 67-17 Maximum Allowable Radiation 
Limits for Medical Workers

Modified from Bashore TM, Balter S, Barac A, et al: 2012 American College 
of Cardiology Foundation/Society for Cardiovascular Angiography and 
Interventions expert consensus document on cardiac catheterization labora-
tory standards update: a report of the American College of Cardiology 
Foundation Task Force on Expert Consensus documents, J Am Coll Cardiol 
59:2221-2305, 2012.
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renal disease, one must be careful to avoid volume over-
load.375,376 Elevated serum creatinine levels are common 
after the administration of radiocontrast media, and 
these levels should be monitored for 72 or more hours in 
patients at risk. Two definitions (an incremental increase 
>0.5 mg/dL or a rise >25% in serum creatinine level) are 
now accepted as indicators of contrast-induced nephrop-
athy. Fortunately, renal dysfunction is usually transient 
and rarely progresses to acute renal failure.

HYBRID OPERATING ROOM

To address some of the issues regarding the technologic 
and procedural demands regarding surgical and imaging 
equipment for selected endovascular and transcatheter 
procedures, hybrid operating rooms have been built in 
many institutions. These rooms have complete dual capa-
bilities for procedures that require fluoroscopy, open sur-
gery, or both. Ideally, such rooms are within or adjacent 
to the regular surgical suite. The physical location of such 
hybrid rooms may represent an advance in care in that 
key personnel are more readily available to handle unan-
ticipated complications and emergencies.

The types of procedures that are performed in the 
CCL or the hybrid operating room vary according to 
institutional preferences but may include (1) electro-
physiology procedures, (2) percutaneous management 
of valvular lesions, (3) the use of occlusion or umbrella 
devices to close an ASD or VSD or a PDA, (4) percutaneous 
VADs, and (5) stenting of abdominal or thoracic aortic 
aneurysms.289-291

Although requirements vary depending on the nature 
of the procedure, sedation or anesthesia improve the effi-
cacy and safety of many procedures.379 Providing stable 
hemodynamics for organ perfusion and preservation dur-
ing anesthesia is an important goal. Some procedures can 
be performed with the aid of monitored anesthesia care or 
regional blocks, provided a certain patient comfort level 
can be achieved. However, during difficult and lengthy 
procedures, patients may have trouble staying still. In 
many cases, a general anesthetic regimen may be the best 
option. If indicated, general anesthesia with endotracheal 
intubation provides a controlled situation: the patient’s 
comfort is maximized, and the airway is secured.375 Use of 
a laryngeal mask or a standard mask airway is also possible, 
but the constant diaphragmatic movements that occur 
during spontaneous ventilation may interfere with fluo-
roscopic visualization of cardiac and vascular structures. 
In the absence of significant complications or comorbid 
conditions, the patient may be allowed to emerge from 
anesthesia before being transferred to the CCL recovery 
area and, eventually, to a hospital floor. In more complex 
cases, the patient may be transferred to an ICU.

Percutaneous mitral valve repairs (e.g., correction of 
MR and commissurotomy for MS) share the same advan-
tages as TAVI with respect to avoiding sternotomy, imple-
menting CPB, and cross-clamping the aorta.289 These 
procedures are similarly performed with the patient 
under general anesthesia, with fluoroscopic and TEE 
guidance.290

Percutaneous closure procedures are used to close 
ASDs and, less commonly, VSDs, as well as PDAs and 
fenestrations.290,379 Echocardiography is used to help 
guide device placement and confirm a successful result. If 
TEE is used, general anesthesia is necessary. If intracardiac 
echocardiography is used, the procedure can potentially 
be performed with sedation only.290 Large-bore periph-
eral or femoral venous access is needed, and a radial arte-
rial line is often placed.

Percutaneous VADs (TandemHeart, Cardiac Assist, 
Inc., Pittsburg, Pa., and Impella Recover LP 2.5 and 5.0, 
Abiomed, Inc., Danvers, Mass.) are placed in patients 
undergoing high-risk coronary interventions or ablation 
procedures or who are in cardiogenic shock.290 These 
devices can produce CO that completely replaces LV func-
tion with nonpulsatile blood flow. Hence, pulse oxim-
etry and noninvasive blood pressure measurement may 
not work properly. Either sedation or general anesthesia 
can be used, depending on the patient’s hemodynamic 
status and ability to cooperate. Invasive monitoring is 
available because arterial cannulation is used during the 
procedure.290 Large-bore intravenous access is desirable 
because a large amount of blood loss is possible. Surgical 
backup is necessary during these procedures.

Endovascular abdominal aortic aneurysm repair is 
a minimally invasive but high-risk procedure. Further 
details of endovascular repair of abdominal aortic aneu-
rysms appear in Chapter 69.

ELECTROPHYSIOLOGIC PROCEDURES

Anesthetic Considerations for 
Supraventricular Arrhythmia Surgery  
and Ablation Procedures
Invasive cardiac electrophysiology studies are now com-
mon procedures in the CCL. RF catheter ablation has, 
in many cases, replaced pharmacologic antiarrhyth-
mic therapy for the treatment of recurrent or persistent 
tachyarrhythmias. Tachyarrhythmias appropriate for this 
treatment include those with a focal origin and, more 
commonly, those with a reentrant circuit. Electrophysi-
ologic studies in the CCL usually involve inducing the 
tachycardia, mapping it, and performing transcatheter RF 
ablation. Three to five electrode catheters are inserted per-
cutaneously by venous access or by retrograde aortic cath-
eter insertion and a transseptal approach. The catheters 
are positioned within the heart to allow induction of the 
arrhythmia and recording at key sites. The arrhythmia 
may be induced with pacing maneuvers that introduce 
critically timed ectopic beats to establish reentrant exci-
tation. Heightened adrenergic tone, usually achieved by 
administering isoproterenol, may be necessary.

Arrhythmia induction is unpleasant and requires some 
sedation. Although many procedures in the CCL and 
electrophysiology laboratory are performed by using mild 
to moderate sedation (with fentanyl and midazolam) 
administered by trained nonanesthesia personnel and 
local anesthetic infiltration at the site of catheter place-
ment by the cardiologist, an anesthesiologist is needed 
for patients and procedures with complications.290 Gen-
eral anesthesia with endotracheal intubation is generally 
chosen for longer procedures and those that absolutely 
require the patient’s immobility during critical lesion 
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placement.380 Usually, a small dose of opioid, an induc-
tion agent, an intermediate-duration muscle relaxant, 
and a volatile agent are used.380 However, many agents 
commonly used as part of the anesthetic technique may 
affect cardiac rhythm (e.g., lidocaine), and the use of such 
agents should be discussed with the electrophysiologist. 
All inhalational agents affect the conduction system of 
the heart, whereas most intravenous induction agents 
have little effect on this system.379 Once the arrhythmia’s 
site of origin has been identified, the electrode catheter is 
positioned in direct contact with this site, and RF energy 
is delivered through the catheter. Any patient movement 
during ablation can result in catheter dislodgment and 
potential damage to normal conduction tissue.

Monitoring of patients undergoing catheter-based 
ablation of atrial fibrillation includes direct arterial pres-
sure monitoring. Furthermore, LAA thrombus must be 
excluded with TEE examination before catheter-based 
ablation and surgical manipulations. Finally, esophageal 
temperature monitoring is critical because even a small 
increase in temperature (0.1° C) is reported to the electro-
physiologist, who immediately terminates RF energy and 
cools the catheter tip with intraprobe saline.380

If catheter RF ablation fails, pulmonary vein foci iso-
lation and catheter ablation or a surgical approach may 
be required. Further details are provided in the section of 
this chapter on surgical ablation of atrial fibrillation.

Pacemaker or Automated Implantable 
Cardioverter-Defibrillator Insertion, 
Generator Change, and Laser Lead Extraction
ICDs are capable of pacing, as well as detecting and cor-
recting, tachyarrhythmias (e.g., with shocks or antitachy-
cardia pacing) (Box 67-18).380 Considerable progress has 
been made with respect to reducing device size, lengthen-
ing battery life, and improving treatment algorithms. Such 
devices are often indicated for patients with advanced HF 
to decrease their risk of sudden death.315 Thus, many of 
these patients have multiple comorbidities, including 

Implantable cardioverter-defibrillators (ICDs) are capable of  
pacing, as well as providing tiered therapy for tachyarrhythmias 
(e.g., shocks, antitachycardia pacing).

Modern devices are inserted almost exclusively with percutaneous 
techniques.

ICDs are indicated for the primary or secondary prevention of 
sudden cardiac death.

ICDs have been shown to reduce the incidence of total mortality 
compared with standard treatment alone.

ICDs are indicated for individuals who survive sudden cardiac 
death without a reversible cause, individuals with ischemic 
cardiomyopathy and an ejection fraction ≤30%, and individuals 
with ischemic or nonischemic cardiomyopathy, an ejection 
fraction ≤35%, and New York Heart Association class II or III 
heart failure symptoms.

BOX 67-18 Implantable 
Cardioverter-Defibrillator

From Kaplan JA, Reich DL, Savino JS, editors: Kaplan’s cardiac anesthesia: 
the echo era, ed 6, St. Louis, 2011, Saunders, p 92.
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a history of ventricular tachycardia (VT) or ventricular 
fibrillation, low EF, and CAD.

The insertion of current devices usually involves per-
cutaneous techniques performed in the CCL.380 The 
procedure includes defibrillation testing. External car-
dioverter-defibrillator pads are placed and connected 
before the procedure begins.290,380 These pads are used to 
induce ventricular fibrillation and to serve as backup if the 
implanted device fails. Monitored anesthesia care is usu-
ally chosen, but brief unconsciousness is needed for defi-
brillation testing. If the patient has severe comorbidities or 
anxiety, general anesthesia may be needed. Such patients 
require close monitoring, often involving an arterial cath-
eter, because of the potential for rapid blood pressure 
changes during the testing process. It may take some time 
for hemodynamic variables to return to baseline after tests 
involving purposeful fibrillation followed by defibrillation.

Laser extraction of an ICD lead that is infected or dam-
aged is another procedure that may be of long duration 
and require general anesthesia. The lead may be firmly 
attached to the endocardium, thus necessitating the use 
of a special coaxial laser device that slides over the lead 
to help burn it free. Myocardial perforation with ensuing 
cardiac tamponade is a rare but potentially lethal compli-
cation of this procedure.375

Biventricular Pacing
In many patients with advanced HF, defects in sinus or 
AV node function, intraventricular conduction defects 
(commonly left bundle branch block), or both delay the 
onset of LV or RV systole.381 This lack of coordination 
between the left and right ventricles further reduces CO 
and may increase mortality risk in these patients.318 Car-
diac resynchronization therapy is a variant of traditional 
AV pacing that involves placing additional pacing leads 
on the lateral wall of the left ventricle in a coronary vein 
(accessed through the coronary sinus). Both ventricles can 
then be paced in a carefully timed manner to resynchro-
nize RV and LV contraction, thus improving mechanical 
efficiency and CO.

Anesthesiologists are sometimes asked to provide seda-
tion during these procedures, which may be somewhat 
lengthy. These patients have extremely low EFs and may 
have associated comorbidities, including valvular heart 
disease, pulmonary hypertension, and RV dysfunction.290 
Patients may not be able to breathe comfortably while 
lying flat, and they may easily become hemodynamically 
unstable because of vasodilation or hypercapnia as seda-
tion is administered. As noted by Shook and Savage,290 
the anesthesiologist must be ready to convert to general 
anesthesia at any time during the case.

PROBLEMS IN THE POSTOPERATIVE 
PERIOD

LOW CARDIAC OUTPUT SYNDROME

Although improvements in myocardial protection have 
occurred during the past decades, it is well documented 
that significant declines in LV function after CABG 
and other cardiac operations occur in the first 8 to 24 
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postoperative hours.382 A combination of ischemia and 
reperfusion injury after cardiac surgery contributes to an 
energy deficit state in the myocardium that limits uptake 
of exogenous energy substrates from blood (Box 67-19). 
Prolonged aortic cross-clamp time, incomplete revascular-
ization, or poor myocardial preservation adds additional 
risk. In particular, patients with preexisting LV dysfunc-
tion experience a delay in myocardial recovery after car-
diac surgery and require measures to relieve the workload 
of the heart. Furthermore, preexisting diastolic dysfunc-
tion is associated with an increased risk of difficulty in 
weaning from CPB and ongoing need for vasoactive sup-
port during the postbypass period and in the ICU.383

Criteria used to define low CO syndrome (LCOS) include 
a cardiac index of less than 2.4 L/minute/m2, elevated lac-
tate levels, and urine output of less than 0.5 mL/hour for 
more than 1 hour.384 In addition, SVO2 is a good indicator 
of LCOS in that it reflects the balance between CO and 
systemic O2 demand.

Postoperative management of patients at high risk for 
LCOS requires a physiologic approach. Optimizing pre-
load and reducing afterload help maximize cardiac func-
tion. Both tachycardia and bradycardia should be avoided, 
and postoperative arrhythmias should be treated. In addi-
tion, shivering should be prevented because it raises the 
heart rate by increasing oxygen demand. Postoperative 
deep sedation and muscle relaxation are often used to 
reduce myocardial workload by reducing the body’s over-
all metabolic demand by 25% to 30%.

Preoperative left ventricular dysfunction
Valvular heart disease requiring repair or replacement
Long aortic cross-clamp time and total cardiopulmonary  

bypass time
Inadequate cardiac surgical repair
Myocardial ischemia and reperfusion
Residual effects of cardioplegia solution
Poor myocardial preservation
Reperfusion injury and inflammatory changes

BOX 67-19 Risk Factors for Low Cardiac 
Output Syndrome After Cardiopulmonary 
Bypass

From Kaplan JA, Reich DL, Savino JS, editors: Kaplan’s cardiac anesthesia: 
the echo era, ed 6, St. Louis, 2011, Saunders, p 1028.
Pharmacologic support is often needed to improve 
contractility as the patient is weaned from CPB and, 
eventually, recovering in the ICU (Table 67-18).384,385 
Catecholamines (β-adrenergic agonists) and phospho-
diesterase inhibitors are the main classes of pharmaco-
logic agents used for this purpose. Catecholamines (e.g., 
epinephrine, norepinephrine, dopamine, dobutamine, 
dopexamine, isoproterenol) are often the first line of 
therapy. They exert positive inotropic action by stimulat-
ing the β1 receptor, which leads to increased intracellular 
cyclic adenosine monophosphate (cAMP). The predomi-
nant hemodynamic effect of a specific catecholamine 
depends upon the degree to which the α, β1, β2, and dopa-
minergic receptors are stimulated (see Chapters 16 and 20 
for specific drug pharmacology and doses.) Phosphodies-
terase inhibitors (e.g., milrinone, amrinone), sometimes 
termed inodilators, may be used either as first-line ther-
apy or added to β-adrenergic therapy. Phosphodiesterase 
inhibitors augment β-adrenergic stimulation by inhibit-
ing the breakdown of cyclic adenosine monophosphate. 
When these drugs are added to catecholamine infusions, 
the result is an additive or possibly synergistic increase 
in inotropy. Phosphodiesterase inhibitors also induce sys-
temic and pulmonary vasodilation. Hence, they are par-
ticularly useful in patients with pulmonary hypertension, 
RV failure, or aortic or mitral valve regurgitation.

Although not yet available in the United States, a 
newer class of drugs—calcium sensitizers, such as levo-
simendan—exhibits potent inodilatory properties.386,387 
Levosimendan works by increasing myocyte sensitivity 
to calcium by stabilization of the calcium binding to tro-
ponin C. This increases calcium sensitivity during systole 
and enhances myocardial contractility without causing 
calcium overload during diastole. Therefore, inotropic 
performance is enhanced, whereas diastolic performance 
is preserved. Like phosphodiesterase inhibitors, levosi-
mendan may augment inotropy without significantly 
increasing myocardial oxygen consumption.

RV failure may also be present in patients with LCOS, 
and it manifests as elevated PA and CVP pressures. Echo-
cardiography can be diagnostic—findings include an 
enlarged and poorly contracting right ventricle, often 
with significant TR. The management of RV failure con-
sists of ensuring adequate RV filling and maintaining 
adequate systemic pressures to prevent RV ischemia. After-
load reduction with agents effective in the pulmonary 
TABLE 67-18 RELATIVE POTENCY OF COMMONLY USED VASOACTIVE DRUGS 

Cardiac Peripheral Vasculature

Dose Heart Rate Contractility Vasoconstriction Vasodilation Dopaminergic

Norepinephrine 2–40 μg/min + ++ ++++ 0 0
Dopamine 1–4 μg/kg/min + + 0 + ++++

4–20 μg/kg/min ++ ++–+++ ++–+++ 0 ++
Epinephrine 1–20 μg/min ++++ ++++ ++++ +++ 0
Phenylephrine 20–200 μg/min 0 0 +++ 0 0
Vasopressin 0.01–0.03 units/min 0 0 ++++ 0 0
Dobutamine 2–20 μg/kg/min ++ +++–++++ 0 ++ 0
Milrinone 0.375–0.75 μg/kg/min + +++ 0 ++ 0
Levosimendan 0.05–0.2 μg/kg/min + +++ 0 ++ 0

From Hollenberg SM, Parrillo JE: Acute heart failure and shock. In Crawford MH, DeMarco J, Paulus WJ, editors: Cardiology, ed 3, Philadelphia, 2010, Saunders, p 964.



circulation is helpful. Milrinone may reduce PVR and 
improve CO. Nitric oxide and inhaled prostaglandins are 
selective for pulmonary vasodilation. Other measures to 
decrease PVR include hyperventilation (higher respira-
tory rate) to induce mild hypocapnia and aggressive treat-
ment of hypoxemia and acidosis.

ARRHYTHMIAS

Atrial Arrhythmias
Postoperative arrhythmias (Table 67-19) are seen in a sig-
nificant number of patients who undergo cardiac surgery; 
atrial fibrillation is the most common (27% to 40%).388,389 
Patients are at highest risk for new-onset atrial fibrilla-
tion 2 to 3 days after cardiac surgery.389 This arrhythmia 
can potentially prolong the patient’s hospital stay and 
increase management costs by causing hemodynamic 
compromise or thromboembolic complications in the 
postoperative period.390

Many potential risk factors have been studied in efforts 
to predict the occurrence of postoperative atrial fibrilla-
tion. With advancing age, dilatation of the atrium inter-
rupts cell-to-cell electrical coupling between atrial muscle 
fibers. Other preoperative risk factors for postoperative 
atrial fibrillation include a history of atrial fibrillation, 
chronic obstructive pulmonary disease, valve surgery, 
and postoperative withdrawal of a β-blocker or ACEI.389 
Perioperative factors include inadequate atrial protection 
during surgery, pericardial inflammation, autonomic 
imbalance during the postoperative period, change in 
atrial size with fluid shifts, electrolyte (potassium and 
magnesium) abnormalities, and excessive production of 
catecholamines.391 Reduced risk has been associated with 
the postoperative administration of β-blockers, ACEIs, 
potassium supplementation, and nonsteroidal antiin-
flammatory drugs (NSAIDs).389

Treatments for atrial fibrillation include both phar-
macologic agents and electrical stimulation. Many stud-
ies have shown that β blockade significantly reduces the 
incidence of postoperative atrial fibrillation and that 
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withdrawal of β-blockers increases risk.392,393 The use of 
amiodarone for prophylaxis or treatment has also been 
studied.394 Most recently, an inexpensive antiinflamma-
tory drug, colchicine, has been studied as a means to 
prevent postoperative atrial fibrillation.170 Synchronized 
cardioversion is reserved for patients who show signs 
of hemodynamic instability during atrial fibrillation.395 
In the absence of hemodynamic instability, pharmaco-
logic agents are used with the goal of preventing a rapid 
ventricular response. Drugs usually employed for this 
purpose include calcium channel blockers, β-blockers, 
magnesium, and amiodarone. Expert consultation should 
be obtained before treatment is initiated, especially in a 
stable patient.393,395

Ventricular Arrhythmias
Although ventricular arrhythmias occur after cardiac sur-
gical procedures, sustained ventricular arrhythmias are 
relatively uncommon. Associated factors may include 
hemodynamic instability, electrolyte abnormalities, 
hypoxia, hypovolemia, ischemia or infarction, acute graft 
closure reperfusion, and the use of inotropic agents.395

Ventricular arrhythmias can range from simple prema-
ture ventricular complexes (PVCs) to VT. Simple PVCs do 
not pose a significant risk of life-threatening ventricular 
arrhythmia. Conversely, complex ventricular arrhyth-
mias, including both frequent PVCs (>30/hour) and non-
sustained VT, may make patients prone to sudden death, 
especially in the long term. Sudden death is even more 
likely if ventricular function is also compromised. A study 
of 126 patients with postoperative complex ventricular 
ectopy found a mortality rate of 75%.395 Patients with 
sustained ventricular arrhythmias have a poor prognosis 
in both the short and the long term.

Patients who are asymptomatic and hemodynamically 
stable do not usually require immediate treatment for 
PVCs or even short runs of nonsustained VT, although 
any reversible causes should be corrected. Conversely, 
patients with VT accompanied by hemodynamic insta-
bility need immediate synchronized cardioversion.396 
Amiodarone is reserved for hemodynamically stable 
TABLE 67-19 POSTOPERATIVE RATE AND RHYTHM DISTURBANCES 

Disturbance Usual Causes Treatments

Sinus bradycardia Preoperative or intraoperative β 
blockade

Atrial pacing
β-Agonist
Anticholinergic

Heart block (first, second, and  
third degree)

Ischemia
Surgical trauma

Atrioventricular sequential pacing
Catecholamines

Sinus tachycardia Agitation or pain Sedation or analgesia
Hypovolemia Volume administration
Catecholamines Change or stopping of drug

Atrial tachyarrhythmias Catecholamines Change or stopping of drug
Chamber distention
Electrolyte disorder (hypokalemia, 

hypomagnesemia)

Treatment of underlying cause (e.g., vasodilator,  
give K+/Mg2+)

Possible need for synchronized cardioversion or 
pharmacotherapy

Ventricular tachycardia or fibrillation Ischemia
Catecholamines

Cardioversion
Treatment of ischemia; possible need for pharmacotherapy
Change or stopping of drug

Modified from Kaplan JA, Reich DL, Savino JS, editors: Kaplan’s cardiac anesthesia: the echo era, ed 6, St. Louis, 2011, Saunders, p 1030.
K+, Potassium; Mg2+, magnesium.
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patients with VT or an uncertain rhythm. Ventricular 
fibrillation should be treated promptly with electrical 
defibrillation.395 For long-term management of ventric-
ular arrhythmias, in addition to antiarrhythmic agents, 
electrophysiologic studies or placement of an ICD should 
be considered.

Bradyarrhythmias
Bradyarrhythmias are not uncommon in the immedi-
ate postoperative period. In most cases, a temporary epi-
cardial pacemaker is sufficient. In a small percentage of 
patients, a permanent pacemaker may be necessary, espe-
cially in patients with sinus node dysfunction or AV con-
duction disturbances after either CABG or valve repair.395 
Patients who need a permanent pacemaker may receive 
either a single-chamber or a dual-chamber pacemaker. 
Multiple factors dictate which particular device would 
most benefit an individual patient.397

HYPERTENSION

Immediately after cardiac surgery, the patient remains 
prone to hemodynamic instability, including hyperten-
sion.398 Causes of postoperative hypertension are often 
multifactorial and may include withdrawal from preop-
erative antihypertensive medications (e.g., β-blockers and 
centrally acting α2-agonists), pain, hypoxemia, hypercar-
bia, and hypothermia. However, arterial vasoconstriction 
usually plays a central role in acute postoperative hyper-
tension.399 The hazards of untreated postoperative hyper-
tension include increased myocardial work and oxygen 
consumption, MI, rhythm disturbances, cerebrovascular 
accidents, increased bleeding, and even suture line dis-
ruption. In the postoperative period, deepening sedation 
to control a hypertensive episode may not be the best or 
the only possible approach, particularly if early extuba-
tion (fast tracking) is desirable.398,399

Several pharmacologic agents are available for use as 
antihypertensive agents (Box 67-20). The drugs most com-
monly used in clinical practice are the nitrovasodilators 
and the dihydropyridine-type calcium channel blockers. 
Because of its antiischemic effects and familiarity, nitro-
glycerin is often the first agent used to treat hypertension 
in patients who have undergone coronary revasculariza-
tion. However, nitroglycerin is not always effective in 
such patients because it primarily causes venodilation 
rather than arterial dilation. In addition, patients tend to 
develop tolerance to nitroglycerin.399

Because arterial vasoconstriction plays an important 
role in the development of hypertension after cardiac 
surgery, the therapeutic agent chosen should usually 
be one that effectively reduces this vasoconstriction. 
Sodium nitroprusside, a nonspecific venous and arterial 
vasodilator, is a common choice. However, theoretically, 
nitroprusside can cause coronary steal.399 Furthermore, 
patients with renal failure eliminate sodium nitroprusside 
more slowly than normal, which makes them vulnerable 
to the toxic effects of this drug’s metabolites (cyanide and 
thiocyanate).

Fenoldopam is a short-acting dopamine agonist 
that causes arterial-specific vasodilation by stimulating 
D1-receptors. Unlike sodium nitroprusside, fenoldopam 
increases renal blood flow to produce diuresis and natri-
uresis.400 Nevertheless, the results of most clinical trials 
regarding the renal protective effects of fenoldopam are 
equivocal. In addition, severe hypertension may require 
higher doses of fenoldopam, which may be associated 
with undesirable increases in heart rate.

Dihydropyridine-type calcium channel blockers, such 
as nicardipine and clevidipine, selectively relax arterial 
resistance vessels without negative inotropic or dromo-
tropic (conduction) effects and cause generalized vaso-
dilation of the renal, cerebral, intestinal, and coronary 
vascular beds. Although these drugs cost more than the 
older agents (nitroglycerin and nitroprusside), nicardip-
ine and clevidipine are recommended by some experts as 
first-line treatment for cardiac surgical patients with acute 
hypertension that requires immediate control.399

It is important to ensure that the patient’s intraarterial 
pressure is monitored adequately when any vasoactive 
agent is administered. Vasoconstriction or poor perfusion 
of the extremities may create a discrepancy between central 
aortic and peripheral arterial pressures. In addition, a radial 
arterial catheter may be “positional” if hand positioning 
is suboptimal, or “dampening” of the tracing may result 
from poor perfusion of the distal extremities. Occasionally, 
during the perioperative period, the cardiac anesthesiolo-
gist or surgeon must replace a distal peripheral arterial cath-
eter (e.g., with a femoral arterial catheter) to ensure that the 
effects of vasoactive therapy are monitored accurately.

RENAL INSUFFICIENCY

Perioperative renal failure that necessitates dialysis occurs 
in approximately 2% of patients.193 Although the defini-
tion of renal insufficiency or failure varies among studies, 
three useful criteria are (1) a serum creatinine level more 
than 44 mmol/L (>0.5 mg/dL) higher than its preoperative 
value, (2) a serum creatinine level more than 50% greater 
than its preoperative value, and (3) a serum creatinine 
level more than 177 mmol/L (>2.0 mg/dL).401 Another 
definition of acute renal insufficiency involves a classifica-
tion scheme that uses the acronym RIFLE (Table 67-20).402

Adenosine
α1-Adrenergic antagonists
α2-Adrenergic agonists
Angiotensin-converting enzyme inhibitors (enalaprilat)
Angiotensin II antagonists
Atrial natriuretic peptide (nesiritide)
β2-Adrenergic agonists
Dihydropyridine-type calcium channel blockers*
Dopamine agonists
Hydralazine
Nitrovasodilators*
Phosphodiesterase enzyme inhibitors
Prostaglandins

BOX 67-20 Vasodilators Available for the 
Treatment of Perioperative Hypertension

From Levy JH: Management of systemic and pulmonary hypertension, Tex Heart 
Inst J 32:467-471, 2005.

*Intravenous vasoactive therapies in widespread use to treat perioperative 
hypertension.
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Preoperative risk factors that are commonly associ-
ated with postoperative renal dysfunction after cardiac 
operations include preexisting renal insufficiency, type 
1 diabetes mellitus, age older than 65 years, major vas-
cular surgery, arteriopathy, genetic predisposition, and 
recent exposure to nephrotoxic agents (e.g., radiocon-
trast dyes, bile pigments, aminoglycoside antibiotics, and 
NSAIDs).193,401 Ejaz and colleagues showed that in addi-
tion to serum creatinine, serum uric acid is a significant 
predictor of AKI.403 In addition, several intraoperative 
factors may predispose a patient to renal dysfunction, 
including the need for emergency surgery, repeat car-
diac surgery, valve surgery, and a CPB time exceeding 
3 hours.193,401 Other perioperative risk factors for renal 
dysfunction after cardiac surgery are hypovolemia, hypo-
tension resulting from either hypovolemia or LCOS, and 
embolic phenomena. Furthermore, damage to nephrons 
in the medullary region of the kidney results in acute 
tubular necrosis; hypoxia is a common cause of damage 
to the nephrons in this region.401

Postoperative renal insufficiency in cardiac surgical 
patients is associated with longer ICU stay, longer over-
all hospital stay, and increased mortality.193,401 Thus, this 
disorder should be prevented whenever possible. On the 
basis of studies conducted in patients with radiocontrast 
nephropathies, investigators theorized that hydration 
before radiocontrast media are administered may protect 
the kidneys.401 Because the mechanism of renal injury 
after CPB appears similar to that triggered by the admin-
istration of radiocontrast dyes, it is thought that adequate 
hydration and maintaining normovolemia can help to 
prevent postoperative renal dysfunction in cardiac surgi-
cal patients.401

Several treatment modalities have been suggested to 
prevent or ameliorate postoperative renal dysfunction 
(Box 67-21).401 Basic supportive therapy involves ensur-
ing adequate CO, perfusion pressure, and intravascular 
volume. Discontinuing any nephrotoxic drug (NSAIDS, 
certain antibiotics) is usual. Diuretics are not helpful and 

TABLE 67-20 RIFLE* CLASSIFICATION SCHEME 
FOR ACUTE RENAL FAILURE 

GFR Criteria Urine Output Criteria

Risk Plasma creatinine increased 
1.5× or GFR decrease 
>25%

<0.5 mL/ kg/hr × 6 hr

Injury Plasma creatinine increased  
2× or GFR decrease >50%

<0.5 mL/kg/hr × 12 hr

Failure Plasma creatinine increased 
3×, acute plasma creatinine 
≥350 μmol/L, or acute rise 
≥44 μmol/L

<0.3 mL/kg/hr × 24 hr 
or anuria × 12 hr

Loss Persistent acute renal failure =  
complete loss of kidney 
function >4 wk

ESKD End-stage kidney disease  
(>3 mo)

From Kuitunen A, Vento A, Suojaranta-Ylinen R, Pettilä V: Acute renal failure 
after cardiac surgery: evaluation of the RIFLE classification, Ann Thorac 
Surg 81:542-546, 2006.

ESKD, End-stage kidney disease; GFR, glomerular filtration rate.
*Acronym for risk, injury, failure, loss, and end-stage kidney disease.
may be harmful.404 Although dopamine has no demon-
strated efficacy, some studies suggest that fenoldopam, a 
D1-receptor agonist, may improve renal function in car-
diac surgical patients.405 Unproven pharmacologic thera-
pies include mannitol, calcium channel blockers, ACEIs, 
atrial natriuretic peptide, and N-acetylcysteine. Finally, if 
dialysis is needed, continuous dialysis may be better than 
intermittent dialysis.406

CENTRAL NERVOUS SYSTEM 
DYSFUNCTION

The risk of overt postoperative stroke has decreased to 1% 
to 2% since the 1980s.32,407 However, an increased risk 
of neurologic complications remains in older patients,408 
as well as in patients undergoing combined CABG and 
valvular heart surgery or other complex cardiac surgi-
cal procedures.409 Risk factors for overt neurologic com-
plications are listed in Box 67-4. Importantly, 40% of 
strokes do not occur intraoperatively but manifest in the 
postoperative period.200,407 The impact of overt stroke is 
profound in terms of worse adjusted hospital outcomes, 
longer ICU and postoperative stays, and poorer down-
stream survival.407

A less well-defined entity, POCD, is far more common. 
Delirium is included in the definition of POCD, as are 
deficits of memory, concentration, and psychomotor 
speed. Early cognitive loss, once thought to be transient, 
may persist for 5 years after cardiac surgery in as many as 
40% of patients.410 Formerly, POCD was assumed to be 
caused by physiologic disturbances resulting from CPB. 
However, more recent studies have confirmed that POCD 
occurs with similar frequencies after on-pump cardiac 
surgery, off-pump cardiac surgery, coronary stenting, and 
noncardiac surgery.33 Hence, current attention focuses 
on factors related to surgical stress, anesthetic agents, 
and patient-related predisposing factors, particularly the 
degree of preoperative cerebrovascular disease.33,411 In 
fact, surgical procedures are likely to uncover a patient’s 

 1.  Maintain adequate oxygen delivery—by ensuring adequate 
cardiac output, adequate oxygen-carrying capacity, and 
proper hemoglobin saturation.

 2.  Suppress renovascular constriction—by ensuring adequate 
volume preload and use of infusions of mannitol, calcium 
entry blockers, and angiotensin-converting enzyme inhibitors.

 3.  Promote renal vasodilation—by dopaminergic agents, prosta-
glandins, and atrial natriuretic peptide.

 4.  Maintain renal tubular flow—by loop diuretics and mannitol 
(which may act to prevent tubular obstruction, which can 
cause cellular swelling, ischemia, and death).

 5.  Decrease oxygen demand—by the use of loop diuretics and 
mild cooling.

 6.  Attenuate ischemic reperfusion injury—as a result of the 
release of oxygen free radicals and calcium ions.

BOX 67-21 Aims of and Treatment 
Modalities to Reduce or Prevent the 
Development of Postoperative Renal 
Dysfunction

Modified from Sear JW: Kidney dysfunction in the postoperative period, Br J 
Anaesth 95:20-32, 2005.
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susceptibility to cognitive loss that was already present 
and would eventually manifest even without surgery, 
usually as a result of the progression of cerebrovascular 
disease.411 Although POCD is less devastating than stroke, 
its potential impact on quality of life and overall health 
care resource use is still profound.47

Neuroprotection Strategies
Numerous strategies have been tried to decrease the inci-
dence and severity of neurologic injury in cardiac sur-
gical patients. The most common nonpharmacologic 
approaches emphasize the reduction of macroemboli 
and microemboli. As described in earlier sections of this 
chapter, these strategies include avoiding aortic atheroma 
by using transesophageal or epiaortic echocardiography, 
optimizing the placement of the aortic cannula in the 
aorta, avoiding partial occlusion clamping of the aorta 
for proximal anastomoses by using a single cross-clamp, 
and, in selected patients, avoiding all cross-clamping of 
the aorta (the “no touch” technique).44-46 Other strate-
gies to minimize particulate microemboli include the 
routine use of arterial filtration in the cardiopulmonary 
circuit and use of the cell saver before reinfusing blood 
suctioned into the cardiotomy, to remove particulate 
and lipid material.412 Strategies to minimize air microem-
boli include carefully removing air after any procedure 
involving opening a cardiac chamber, and flooding the 
field with carbon dioxide to minimize embolism of air 
entrained into the heart from the surgical field.413 Elimi-
nating CPB by performing off-pump CABG surgery has 
been touted as a means to reduce emboli in selected 
patients, but this approach has not decreased POCD rates 
at 1 or 5 postoperative years.414 Because approximately 
40% of strokes occur in the postoperative period,200,407 
embolism prevention remains important after surgical 
procedures. Many of these late-occurring strokes are prob-
ably caused by atrial fibrillation. Early pharmacologic or 
electrical correction and adequate anticoagulation are 
mandatory (see the section on arrhythmias in the post-
operative period).

Other nonpharmacologic approaches include periop-
erative temperature control, as well as blood gas manage-
ment (alpha-stat or pH-stat) during hypothermic CPB. 
These considerations are discussed in the section on CPB.

Diabetes is recognized as a risk factor for stroke and 
delirium after cardiac operations.415 Even in nondiabetic 
patients, hyperglycemia is extremely common during 
cardiac surgical procedures because of the stress response 
to surgery (as well as CPB), the resultant increases in 
circulating catecholamines and cortisol, and hypother-
mia-induced reductions in insulin effectiveness.200 Exper-
imental evidence has revealed a relationship between 
hyperglycemia and worse outcome after different types 
of neurologic injury. However, attenuating the hyper-
glycemic response to cardiac surgery or CPB has proved 
difficult. Furthermore, concerns exist regarding inducing 
even a single episode of severe hypoglycemia with aggres-
sive attempts to control glucose levels.416 Furthermore, 
in a randomized, prospective study of 400 cardiac surgi-
cal patients managed with either tight glucose control 
(the use of intravenous insulin to maintain intraopera-
tive glucose levels at 80 to 100 mg/dL) or conventional 
management (glucose level <200 mg/dL), the investiga-
tors found a significantly higher incidence of stroke in 
the tight-control group.74 More recent STS guidelines rec-
ommend that in both diabetic and nondiabetic patients, 
blood glucose levels should be maintained at 180 mg/dL 
or lower.76 Hyperglycemia is usually controlled more eas-
ily during the postoperative period than in the intraop-
erative period during and immediately after CPB.

The influence of intraoperative hemodynamics may 
influence neurologic and other outcomes. The prospec-
tive, randomized trial conducted by Gold and colleagues 
compared maintaining “normal” MAP (minimum of 50 
mm Hg) with keeping the MAP elevated (target of 80 to 
100 mm Hg).417 These investigators found that the over-
all incidence of combined cardiac and neurologic compli-
cations was significantly lower in the high-MAP group. In 
another study,418 investigators noted a higher frequency 
of hypoperfusion-type “watershed” strokes in patients 
who underwent cardiac surgical procedures with a MAP 
that was at least 10 mm Hg lower during CPB than before 
CPB. The current recommendation is to maintain higher 
targets for MAP (i.e., >50 mm Hg) in patients at high risk 
for neurologic injury.200 More recent evidence suggests a 
wide range of MAP at the lower limit of autoregulation in 
individual patients, thus making estimation of this tar-
get difficult. Real-time monitoring of autoregulation with 
the cerebral oximetry index may provide a more rational 
means for individualizing MAP during CPB.57

Numerous studies of cardiac surgical patients have 
tested drugs aimed at ameliorating neurologic injury.419 
Because high-risk patients can be identified and a defined 
therapeutic window exists, pharmacologic protection 
would be very desirable. However, no definitively proven 
drug therapy currently exists for the prevention or treat-
ment of neurologic injury after cardiac surgery.

Postoperative Management of Central 
Nervous System Injury or Dysfunction
Postoperative stroke may be suggested by the patient’s 
inability to follow commands or move all extremities 
shortly after the surgical procedure. Neurologic consul-
tation should be obtained, including diagnostic imag-
ing. Diffusion-weighted magnetic resonance imaging is 
the most sensitive and accurate imaging technique for 
postoperative cardiac surgical patients.420 It detects more 
microembolic lesions than does conventional magnetic 
resonance imaging and is better able to find multiple 
watershed lesions.

Management of CNS injury or dysfunction after car-
diac operations consists of general supportive measures. 
Hypotension should be avoided, and consideration 
should be given to using volume expansion, inotropic 
augmentation (pharmacologic or mechanical), or vaso-
active medications (vasopressin or phenylephrine) to 
support blood pressure and brain perfusion. The brain 
oxygen supply-demand balance should be optimized 
through adequate oxygenation, sedation, and strict tem-
perature control. Hyperthermia (fever) should be aggres-
sively controlled. Both hyperglycemia and hypoglycemia 
should be avoided. Lytic therapy is of little use in cardiac 
surgery because it poses a risk of postoperative surgical 
bleeding.
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POCD can manifest subtly, being evident only with 
psychometric testing, or, at the other extreme, it can 
manifest as postoperative delirium. Delirium is defined as 
an acute and overt change in cognition and attention, 
which may include alterations in consciousness and dis-
organized thinking.421 In the cardiac surgical literature, 
the reported incidence of delirium depends greatly on 
the methods used for delirium assessment, varying from 
3% (chart review only) to 8% (interviews with nurses); 
however, with rigorous daily mental status testing and 
the application of a validated diagnostic algorithm, the 
incidence may be as high as 53%.422

Risk factors include preexisting cognitive impair-
ment, poor preoperative functional status, prior stroke 
or transient ischemic attack, depression, alcohol abuse, 
and abnormal preoperative laboratory values (glucose, 
sodium, potassium, and albumin).421 Precipitating fac-
tors for delirium in the postoperative period include 
intraoperative and postoperative medications, particu-
larly sedatives and analgesics. The postoperative environ-
ment in the ICU often results in sleep deprivation and 
overstimulation, contributing to the onset of delirium.421 
Complications of hospitalization and surgical procedures, 
including those that result in prolonged controlled venti-
lation and reduced mobility, also contribute to the devel-
opment and severity of delirium.

Nonpharmacologic postoperative strategies to prevent 
delirium are listed in Table 67-21. Medications, including 
those used to control pain and anxiety, are a common 
cause. Some studies have found that using dexmedeto-
midine for sedation in the ICU reduces the incidence of 
delirium compared with using benzodiazepines (mid-
azolam and lorazepam).423,424 For patients who develop 
agitation, the mainstay of treatment is a thorough review 
of medications, as well as removing other precipitating 
factors, such as low CO or perfusion state, metabolic 

TABLE 67-21 PREVENTION OF DELIRIUM AFTER 
SURGICAL PROCEDURES 

Module Postoperative Interventions

Cognitive 
stimulation

Orientation (clock, calendar, orientation 
board)

Avoidance of cognitively active 
medications

Improvement in 
sensory input

Glasses
Hearing aids and amplifiers

Mobilization Early mobilization and rehabilitation
Avoidance of 

psychoactive 
medication

Elimination of unnecessary medications
Pain management protocol

Fluid and nutrition Fluid management
Electrolyte monitoring and repletion
Adequate nutrition protocol

Avoidance 
of hospital 
complications

Bowel protocol
Early removal of urinary catheters
Adequate central nervous system oxygen 

delivery, including supplemental oxygen 
and transfusion for very low hematocrit

Postoperative complication monitoring 
protocol

Modified from Rudolph JL, Marcantonio ER: Postoperative delirium: acute change 
with long-term implications, Anesth Analg 112:1202-1211, 2011.
disorders (e.g., hyperglycemia), fluid and electrolyte 
disturbances (hypoglycemia or hyperglycemia and ure-
mia), constipation, urinary retention, and environmen-
tal noise. For patients in whom these nonpharmacologic 
interventions are not sufficient, an antipsychotic, usually 
haloperidol, is considered first-line therapy for agitation 
associated with delirium.425

Delirium may accelerate cognitive decline in patients 
with Alzheimer disease or cause a type of posttraumatic 
stress disorder in younger patients.421 The long-term mental 
health implications of delirium have not been fully studied 
but may include impairment of functional recovery.

Other Nerve Injuries
Peripheral nerve injury frequently follows cardiac surgi-
cal procedures.426 In a review article, Sharma and coau-
thors reported injury rates of 1.5% to 24% for the brachial 
plexus.427 Numbness, weakness, pain, decreased reflexes, 
and diminished coordination in an extremity are sug-
gestive of peripheral nerve injury. Sensory findings in 
the fourth and fifth fingers, consistent with ulnar neu-
ropathy, are most common. The mechanisms of injury 
are most often related to the use of a sternal retractor 
and compression of the brachial plexus, although upper 
extremity neuropathy can occur as a consequence of arm 
positioning as well.

Other neurologic complications include injury to the 
phrenic nerve, which can result from use of slushed ice 
in the pericardial well to provide surface cooling for the 
heart.426,427 Furthermore, injuries to the recurrent laryn-
geal nerve, sympathetic chain neuropathy (Horner syn-
drome), and saphenous nerve injury after harvesting of 
the long saphenous vein have been reported.426 Symptoms 
of peripheral nerve injuries are usually self-limited and 
improve with time and, if needed, with physical therapy.

RESPIRATORY INSUFFICIENCY

Even after uncomplicated cardiac surgery, a midline 
sternotomy (or thoracotomy) and lung manipulation 
cause significant reductions in total lung capacity, vital 
capacity, forced expiratory volume in 1 second (FEV1), 
and functional residual capacity, as well as atelectasis 
and increased intravascular lung water.428 These changes 
may result in arterial hypoxemia because of a mismatch 
between ventilation and perfusion, which diminishes 
lung compliance and increases the work of breathing.429 
More severe postoperative respiratory insufficiency that 
causes difficulty in weaning may reflect intrinsic pul-
monary problems (e.g., COPD, atelectasis, pneumonia, 
surgical trauma to the lungs), ARDS related to CPB or 
transfusion (transfusion-related acute lung injury), pul-
monary embolism, or cardiogenic pulmonary edema sec-
ondary to low CO.

Preoperative efforts to minimize pulmonary complica-
tions after cardiac surgery include optimizing pulmonary 
function for patients undergoing elective surgical proce-
dures. With regard to the surgical approach, investigators 
have theorized that off-pump surgery causes fewer changes 
in pulmonary mechanics than on-pump surgery. In fact, the 
use of CPB430,431 and the duration of CPB432 have been iden-
tified as risk factors for prolonged ventilation (>48 hours).
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In previous decades, management after cardiac surgery 
included overnight mechanical ventilation. Certainly, it 
is clinically important to have a period of controlled ven-
tilation to allow rewarming and emergence from anesthe-
sia, optimize cardiac function, and ensure hemodynamic 
stability and the absence of unacceptable bleeding. How-
ever, many patients are currently extubated within 3 to 6 
hours of arriving in the postoperative care unit (fast track-
ing), if appropriate criteria have been met (Box 67-22). In 
planning for fast tracking, one should avoid using high-
dose narcotic anesthetic techniques; in addition, the post-
operative administration of analgesics and sedatives, as 
well as any muscle relaxants, must be done at appropriate 
doses and with appropriate timing.433 Furthermore, strat-
egies to avoid ventilator-associated pneumonia should be 
employed. These include formal infection control pro-
grams, handwashing, maintaining adequate endotracheal 
tube cuff pressure, avoiding gastric overdistention, semi-
recumbent positioning of the patient, scheduled drain-
age of condensate from ventilator circuits, daily sedation 
“vacation,” adequate nutritional support, early removal 
of endotracheal and nasogastric tubes, and avoiding 
unnecessary reintubation.429,430

Pain management should be included in postopera-
tive efforts to minimize pulmonary complications. Ster-
notomy pain may limit the patient’s ability to cough and 
perform deep breathing exercises, and incisional leg pain 
resulting from saphenous vein harvesting may prevent 
early ambulation, thus increasing the risk of pulmonary 
complications. The reader is referred to the later section 
on pain after cardiac surgery for other options for improv-
ing postoperative pain control and thereby minimizing 
splinting and complications such as lobar collapse, pneu-
monia, and increased duration of hospitalization.

Fortunately, only a few patients require prolonged 
mechanical ventilation after cardiac surgical procedures. 
Data from the STS National Adult Cardiac Surgery Data-
base,434 the Cardiac Surgery Registry of the New York 
State Department of Health,432 and the Cardiothoracic 
Centre-Liverpool430 show that approximately 5.5% of 
patients who undergo CABG require mechanical ventila-
tion for more than 48 postoperative hours. Independent 
preoperative risk factors for prolonged ventilation include 
advanced age, preoperative ventilation, elevated serum 
creatinine levels, EF less than 30%, valve surgery, previ-
ous cardiac surgery, urgent or emergency surgery, recent 
MI, peripheral vascular disease, current smoking, FEV1 less 
than 70% of the predicted value, and the use of CPB.430

Prolonged postoperative ventilation is most commonly 
caused by cardiac dysfunction.435 Patients with marginal 
cardiac function may require diuresis, afterload reduction, 
or inotropy. Pulmonary-related reasons for the inability 
to wean from mechanical ventilation include noncardio-
genic pulmonary edema, pneumonia, severe COPD, ARDS, 
and pulmonary embolism. Nonpulmonary complications 
such as persistent postoperative bleeding, neurologic com-
plications (including stroke and delirium), renal insuf-
ficiency or failure, gastrointestinal complications, and 
sepsis also may result in a need for prolonged mechanical 
ventilation. In a large study of ventilator dependency (i.e., 
ventilation for >72 hours) after cardiac surgery, survival 
was 76% at 30 days, 49% at 1 year, and 33% at 5 years.435
BLEEDING AND COAGULOPATHY

Bleeding is common after cardiac surgery and CPB. Of 
the blood product usage in the United States, 15% to 
20% occurs in association with cardiac surgery.436-438 Yet 
despite ongoing clinical research and economic concerns, 
the management of coagulopathy and bleeding continues 
to vary substantially among institutions and across the 
globe. Spiess and associates found that the frequency of 
transfusion varies from 3% to 92% among institutions,439 
a similar variation to that shown in an international car-
diac surgery database.440

Transfusion to treat coagulopathy or anemia is some-
times indicated, but it carries a cost in terms of health 
care resources and patients’ outcomes. A study of more 
than 1900 cardiac surgical patients found that patients 
who received transfusions had a 70% increased risk of 
death and a doubling of their 5-year mortality rate, after 
adjustment for comorbidities, compared with patients 
who received no transfusions.85 A multinational study 
showed that differences in transfusion practices among 
countries may account for differences in outcomes.441 
A study of 10,000 patients who underwent CABG from 
the Cleveland Clinic database confirmed the association 
of transfusion with early and late (i.e., 10-year) mortal-
ity; this study used a balancing score to account for con-
founding.442 In addition, Marik and Corwin performed 
a meta-analysis of 45 trials that examined complications 
of transfusion therapy and found that mortality was 
increased in transfused patients (odds ratio, 1.7, 95% con-
fidence interval, 1.4 to 1.9).443

Guidelines and Recommendations
The STS and the Society of Cardiovascular Anesthesiolo-
gists (SCA) published a joint statement in 2007 and an 
update in 2011 regarding practice guidelines for transfu-
sion and blood conservation in cardiac surgery.82,444 They 

Neurologic: Awake, neuromuscular blockade fully dissipated 
(head lift ≥5 sec), can follow instructions, able to cough and 
protect airway

Cardiac: Stable without mechanical support, cardiac index  
≥2.2 L/min/m2, MAP ≥70 mm Hg, no serious arrhythmias

Respiratory: Acceptable chest radiograph and ABGs (pH ≥7.35), 
minimal secretions, comfortable on CPAP or T-piece with 
spontaneous respiratory rate ≤20 breaths/min, MIP ≥25 cm 
H2O; alternatively, a successful SBT defined as RSBI <100 and a 
Pao2/Fio2 ≥200

Renal: Diuresing well, urine output >0.8 mL/kg/hr, not markedly 
fluid-overloaded from operative or CPB fluid administration  
or SIRS

Hematologic: Chest tube drainage minimal
Temperature: Fully rewarmed, not actively shivering

BOX 67-22 Criteria to Be Met Before Early 
Postoperative Extubation

From Kaplan JA, Reich DL, Savino JS, editors: Kaplan’s cardiac anesthesia: 
the echo era, ed 6, St. Louis, 2011, Saunders, p 1049.

ABG, Arterial blood gas; CPAP, continuous positive airway pressure; CPB, 
cardiopulmonary bypass; FiO2, fraction of inspired oxygen; MAP, mean 
arterial pressure; MIP, maximal inspiratory pressure; PaO2, partial pres-
sure of arterial oxygen; RSBI, rapid shallow breathing index; SBT, sponta-
neous breathing trial; SIRS, systemic immune response syndrome.
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noted six factors that appear to be important predictors of 
blood product transfusion in cardiac surgery:

 1.  Advanced age
 2.  Low preoperative RBC volume (i.e., preoperative anemia 

or low body surface area)
 3.  Preoperative antiplatelet or antithrombotic medications
 4.  Complex or redo operation
 5.  Emergency operation
 6.  Noncardiac comorbidities
  

The Task Force gave specific recommendations on 
blood conservation that included the following five 
points444:

 1.  Consideration should be given to the use of drugs 
that either increase preoperative blood volume (e.g., 
erythropoietin) or decrease postoperative bleeding 
(e.g., antifibrinolytic drugs).

 2.  Techniques of conserving blood, including cell saver 
sequestration and retrograde priming of the pump, 
should be included in the operative plan.

 3.  To spare the patient’s blood from the insult of CPB, 
normovolemic hemodilution or platelet-rich plasma-
pheresis can be considered.

 4.  Institutions should implement transfusion algorithms 
supported with POC testing.

 5.  A multimodal application of all of the previously 
mentioned guidelines is the best way to conserve 
blood.

  

These recommendations are parallel to and completely 
congruous with the tenets of patient blood management, 
which is a novel approach to blood transfusion that 
focuses on patient-centered therapies. The three pillars of 
patient blood management are as follows:

 1.  Preoperative optimization of RBC mass
 2.  Perioperative minimization of RBC loss
 3.  Perioperative optimal treatment of anemia

Definition of Bleeding and  
Transfusion Triggers
The decision to transfuse the cardiac surgical patient is 
one that should be made with great caution and careful 
consideration because allogeneic transfusion has several 
associated risks. The excessively bleeding patient who has 
a surgical source of bleeding should be carefully assessed, 
and often, allogeneic blood products are required to main-
tain hemoglobin and the integrity of hemostasis until the 
source of bleeding is found. Patients who have excessive 
microvascular bleeding from a coagulopathic cause should 
have careful testing of the hemostatic system, usually with 
POC monitoring, to assess which blood products or phar-
macologic products are needed. (This subject is discussed 
in the following section on transfusion algorithms.) The 
problem in defining a trigger for transfusion is the ambi-
guity of the definition of bleeding. Many sources state 
that excessive chest tube drainage can be defined as more 
than 250 mL of bleeding per hour for at least 2 consec-
utive hours, or 300 mL of bleeding in a single hour. In 
addition to defining the severity of bleeding, these criteria 
hapter 67: Anesthesia for Cardiac Surgical Procedures 2087

also often help clinicians determine whether to return the 
patient to the operating room for surgical exploration.

Knowing when to transfuse RBCs is equally challenging 
because the triggers for transfusion often rely on hemo-
globin level, which is a poor surrogate for tissue oxygen 
delivery. It is well known that cardiac surgery and CPB 
are associated with anemia, which poses certain risks.445 
These risks include renal failure,446 other end-organ mor-
bidity, and even mortality,445 all of which have been dem-
onstrated observationally in well-designed multivariate 
analyses. However, the lowest tolerable hemoglobin level 
clearly differs among patient populations and remains 
ill-defined in the literature. Nevertheless, the STS/SCA 
guidelines for blood conservation provide a framework for 
transfusion triggers within which most patients are treated 
appropriately. These triggers include a hemoglobin level of 
at least 6 g/dL during CPB and 6 to 7 g/dL before and after 
CPB.444 However, underlying comorbidities can and do 
raise the minimum safe hemoglobin or hematocrit level.

Coagulation Monitoring
If only standard laboratory testing is available, monitoring 
the coagulopathic patient in the operating room is limited 
to monitoring hemoglobin concentration, prothrombin 
time or International Normalized Ratio, activated PTT, 
platelet count, and levels of fibrinogen and fibrin degra-
dation products. These parameters are of limited utility 
in the post-CPB patient because they do not interrogate 
platelet function and because their turnaround time is too 
slow to allow timely initiation of therapy. For these rea-
sons, without POC testing of hemostasis, transfusion ther-
apy is often initiated empirically and indiscriminately.

The platelet count provides quantitative information 
about platelet concentrations but little, if any, qualita-
tive information about platelet function. Platelet counts 
lower than 100,000/μL are often viewed as the cutoff for 
thrombocytopenia, but counts greater than 50,000/μL 
do not correlate with postoperative bleeding. Laboratory 
measures of platelet function, including bleeding time, 
aggregometry, and cytometry, are not rapid (requiring 
>1 hour to produce results) and therefore are impractical 
for obtaining timely information intraoperatively. When 
unacceptable microvascular bleeding occurs, no matter 
what the platelet count, CPB-induced platelet dysfunc-
tion is often assumed to be the culprit; however, platelet 
function can now be measured at the point of care.

POC monitors may be able to provide more timely 
information about the coagulation cascade than can labo-
ratory measures and to assess the dynamic nature of plate-
let function sequentially. Such monitors are designed to 
test segments of the hemostatic system. The viscoelastic 
tests are dynamic measures of whole blood clot formation 
and can measure platelet integrity and the strength of 
the platelet-fibrinogen bond. These tests include throm-
boelastography (TEG; Haemonetics, Braintree, MA), 
Sonoclot (Sienco, Arvada, CO), and rotational thrombo-
elastometry (ROTEM; Tem Innovations GmbH, Munich, 
Germany). The response of platelets to an agonist stim-
ulus is another means of measuring platelet function. 
Platelet function can be measured at the point of care in 
this manner by the Platelet Function Analyzer-100 (PFA-
100; Siemens Healthcare, Malvem, PA), PlateletWorks 
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(Helena Laboratories, Beaumont, TX), VerifyNow (Accriva 
Diagnostics, San Diego, CA), and the Multiplate analyzer 
(Roche Diagnostics, Rotkreuz, Switzerland).447 POC moni-
tors have also shown promise in stratifying bleeding risk 
for patients who come to the operating room after receiv-
ing antithrombotic drugs, such as clopidogrel, prasug-
rel, or Gp IIb/IIIa receptor inhibitors.448-452 Finally, POC 
monitors provide data to support the implementation of 
institutional policies and practices directed at blood con-
servation and transfusion in cardiac surgical patients.444

Pharmacologic Treatment
Pharmacologic drugs used for hemostasis in CPB are used 
both prophylactically to prevent hyperfibrinolysis and ther-
apeutically to treat bleeding. Antifibrinolytic drugs are used 
before CPB to prevent the inevitable activation of fibrinoly-
sis and coagulation that result from contact between blood 
and the extracorporeal circuit. The STS/SCA guidelines 
provide the strongest evidence-based support for the use 
of synthetic antifibrinolytic agents in blood conservation. 
The evidence for the use of aprotinin for reducing perioper-
ative bleeding in cardiac operations was reappraised in the 
updated guidelines because of conflicting reports of renal 
dysfunction and other adverse outcomes.82

In structural terms, the synthetic antifibrinolytic agents 
are lysine analogues. They bind to plasminogen and plas-
min, thus inhibiting their ability to bind to lysine residues 
on fibrin and thereby impeding fibrinolysis. The two syn-
thetic antifibrinolytic agents that are used clinically are 
EACA (Amicar) and TA. They differ primarily in potency 
and elimination half-life: TA is 6 to 10 times more potent 
and has a longer half-life than EACA.453

Dose regimens for the synthetic antifibrinolytic agents 
are anything but standardized. Generally, the dose of 
EACA is a 50 to 150 mg/kg load followed by an infu-
sion of 15 to 25 mg/kg/hour; the dose of TA may be a 
10 to 30 mg/kg load followed by an infusion of 1 to 15 
mg/kg/hour. However, many other dosing strategies are 
described in the literature.454-459

Meta-analyses of the literature on antifibrinolytic 
drugs have come to different conclusions about the rela-
tive safety of these drugs129:

 •  Aprotinin, TA, and EACA significantly reduce blood 
loss compared with placebo.

 •  Aprotinin, EACA, and TA reduce PRBC transfusion rates 
by approximately 25% to 50%.

 •  Aprotinin and EACA reduce rates of surgical 
reexploration; reductions also were seen with TA but 
were not statistically significant.

 •  Another systematic review revealed that when 
observational trials are added to the meta-analyses of 
randomized controlled trials, aprotinin appears to have 
an adverse effect on survival and renal function.460

  

Because both EACA and TA are renally excreted, they 
should not be given to patients with upper urinary tract 
bleeding; the concentration of the drug in the renal col-
lection system could cause thrombosis and obstructive 
nephropathy.109

Regarding aprotinin, Royston and associates published 
the first findings of reduced bleeding in cardiac surgical 
patients in 1987.461 Numerous subsequent studies dem-
onstrated that aprotinin reduces the bleeding associated 
with cardiac surgery and CPB.444 Aprotinin is a bovine-
sourced protein, and episodes of anaphylaxis have been 
reported.462-464 The risk of anaphylaxis with reexposure is 
reported to be approximately 2.8%.465 However, aprotinin 
was a routine part of perioperative care in cardiac surgi-
cal patients until 2006, when published reports suggested 
adverse outcomes that had not been found in previous 
randomized controlled studies.130,466 After several obser-
vational studies confirmed these adverse outcomes and a 
single randomized controlled trial suggested an increase 
in mortality associated with aprotinin, the FDA and other 
global agencies suspended the marketing of aprotinin.131

Other pharmacologic drugs that may be used in car-
diac surgical bleeding are mentioned in the STS/SCA Task 
Force guideline update.82 Using desmopressin was classi-
fied as “not unreasonable” in patients with characteristics 
known to be responsive to desmopressin (von Willebrand 
factor or factor VIII deficiencies, cirrhosis, aspirin use, and 
uremic platelet dysfunction).444 Desmopressin is adminis-
tered in doses of 0.3 to 0.4 μg/kg, which are usually given 
slowly over 20 to 30 minutes to reduce the drug’s pro-
pensity to cause hypotension. The use of recombinant 
factor VIIa (factor rVIIa) was reevaluated, but the pub-
lished class IIb recommendation was unchanged in the 
update.82 Factor VIIa use was classified as “not unreason-
able” for treating intractable life-threatening hemorrhage 
that is unresponsive to traditional therapies.444

Factor rVIIa increases the amount of thrombin to pro-
mote hemostasis. It was initially developed as a therapy 
for patients with hemophilia and has since been used 
“off-label” to treat cardiac surgical patients with intrac-
table bleeding after operation and CPB. Factor VIIa may 
serve as an activator of factors IX and X and may also 
bind directly to platelets, thus leading to localized activa-
tion of factor X and subsequent generation of thrombin 
on the surface of platelets (Fig. 67-44).467

A few observational studies have associated factor rVIIa 
administration with reductions in bleeding in patients 
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Figure 67-44. The use of factor rVII promotes cell-based hemosta-
sis and active potentiation of coagulation activity. The initiation stage 
takes place when tissue-factor (TF)–bearing cells present tissue factor 
to its ligand, factor VII. The subsequent activation of factors IX and X 
occurs on the TF-bearing cell. Thrombin is activated and feeds back 
to activate factors VIII and V and platelets (Plts). The activated platelet 
phospholipid surface then provides the receptors for the activated fac-
tors VIIIa and IXa and for coagulation to continue.



with significant perioperative hemorrhage during cardiac 
surgery, and a systematic review of cardiac surgical stud-
ies recommended the use of this substance when standard 
therapies have failed.437,468-470 A multicenter randomized 
trial in cardiac surgery found that patients treated with 
factor rVIIa had less bleeding than did control patients; 
however, a nonsignificant trend toward increased adverse 
events in the treated patients caused the study to be 
halted and the recommendations to proceed with caution 
when considering administration of this drug.471 Meta-
analysis of randomized trials in patients without hemo-
philia (but not solely cardiac surgical patients) suggested 
that prophylactic factor rVIIa use can reduce bleeding and 
transfusions, but therapeutic use caused a nonsignificant 
increase in thrombosis. Prophylactic use of factor rVIIa is 
not recommended in cardiac surgery.

Point-of-Care Algorithms
The STS/SCA blood conservation guidelines strongly 
encourage multimodal efforts to reduce transfusion rates 
and conserve blood products (see also Chapters 61 to 63). 
Studies that used transfusion algorithms paired with POC 
data to guide therapy have found these measures to be 
both efficacious and cost effective.82,444 Examples of stan-
dard POC algorithms, one using the TEG and one using the 
ROTEM, are shown in Figures 67-45 and 67-46, respectively. 
Algorithms can be constructed to incorporate any particular 
dynamic POC monitor or monitors.173,174,472-476 Studies that 
have incorporated many different varieties of POC tests have 
generally shown a reduction in or even the elimination of 
transfusions when POC is used.474 As a general recommen-
dation, the POC instrument or instruments used should be 
able to measure some aspect of platelet function. This can 
be a standard whole blood platelet test such as the PFA-100 
or the VerifyNow, or it can be a viscoelastic test of dynamic 
clot formation. The viscoelastic test in the TEG measures 
both platelet function and the platelet response to ADP 
and arachidonic acid. Many TEG-guided algorithms have 
been studied and shown to reduce blood product use effec-
tively in cardiac surgery-related hemorrhage. A more recent 
approach to POC algorithm includes using ROTEM and an 
algorithm that includes early treatment with fibrinogen 
and prothrombin complex concentrates (see Fig. 67-46).477  
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This sort of approach to bleeding postpones the moment 
when allogeneic blood products are needed and thus has 
been successful in reducing their use. Preliminary work sug-
gests that no increase in thrombotic events occurs with this 
“pharmacologic” approach to bleeding, but large-scale studies 
have not yet been conducted.

In summary, interdisciplinary approaches to blood 
conservation are vital to the care of cardiac surgical 
patients. Perioperative and critical care personnel must 
use a series of combined approaches to reduce transfu-
sions and the adverse effects of transfusion and anemia. 
Important to this approach is a sound algorithmic proce-
dure that incorporates POC testing, pharmacology, and 
rational blood product use to improve outcomes.

PAIN

Pain after cardiac surgery can have many sources, includ-
ing the sternotomy incision, chest tubes, vascular can-
nulation sites, and leg incisions (see also Chapter 98).478 
Chest surgical procedures through thoracotomy are espe-
cially debilitating because of pain and consequent respi-
ratory dysfunction.479 Some of the deleterious effects of 
postoperative pain after cardiac surgery are caused by the 
stress response and resultant inflammation and enhanced 
sympathetic tone, which can increase the heart rate, PVR, 
myocardial work, and myocardial oxygen consumption, 
all leading to myocardial ischemia.

Pain after cardiac surgical procedures can also cause 
respiratory complications related to diaphragmatic dys-
function. Moreover, the patient’s pain may cause volun-
tary reduction of muscular movement in the thorax and 
abdomen, a phenomenon often described as “splinting,” 
which may interfere with the patient’s ability to cough 
and clear secretions. However, at present, evidence to 
state definitively that any postoperative analgesic tech-
nique significantly affects morbidity or mortality after 
cardiac surgery is insufficient.480

Unrelieved pain does have psychological effects. Pain-
related anxiety, depression, and sleep deprivation may 
contribute to delirium in patients in the intensive care set-
ting. A primary benefit of effective pain control is patient 
satisfaction. So-called fast-track anesthesia, entailing 
Microvascular bleeding
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Fibrinogen

Fibrinogen
< 100 mg/dL

TEG LY30 >
7.5%

EACA

hTEG R >
20 mm

3. FFP

Platelet count < 100K
and MA < 45 mm

2. Platelets

TEG R >
2× hTEG R

1. Protamine 4. Cryoprecipitate

Figure 67-45. Algorithm for transfusion requirements in the thromboelastography (TEG) group in a study. Once bleeding was diagnosed, 
patients received transfusions based on the results of tests in the algorithm. Based on the assumption that bleeding is often platelet related and on 
the finding that the platelet count and TEG results return promptly, therapy was given in the numbered order of priority. EACA, ε-Aminocaproic 
acid; FFP, fresh-frozen plasma; hTEG, heparinase-activated TEG; LY30, lysis index at 30 minutes; MA, maximum amplitude; R, reaction time. (From 
Shore-Lesserson L, Manspeizer H, DePerio M, et al: Thromboelastography-guided transfusion algorithm reduces transfusions in complex cardiac surgery, 
Anesth Analg 88:312-319, 1999).
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earlier extubation, a relatively brief stay in the ICU, faster 
discharge from the hospital, and lower overall cost, has 
become a standard of care for the cardiac anesthesiologist. 
Effective pain control probably helps achieve these goals.

Opioids remain the gold standard for pain control 
after cardiac surgery, but these drugs have side effects that 
include nausea, vomiting, urinary retention, decreased 
gastric motility, pruritus, sedation, and respiratory depres-
sion. A meta-analysis showed small incremental benefits 
for morphine analgesia that was patient controlled com-
pared with nurse controlled in the treatment of postop-
erative pain after cardiac surgery.481

Intrathecal and epidural local anesthetics and narcot-
ics have increasingly been used to improve analgesia in 
patients undergoing cardiac surgical procedures. How-
ever, neither meta-analyses nor randomized trials of cen-
tral neuraxial analgesia in cardiac surgical patients have 
shown that these techniques improve outcome.482-484 
Nevertheless, in some studies, thoracic epidural analgesia 
did significantly reduce pain and the risk for dysrhyth-
mias, pulmonary complications, and time to tracheal 
extubation, and it reduced analog pain scores at rest and 
with activity. Intrathecal analgesia modestly decreased 
systemic morphine use and pain scores but significantly 
increased the incidence of itching.482,483 Although a 
major concern with the use of intrathecal and particularly 
epidural analgesia in cardiac surgery is the administration 
of anticoagulation during the operation and consequent 
fear of spinal cord damage from a possible epidural hema-
toma,484 this complication is rare.483 Other techniques 
include the use of bilateral single-shot paravertebral 
blocks485 or intercostal nerve blocks followed by a subcu-
taneous continuous infusion of local anesthetic agents.486

Because all analgesics have side effects, some authors 
have suggested that it is better to use combinations of 
drugs or techniques (i.e., multimodal analgesia; see also 
Chapter 98). Theoretically, multimodal analgesia may 
allow the use of smaller doses of all analgesics and thus 
reduce the severity of the dose-related side effects of any 
single drug used.487 However, despite the appeal of the 
idea of multimodal analgesic techniques, cyclooxygen-
ase-2–selective inhibitors, as well as nonselective NSAIDs, 
are contraindicated after cardiac surgery because of the 
potential for thromboembolic adverse effects.488
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Anesthesia for Correction of  
Cardiac Arrhythmias
SAMUEL A. IREFIN

K e y  P o i n t s

 •  Cardiac arrhythmias are caused by disorders of impulse formation, disorders of 
impulse conduction, or both. Cardiac arrhythmias may be life-threatening because 
of a reduction in cardiac output and/or myocardial blood flow or precipitation of a 
more serious arrhythmia.

 •  Radiofrequency ablation is the therapy of choice for many types of cardiac 
arrhythmias.

 •  Electrophysiologic studies are used to map out normal and abnormal intracardiac 
structures. In this process, the mechanism of arrhythmia is delineated and ablation 
can be performed at the same time.

 •  Pacing technologies have been developed to treat heart failure resulting in 
increases in pulse pressure, left ventricular stroke volume, cardiac index, and 
wedge pressure.

 •  Implantable pacemakers are placed for treatment of symptomatic bradycardia with 
the ability to respond to changing hemodynamic demands.

 •  The development of implantable cardioverter-defibrillators (ICDs) to terminate 
ventricular tachyarrhythmias by delivering high-voltage shocks to the ventricle has 
revolutionized therapy for cardiac arrhythmias.

 •  The main purpose of ICD placement is to prevent sudden cardiac death resulting 
from hemodynamically unstable ventricular arrhythmias.

 •  An ICD can be placed for cardiac resynchronization. Cardiac resynchronization 
therapy improves heart failure symptoms, quality of life, exercise capacity, and 
electrocardiographic variables.

 •  Anesthetic management of patients for correction of cardiac arrhythmias depends 
on associated comorbid illness and the procedure that is planned.
2096

Cardiac arrhythmias are caused by disorders of impulse 
formation, disorders of impulse conduction, or both. 
Disorders of impulse formation include enhancement 
or depression of automaticity, parasystolic activity, and 
triggered activity. Disorders of conduction include decre-
mental conduction, reentry, entry block, exit block, con-
cealed conduction, and supernormal conduction.1

At the present time, radiofrequency catheter ablation 
has replaced antiarrhythmic drug therapy as the treatment 
of choice for many types of cardiac arrhythmias. Before 
the 1980s, cardiac electrophysiology was primarily used to 
confirm mechanisms of arrhythmias, with management 
mainly by pharmacologic means. As a result of shortcom-
ings in antiarrhythmic drug therapy (including the results 
of randomized trials), radiofrequency ablation and implant-
able cardioverter-defibrillators (ICDs) were developed.2,3
HISTORICAL PERSPECTIVES

The treatment of cardiac arrhythmias with device-based 
therapy may have begun in 1899, when Prevost and Bat-
teli4 noted almost as an afterthought that direct electric 
shock could terminate ventricular fibrillation in dogs. 
Hooker and colleagues5 showed 3 decades later that the 
passage of electric current across the heart can initiate and 
terminate ventricular fibrillation. In 1947, Beck6 saved 
the first human life by the successful use of cardiac defi-
brillation in a 14-year-old boy who developed ventricular 
fibrillation during a thoracic procedure and went on to 
achieve full recovery. These early achievements provided 
the foundation for the landmark work of Mirowski and 
Mower,7 which ultimately led to the development of ICDs 
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in humans in 1980. During the past 3 decades, an increase 
has occurred in the numbers of patients with pacemakers 
and ICDs for the correction of cardiac arrhythmias.

SCOPE OF CARDIAC ARRHYTHMIAS

Cardiac arrhythmias are common (see also Chapters 47 
and 48). Some cardiac arrhythmias are life-threatening, 
and others are merely a nuisance. Cardiac arrhythmias 
are caused by abnormalities in impulse formation or 
conduction that lead to slow or fast, regular or irregular 
heart rhythms. At the present time, it is not difficult to 
treat slow rhythms because available pacemakers are able 
to adapt slow function to the needs of the body.8 The 
situation is different, however, for patients with rapid 
rhythms. Rapid rhythms may originate anywhere in the 
heart and result from various mechanisms. These mecha-
nisms may be focal, meaning that the abnormal impulse 
formation is confined to a small area, or they may be the 
result of an impulse running in a circuit composed of 
several interconnected cardiac cells. Such a circuit may 
be small or large, as in atrial flutter and in arrhythmias 
in which the normal atrioventricular conduction system 
and an extra connection between the atrium and the ven-
tricle are incorporated into the circuit of the arrhythmia.9

Pharmacologic interventions originally were used to 
terminate and prevent rapid rhythms. However, anti-
arrhythmic drugs may have serious side effects and 
sometimes may even facilitate the occurrence of life-
threatening arrhythmias and sudden death.10 As a result 
of these effects, techniques were developed for localiz-
ing the site of origin or pathway of an arrhythmia and 
then isolating or destroying the tissue that is responsible. 
By employing an intracardiac catheter, the site of ori-
gin or pathway of an arrhythmia can be identified and 
the rhythm disturbance corrected by applying radiofre-
quency, laser, ultrasound, microwave energy, or freezing 
temperatures to the tissue causing the arrhythmia.

Heart failure is a major problem in elderly patients 
(see also Chapter 80). Although pharmacologic treat-
ment of heart failure has improved, outcome generally 
remains poor. New pacing technologies may be used to 
treat selected patients with heart failure. For many years, 
permanent pacing has been used to treat symptomatic 
bradycardia, and pacing may alleviate heart failure when 
associated with heart block. Several studies have examined 
the use of conventional dual-chamber atrioventricular–
right ventricular pacing for treatment of heart failure in 
the absence of symptomatic bradycardia or heart block.3,11 
Biventricular pacing aims to restore synchronous cardiac 
contraction. When ventricular dyssynchrony is reduced, 
the heart is able to contract more efficiently and increase 
left ventricular ejection fraction and cardiac output, while 
working less and consuming less oxygen.12 In addition, 
reestablishment of left ventricular synchrony can increase 
left ventricular filling times, decrease pulmonary capillary 
wedge pressure, and reduce mitral regurgitation.

NORMAL CARDIAC RHYTHM

In the normal heart, the dominant impulse arises in the 
sinus node with a rate of 60 to 100 beats/minute (Fig. 
68-1). During sleep, the rate may decrease to 30 to 50 
beats/minute.13 Episodes of sinus pauses up to 3 seconds, 
sinoatrial block, junctional rhythms, and first-degree and 
second-degree atrioventricular nodal block that occur 
quite often (especially in trained athletes) are considered 
to be normal variants.8

The impulses generated from the sinoatrial node propa-
gate along three intraatrial conduction pathways: the ante-
rior, middle, and posterior internodal tracts. These tracts 
are not discrete pathways, but groups of cells that conduct 
slightly faster than the atrial myocardium.14 The internodal 
tracts give rise to interatrial fibers. The electric impulse, 
whether propagated in the atrial myocardium or along the 
internodal tracts, converges on the atrioventricular junc-
tion. The atrioventricular node located in the atrioventric-
ular junction ultimately receives the impulses generated 
from the sinoatrial node. The impulses are delayed in the 
atrioventricular node before they are finally distributed to 
the ventricular myocardium via the His-Purkinje system.

Normally, the heart rate increases with exercise to at 
least 85% of the age-predicted maximum of 220 minus age 
in years; failure to do so is termed chronotropic incom-
petence. Sinus arrhythmia is defined as sinus rhythm 
with P-to-P variations of more than 10% (Fig. 68-2). Sinus 
arrhythmia is due to cyclic variations in vagal tone com-
monly related to respiration (the rate is faster with inspi-
ration and slower with expiration).15 Sinus arrhythmia 
disappears with exercise, breath-holding, and atropine, 
and is more likely to be seen in individuals who do not 
have heart disease.16
Figure 68-1. Normal sinus rhythm. (Courtesy M. 
Kanj, MD, Cleveland Clinic, Cleveland, OH.)

Figure 68-2. Sinus arrhythmia. (Courtesy M. 
Kanj, MD, Cleveland Clinic, Cleveland, OH.)
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CARDIAC ARRHYTHMIAS

Cardiac arrhythmia is caused by a disorder of impulse 
generation, impulse conduction, or a combination 
of both. Cardiac arrhythmia may be life-threatening 
because of a reduction in cardiac output, reduction in 
myocardial blood flow, or precipitation of a more serious 
arrhythmia.17 Arrhythmias may be described based on (1) 
rate (bradycardia or tachycardia), (2) rhythm (regular or 
irregular), (3) origin of impulse (supraventricular, ven-
tricular, or artificial pacemaker), (4) impulse conduction 
(atrioventricular, ventriculoatrial, or block), (5) ventricu-
lar rate, or (6) special phenomena (e.g., preexcitation).

Reentry is a common electrophysiologic mechanism 
that predisposes to most ventricular arrhythmias and 
to most supraventricular tachyarrhythmias. The most 
common mechanism of reentry is based on the model 
originally proposed by Erlanger and Schmitt and later 
modified by Wit.1 This model postulates the presence of a 
ring or loop of cardiac tissue that is functionally separate 
from neighboring tissue and the presence of transient or 
permanent unidirectional block in a portion of the loop. 
Unidirectional block may be anatomic in origin (e.g., 
bundle branches, fibrosis, dual pathways, atrioventricu-
lar node plus accessory pathway) or functional (e.g., isch-
emia, drug effect).

Atrial flutter is a macro-reentrant arrhythmia identi-
fied by flutter waves, often best seen in the inferior leads 
at 250 to 350 beats/minute (Fig. 68-3). Patients often 
present with a 2:1 atrioventricular conduction with a 
ventricular rate of 150 beats/minute, although the atrio-
ventricular conduction ratio can change abruptly. Atrial 
fibrillation is a narrow-complex tachyarrhythmia and is 
the most common in the general population (Fig. 68-4). 
It is associated with significant morbidity. The prevalence 
of atrial fibrillation in the general population increases 
exponentially with age, from 0.9% in individuals 40 years 
of age to 5.9% in individuals older than age 65 years (see 
also Chapter 80). The most important risk factors for 
development of atrial fibrillation in the general popula-
tion are structural heart disease, valvular heart disease, 
and left ventricular hypertrophy.18 Atrial fibrillation is a 
significant contributor to the development of angina and 
stroke, with an estimated stroke risk in untreated indi-
viduals of 3% to 5%.19

Ventricular tachyarrhythmia is defined as three or 
more consecutive ectopic beats at a rate more rapid than 
100 beats/minute (Fig. 68-5).20 Ventricular tachyarrhyth-
mia is traditionally classified as nonsustained or sus-
tained. Sustained ventricular tachyarrhythmia is defined 
as ventricular tachyarrhythmia lasting more than 30 
seconds. Nonsustained ventricular tachyarrhythmia is 
defined as ventricular tachyarrhythmia that terminates 
spontaneously within 30 seconds. Sustained ventricular 
tachyarrhythmia also is traditionally classified as mono-
morphic (one site of origin) or polymorphic (two or more 
sites of origin).20 Monomorphic ventricular tachyar-
rhythmia usually results from reentry, and the site of 
reentry depends in part on the type of heart disease. In 
patients with coronary artery disease, the reentry circuit 
is usually located in ventricular myocardium, whereas in 
dilated cardiomyopathy with left bundle branch block, 
bundle branch reentry is common.21 Monomorphic ven-
tricular tachyarrhythmia may occur in individuals with 
an otherwise normal heart, whereas polymorphic ven-
tricular tachyarrhythmia may occur in acquired states 
that produce a marked prolongation of the Q-T interval. 
Nonsustained ventricular tachyarrhythmia is frequently 
asymptomatic, but may produce palpitations, weakness, 
and presyncope.21
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Figure 68-3. Atrial flutter. Note the flutter wave pattern in lead V1 (arrows). (Courtesy M. Kanj, MD, Cleveland Clinic, Cleveland, OH.)
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Torsade de pointes is a French term translated as “twist-
ing of the points.” It is a syndrome composed of poly-
morphic ventricular tachyarrhythmia (Fig. 68-6). It 
may be due to various medications or electrolyte imbal-
ances. Torsade de pointes is usually paroxysmal, but is 
frequently symptomatic and often produces loss of con-
sciousness. It occasionally degenerates to ventricular 
fibrillation. Ventricular fibrillation accounts for 80% to 
85% of sudden cardiac deaths.21

Ventricular fibrillation is usually preceded by ventric-
ular tachyarrhythmia, but also may occur as a primary 
arrhythmia (Fig. 68-7). More recent studies suggest that 
ventricular fibrillation results from multiple wavelengths 
that disperse randomly, using the leading circle form of 
reentry.21 The most common cause of ventricular fibril-
lation is acute myocardial infarction. It also is observed 
in patients with chronic ischemic heart disease, hypoxia 
resulting from any cause, acidosis, hypokalemia, and 
massive hemorrhage.

INDICATIONS FOR CORRECTION OF 
CARDIAC ARRHYTHMIAS

Intracardiac electrophysiologic studies can give valu-
able information about normal and abnormal electro-
physiology of intracardiac structures (see also Chapters 
47, 48, and 108). These studies are used to confirm the 
mechanism of an arrhythmia, to delineate its anatomic 
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Figure 68-4. Atrial fibrillation. (Courtesy M. Kanj, MD, Cleveland Clinic, Cleveland, OH.)

Figure 68-5. Ventricular tachycardia. (Courtesy M. Kanj, MD, Cleveland Clinic, Cleveland, OH.)
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Figure 68-6. Torsade de pointes. (Courtesy M. Kanj, MD, Cleveland Clinic, Cleveland, OH.)
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Figure 68-7. Ventricular fibrillation. (Courtesy M. Kanj, MD, Cleveland Clinic, Cleveland, OH.)
substrate, and to ablate it. The electric stability of the ven-
tricles also can be assessed, as can the effects of an antiar-
rhythmic regimen.

In addition, pacing technologies have been developed 
to treat heart failure with promising results, leading to 
improvement in morbidity and mortality in patients with 
heart failure. Hemodynamic responses to biventricular 
pacing include an increase in the rate of elevation of left 
ventricular pressure and increases in pulse pressure, left 
ventricular stroke work, cardiac index, and wedge pres-
sure.22 Cardiac resynchronization therapy improves ven-
tricular function without increasing myocardial energy 
consumption, in contrast to the effect of inotropic agents, 
such as dobutamine.12 In addition, cardiac resynchroni-
zation therapy may reverse left ventricular remodeling 
over time.23

PERMANENT PACING

Indications for pacemaker therapy have increased in 
recent years and now include the treatment of bradyar-
rhythmias and heart failure according to the American 
College of Cardiology and American Heart Association 
guidelines.24 These guidelines discuss indications for pac-
ing in patients with sinus node dysfunction, acquired 
atrioventricular block, chronic bifascicular and trifas-
cicular block, hypersensitive carotid sinus, and neurally 
mediated syndromes. The guidelines direct the treating 
physician in selecting patients who would benefit from 
device therapy.

A Swedish team led by Sennings and Elmqvist 
implanted the first pacemaker in 1958.25 A thoracotomy 
was required, and pacing was done through electrodes 
sutured to the epicardium. In these early systems, sig-
nificant problems with changes in pacing threshold, lead 
infection, and lead breakage were common. Transvenous 
lead implantation subsequently developed by Furman 
and colleagues26 would resolve many of these issues. In 
1958, Furman successfully paced an elderly patient with 
a catheter electrode inserted transvenously. Other inves-
tigators took on the challenge of solving various techni-
cal problems, such as device miniaturization; longer life 
batteries; and stable, reliable lead material.27 As the indi-
cation for implantation expanded from atrioventricular 
conduction disturbances to management of sinus node 
dysfunction, the need for implantable pacemakers grew 
in proportion.27 Technology evolved rapidly with the 
development of lithium-iodide batteries that had greater 
longevity. Electronic advances then led to major minia-
turization using integrated circuits as opposed to discrete 
components. Lead materials used in today’s pacemaker 
rely on silicone and polyurethane, which are more bio-
compatible and reliable than earlier materials. With these 
technical refinements, present-day pacemakers are small 
and can pace reliably for 8 to 10 years before generator 
replacement is needed. The primary functional challenge 
for contemporary pacemakers is to maintain the heart 
rate based on circulatory needs, pacing in a manner that 
mimics the natural physiology of excitation and conduc-
tion. In a healthy heart, the sinus node is modulated by 
the autonomic nervous system, and its rate is determined 
by a multiplicity of factors, such as physical activity, 
emotion, and blood pressure. Not only the rate, but also 
the activation sequence and atrioventricular conduction 
time vary with demand; these requirements also must be 
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considered. Rate is controlled by pacemaker discharge, and 
the excitation and conduction sequence depends on the 
placement of pacing electrodes. Approximately 120,000 
pacemakers are implanted each year in the United States. 
Indication for implantation for most of these cases is 
sick sinus syndrome. Other indications include atrioven-
tricular block, carotid sinus hypersensitivity, malignant 
vasodepressor syndrome, and hypertrophic cardiomyop-
athy.28 The primary purpose of implantable pacemakers 
is to treat symptomatic bradycardia. With the extraor-
dinary developments that have occurred in pacemaker 
therapy for the traditional indication—bradycardia—new 
uses are now beginning to be explored. Pacemakers have 
progressed from large, fixed-rate, single-chamber devices 
to multiprogrammable, multichamber devices with the 
ability to respond to changing hemodynamic demands. 
As technology advances, other possible uses are likely to 
be conceived.

RESYNCHRONIZATION THERAPY

Cardiac resynchronization is a pacing therapy aimed 
at improving coordination of atria and both ventricles. 
This therapy has been demonstrated to be effective for 
patients with heart failure who have conduction delay 
and left ventricular systolic dysfunction.29 In addition, 
this therapy can reduce hospital readmission rates and 
improve quality of life in patients with heart failure.30

Cardiac resynchronization therapy improves heart fail-
ure symptoms, quality of life, exercise capacity, hospital-
ization, and echocardiographic variables.31 It is indicated 
in patients with drug-refractory, symptomatic New York 
Heart Association functional class III and IV heart failure 
of either ischemic or nonischemic origin.30 In addition, 
these patients are protected from associated risk for sud-
den cardiac death when combined with an ICD system.29

The development of an automatic internal defibrilla-
tor, or ICD, began in the 1960s. External cardiac defibril-
lation was increasingly being used in coronary care units 
for the treatment of ventricular fibrillation and sudden 
cardiac death. Although the idea of automatic external 
defibrillation had been discussed initially by Zycoto, 
Mirowski and colleagues32 were the first to champion and 
begin practical development of an automatic internal 
device. In 1969, Mirowski and Mower developed the pro-
totype of today’s automatic internal defibrillator.33

The primary goal of all defibrillators is to terminate 
ventricular tachyarrhythmias by delivering high-voltage 
shocks to the ventricle. As with implantable pacemak-
ers, defibrillating devices need to be small and reliable 
and have adequate longevity. ICDs have evolved not 
only to perform this function but also to take on addi-
tional tasks, such as antitachycardia pacing of the ven-
tricle, dual-chamber pacing, and termination of atrial 
tachyarrhythmias.

A key difference between pacing and defibrillation of 
the heart is that for pacing only a very small mass of myo-
cardium needs to be stimulated, whereas for defibrillation, 
most, if not all, of the myocardium must be stimulated. 
Because the myocardium is easily excitable throughout 
diastole, a small wave of depolarization during pacing 
can readily propagate throughout the whole heart. In 
contrast, during ventricular fibrillation, multiple reen-
trant wavefronts usually occur that are continuously 
changing in location and size and must be quelled. To 
defibrillate successfully, most of these wavefronts must be 
interrupted simultaneously; to achieve this, it is necessary 
to capture most of the tissue that is in a state of relative 
refractoriness.34 One unique property of defibrillation 
success is that it is probabilistic.35 The same energy that 
can defibrillate the heart on one occasion may be unsuc-
cessful at another time.

The main purpose of ICD placement is to prevent 
death from hemodynamically unstable ventricular 
tachyarrhythmias. Although advances in technology 
have made these devices much more flexible in terms of 
arrhythmia detection and electric therapy potions, their 
main purpose is to reduce sudden cardiac death, which 
claims approximately 300,000 lives in the United States 
annually. Secondary prevention of sudden cardiac death 
in patients who have survived cardiac arrest is another 
major indication for ICD placement. In such patients and 
especially in patients of this group for whom no revers-
ible or curable cause can be found, ICD implantation has 
been repeatedly documented to provide a major mortal-
ity benefit.36 Interest in managing atrial tachyarrhyth-
mias also has grown significantly in recent years. It is 
now recognized that approximately 30% of patients with 
ventricular tachyarrhythmia also have atrial tachyar-
rhythmias.37 Such atrially initiated tachyarrhythmias can 
worsen patient symptoms, can result in inappropriate 
ventricular shocks, and may be responsible for initiating 
ventricular tachyarrhythmias that can exacerbate other 
pathologic processes, such as heart failure. New strategies 
for treatment and prevention of atrial tachyarrhythmias 
are incorporated into devices that are capable of defibril-
lation and antitachycardia pacing in the atrium and ven-
tricle, in addition to combined dual-chamber pacing.38

The relative ease of ICD implantation and longevity of 
current defibrillators have made them a valuable tool in 
primary prevention. Patients no longer must survive car-
diac arrest to justify the risk in ICD implantation.

PREOPERATIVE EVALUATION

Most patients who require pacemaker or ICD placement 
have significant cardiovascular disease. In addition, cor-
rection of cardiac arrhythmia may require radiofrequency 
catheter ablation. Radiofrequency catheter ablation has 
proved highly effective in the treatment of atrioventricu-
lar nodal reentrant and accessory pathway tachycardias. 
Indications for pacemaker and ICD placement continue to 
evolve as the utility of these devices continues to increase. 
Although most pacemaker placement is done with local 
anesthetic infiltration, ICD placement may require moni-
tored anesthesia care or in some cases general anesthe-
sia. The modern ICD unit is capable of delivering the full 
spectrum of therapy for ventricular tachyarrhythmias 
and for bradycardia therapy with dual-chamber pacing or 
sensing, rate modulation, and mode-switching features.

As mentioned earlier, ICD placement has two com-
mon indications. One is continued ventricular tachyar-
rhythmias despite adequate drug therapy, and the other is 
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history of sudden cardiac arrest that is not associated with 
myocardial infarction. Preoperative evaluation processes 
necessary for placement of an ICD should be complete 
by the time the decision is made to place the device (see 
also Chapters 38 and 39). These patients need a thorough 
preoperative evaluation. This evaluation includes elec-
trophysiologic testing to determine the inducibility of 
ventricular tachycardia and electrophysiologically guided 
drug therapy. Preoperative pulmonary function tests may 
be necessary in patients on amiodarone to evaluate pos-
sible toxicity of this drug, which can result in chronic 
obstructive pulmonary disease or interstitial lung disease. 
In some instances, the underlying pathophysiology of 
malignant ventricular arrhythmias is related to ischemic 
or idiopathic cardiomyopathy.39 These patients often 
present with poor left ventricular function and more fre-
quent incidence of congestive heart failure. Patients with 
a history of congestive heart failure should be in optimal 
condition before surgery.

Generally, all patients who present for correction of 
cardiac arrhythmia require preoperative evaluations 
including electrocardiogram (ECG), chest radiograph, 
hemoglobin value, and electrolyte levels. Patients should 
receive nothing by mouth (NPO) for at least 8 hours 
before the procedure. In addition, patients who require 
device and lead extractions because of malfunction or 
infection may require blood product transfusions dur-
ing the procedure. Consequently, type and crossmatch 
of blood products is frequently necessary for these proce-
dures (also see Chapter 61).

ANESTHETIC CONSIDERATIONS

Pacemakers
Permanent implantable pacemakers have been the stan-
dard modality of treatment for patients with all types of 
bradyarrhythmias. A significant number of these patients 
present with sick sinus syndrome and are older. Conse-
quently, devices are placed under general anesthesia in 
these patients. As a result of more recent advances in 
pacemaker technology, these devices now can be placed 
as a therapeutic modality to alter hemodynamic states. 
Surgeons used to be primarily responsible for device inser-
tion. Now the task falls under the services of cardiologists. 
Device placement is commonly performed in the cardiac 
catheterization suite under local anesthesia on an outpa-
tient basis. Patients at high risk who have complicated 
disease now present for pacemaker insertion, however, in 
addition to those with indications more recently identi-
fied by the American College of Cardiology and Ameri-
can Heart Association for these devices. In light of these 
increased indications, the expertise of anesthesiologists 
is needed for monitoring and perioperative care of these 
patients.

Monitored Anesthesia Care
Currently, most pacemaker insertions are performed by 
cardiologists. Most of these cases are performed under 
local anesthesia with sedation. Depending on the level of 
training, administration of sedatives and analgesics can 
be provided by nurses.
In instances that require deeper sedation for a patient’s 
comfort or for critically ill patients with hemodynamic 
instability, monitored anesthesia care by an anesthesi-
ologist may be required (see also Chapter 89). Adequate 
monitoring and resuscitation equipment are required in 
such situations. The goal of monitored anesthesia care 
is to provide analgesia, sedation, and anxiolysis, while 
ensuring rapid recovery with minimal or no side effects. 
Any sedative-hypnotic medication may be used during 
monitored anesthesia care with a wide variety of deliv-
ery systems.40 Subanesthetic concentrations of inhaled 
agents also have been used to supplement local anesthet-
ics. Newer drugs, such as centrally mediated α2-agonists, 
have been shown to produce anxiolysis, sedation, and 
reduced requirements for supplemental analgesic medi-
cations during monitored anesthesia care.

General Anesthesia
Patients requiring pacemaker placement rarely require 
general anesthesia for placement. If general anesthesia is 
required, it should be directed toward underlying cardiac 
pathophysiology, indications, complications, and hemo-
dynamic goals. Immediate access to life-support equip-
ment, such as a cardiac defibrillator and a transcutaneous 
pacemaker, is necessary if the device is being placed under 
general anesthesia.

IMPLANTABLE CARDIOVERTER-
DEFIBRILLATOR

Since the 1980s, indications for use and implantation of 
ICDs have steadily increased. Over the past 2 decades, 
ICDs have undergone a significant evolution. In the 
1970s and 1980s, ICD placement usually required thora-
cotomy for placement of epicardial patches.

PREOPERATIVE EVALUATION

As mentioned earlier, common indications for ICD 
implantation include continued ventricular tachyar-
rhythmias unresponsive to adequate pharmacother-
apy and history of sudden cardiac arrest unassociated 
with myocardial infarction. Newer indications include 
patients with various forms of the congenital long QT 
syndrome.41 Patients with long QT syndrome who have 
survived an episode of cardiac arrest or documented 
polymorphic ventricular tachyarrhythmia, especially if 
on pharmacotherapy at the time, are increasingly being 
evaluated as ICD candidates. In addition, patients with 
hypertrophic cardiomyopathies and without a history of 
sudden death are usually evaluated for ICD placement.42 
In these patients, sustained ventricular arrhythmias, non-
exertional syncope, or a strong family history of sudden 
death with early age of presentation strongly indicates 
ICD implantation.

In all instances, the evaluation that is necessary for 
ICD implantation is completed by the time the decision 
is made to place the device (see also Chapters 38 and 
39). Electrophysiologic studies may have been done to 
determine the forms of arrhythmias present. When the 
pathophysiology of ventricular arrhythmias is related to 
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idiopathic or ischemic cardiomyopathy,43 these patients 
may present with poor left ventricular function and 
a high incidence of congestive heart failure. Conse-
quently, they should be optimized as much as possible 
preoperatively.

ANESTHETIC CONSIDERATIONS

In the 1980s, ICD implantation was done with epicar-
dial leads via thoracotomy under general anesthesia with 
one-lung ventilation. The technologic development of 
implantable ICDs with transvenous lead systems has sim-
plified their implantation. Consequently, it was reasoned 
that ICDs can be placed under deep sedation with little 
or no intervention by the anesthesiologist analogous to 
what is needed for pacemaker placement.44 Placement of 
an ICD under general anesthesia may be safer and more 
comfortable for the patient, however. Patients who pres-
ent for ICD placement are often critically ill with cardio-
pulmonary comorbidity. These patients often present 
with ejection fractions of less than 30% and require vaso-
pressors to support hemodynamics during the procedure. 
In addition, some form of general anesthesia is necessary 
for intraoperative testing of defibrillating thresholds.

Monitored Anesthesia Care
Small, new-generation devices and transvenous lead sys-
tems lend themselves to the use of local anesthesia and 
intravenous sedation for ICD implantation. Midazolam 
and fentanyl are usually the drugs of choice when an ICD 
is placed under monitored anesthesia care (see also Chap-
ter 89). Monitoring includes pulse oximetry, five-lead 
ECG, and noninvasive blood pressure. Depth of anesthesia 
is monitored clinically. One of the major aspects of ICD 
placement is testing the device. Testing the device may 
require deep sedation or general anesthesia because the 
shocks associated with this procedure can be very painful. 
The presence of an anesthesiology team may be necessary 
for ICD placement under monitored anesthesia care.

General Anesthesia
Most patients who present for ICD placement typically 
have comorbidities such as ventricular tachycardia, 
congestive heart failure with ejection fraction less than 
30%, coronary artery disease, pulmonary hypertension, 
chronic renal insufficiency, or valvular heart disease. 
These patients may be unable to lie flat for the prolonged 
period necessary for placement of the ICD. In addition, 
they may require close hemodynamic monitoring during 
testing of the device. General anesthesia should be con-
sidered in these patients. When general anesthesia is cho-
sen, in addition to standard monitoring, an arterial line 
may be added. External cardioverter-defibrillator pads 
are required for all ICD placements. These are employed 
in cases in which an implanted defibrillator fails. Gen-
eral anesthesia also may be requested for anxious and 
extremely nervous patients. Because pacemakers and 
ICDs are placed percutaneously, anesthesiologists must 
be vigilant for possible complications, such as myocardial 
infarction, stroke, possible cardiac injury (perforation or 
tamponade), and pneumothorax from subclavian vascu-
lar access.
EXTRACTION OF DEVICES

As a result of continued growth and expanding indica-
tions for pacemakers and ICD placement, leads may 
require extraction because of mechanical dysfunction, 
the need to upgrade to more complex devices, or local or 
systemic infection. Lead extractions are probably one of 
the most challenging procedures that a cardiac electro-
physiologist faces today.

Indications for lead extractions can be divided into 
two categories—patient-related and lead-related. Patient-
related indications include infection, ineffective therapy 
(high defibrillation threshold), perforation, migration, 
embolization, induction of arrhythmias, venous throm-
bosis, unrelenting pain, device interactions, and device 
upgrades.45 Lead-related indications include lead recalls, 
lead failure, and lead interactions.46 Lead extraction is 
performed via powered sheaths through which energy 
is delivered to the tip in the form of excimer laser light 
or electrocautery. These systems burn through scar tissue 
adherent to the wall of the lead throughout its course. 
The potential for life-threatening complications, such as 
lead fracture, venous or myocardial rupture, and tampon-
ade, makes general anesthesia with invasive monitors a 
prudent choice for lead extractions.

POSTOPERATIVE CARE

Postoperative care of patients with pacemaker or ICD 
implantation depends on various factors surrounding the 
implantation of the device (see also Chapter 96). As men-
tioned earlier, most of these patients are quite ill with 
significant comorbidities. It is not unusual for patients 
to have congestive heart failure with an ejection fraction 
less than 30% as a result of poor left ventricular func-
tion. Consequently, it is imperative to have these patients 
monitored in the postanesthesia care unit, especially if 
the device is placed or extracted under general anesthe-
sia. The spectrum of recovery sites after these procedures 
may vary from postprocedure units to a coronary inten-
sive care unit. Most of these procedures are done on an 
outpatient basis, and anesthesia is tailored to ensure rapid 
recovery after implantation.

CORRECTION OF CARDIAC ARRHYTHMIAS 
WITH ABLATION THERAPY

Catheter ablation is a safe and curative option for most 
cardiac arrhythmias, with 85% to 98% cure rates among 
the arrhythmias treated most frequently.47 The rate of 
major complications is less than 3%.47 Cardiac ablation 
therapy involves the delivery of energy through a cath-
eter that is usually placed in the endocardial position in 
the heart, destroying myocardial tissue that is responsible 
for the tachyarrhythmia (Fig. 68-8). Multiple electrodes 
are inserted to locate the arrhythmia and ablate it. Usu-
ally the diagnostic portions of the ablation study are done 
during the same procedure.48 The efficacy of catheter 
ablation depends on accurate identification of the site 
of origin of the arrhythmia. When the site is identified, 
the electrode catheter is positioned in direct contact with 
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Figure 68-8. Catheter placement during ablation procedures. Mapping and ablation catheters were placed under the guidance of intracardiac 
echocardiography. ICE, Intracardiac echocardiography. (Courtesy O. Wazni, MD, Cleveland Clinic, Cleveland, OH.)
the site of the arrhythmia, and radiofrequency energy is 
delivered through the catheter to destroy it.

The current generated by radiofrequency is alternat-
ing current and is delivered at cycle lengths of 300 to 750 
kHz when used for catheter ablation.49 It causes resistive 
heating of the tissue in contact with the electrode. The 
degree of tissue heating is inversely proportional to the 
radius to the fourth power.50 Consequently, the lesions 
created by radiofrequency energy are small. Although 
electric injury may be a contributing factor, the primary 
mechanism of tissue destruction by radiofrequency cur-
rent is thermal injury. Acute lesions created by a radiofre-
quency current consist of a central zone of coagulation 
necrosis surrounded by a zone of hemorrhage and inflam-
mation.51 Cardiac arrhythmias that can be treated with 
radiofrequency ablation include paroxysmal supraven-
tricular tachycardia, Wolff-Parkinson-White syndrome, 
atrial flutter, atrial fibrillation, and idiopathic ventricular 
tachycardia. Most cardiac arrhythmias treated with radio-
frequency ablation are not life-threatening but have a sig-
nificant impact on a patient’s quality of life.52 Advantages 
of radiofrequency ablation of cardiac arrhythmias include 
relief of symptoms, improvement in functional capacity 
and quality of life, and elimination of the need for lifelong 
antiarrhythmic drug therapy. The principal disadvantage 
is the risk for complications, which varies depending on 
the type of ablation procedure and skill of the operator.

ANESTHETIC CONSIDERATIONS

Catheter ablation was introduced into clinical practice in 
1982. Initially, ablation was performed with direct electric 
shocks.53 As a result of several advantages over direct cur-
rent, radiofrequency ablation has replaced direct current 
ablation. These advantages include the absence of skeletal 
and cardiac muscle stimulation, minimal discomfort dur-
ing delivery of energy, the possibility of performing the 
procedure in conscious patients, and the discrete nature 
of resulting lesions.51

Most cardiac ablation therapy for correction of 
arrhythmias can be performed under moderate sedation 
or monitored anesthesia care. In some of these cases, deep 
sedation may be required as the case progresses. In a few 
cases, general anesthesia may be required if the patient is 
anxious or cannot tolerate lying in the supine position 
for an extended period. General anesthesia may be imple-
mented for these patients with standard American Soci-
ety of Anesthesiologists monitors with adequate vascular 
access. Catheter ablation is the first-choice treatment for 
most cardiac arrhythmias. It is a safe treatment and is usu-
ally effective as a single procedure. Because it is curative 
in many patients, it is offered to all patients who would 
otherwise be committed to long-term drug therapy.

FUTURE TRENDS

Correction of cardiac tachyarrhythmias has improved dra-
matically in the past 2 decades. Emphasis has shifted from 
pharmacologic therapy to nonpharmacologic therapy of 
tachyarrhythmias; this has led to a significant increase 
in the numbers of radiofrequency catheter ablations and 
defibrillator implantations. These developments were trig-
gered by technologic advances that showed superiority of 
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these procedures over the use of antiarrhythmic drugs.54 
As a result, treatment of supraventricular tachycardias 
and tachycardias involving accessory atrioventricular 
pathways will probably remain the domain of catheter 
ablation. The cure rate of patients treated with catheter 
ablation is very high. In addition, treatment of life-threat-
ening ventricular tachyarrhythmia will remain in the 
domain of ICDs for the foreseeable future. The role of ICD 
therapy has been clearly defined with respect to prolon-
gation of life and has been expanded to include primary 
prophylaxis of sudden death in high-risk populations.55

The demand for perioperative care in the electrophysi-
ology suite, especially for those undergoing ablation 
procedures, has resurrected the use of high-frequency jet 
ventilation (HFJV) in recent years.56 Although the use of 
HFJV in the electrophysiology suite is relatively new, stud-
ies have demonstrated improved outcomes and decreases 
in procedure time.57 HFJV has been demonstrated to pro-
vide a more stable environment, especially in the poste-
rior wall of the atrium. As a consequence, in the future 
HFJV use will increase and provide an attractive alter-
native to the conventional mode of ventilation during 
catheter ablation.19,58 The anesthetic implications of this 
modality in the electrophysiology suite has recently been 
reviewed.59

As a result of these developments, the presence of an 
anesthesiology team will continue to increase in cardi-
ology suites. Patients who are being cared for in these 
areas are sicker with significant comorbidities. The role 
of conscious sedation will continue to diminish in the 
performance of these procedures. These patients will 
require full monitoring and care under the direction of 
an anesthesiologist.
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Anesthesia for Vascular Surgery
EDWARD J. NORRIS

K e y  P o i n t s

 •  Perioperative management of patients undergoing vascular surgery requires an 
understanding of the underlying pathophysiology of the specific vascular lesion.

 •  Major vascular surgery is particularly challenging to the anesthesiologist because 
these are high-risk operations in a patient population with a high prevalence 
of either overt or occult coronary artery disease, which is the leading cause of 
perioperative and long-term mortality after vascular surgery.

 •  Accurate clinical assessment of the pretest probability of significant coronary artery 
disease is necessary for prudent use and rational interpretation of preoperative 
cardiac testing.

 •  Guidelines on perioperative cardiovascular evaluation and care suggest 
that coronary intervention is rarely necessary to simply decrease the risk for 
surgery unless such intervention is indicated, irrespective of the preoperative 
context. Prophylactic coronary revascularization has not been shown to reduce 
perioperative or long-term morbidity after major vascular surgery. Medical therapy 
is the cornerstone for the management of coronary artery disease.

 •  Patients should take their usual cardiovascular medications throughout the 
perioperative period. Antiplatelet therapy requires special consideration and must 
be individualized to each patient.

 •  Prevention and treatment of perioperative myocardial ischemia require careful 
control of the determinants of myocardial oxygen supply and demand. 
ST-segment monitoring, particularly with computerized ST-segment analysis, 
should be used to detect myocardial ischemia during the perioperative period.

 •  Initiation of perioperative β-adrenergic blocker therapy has potential benefits and risks.
 •  All patients who require statin therapy on an ongoing basis should also receive 

statins in the perioperative period.
 •  The clinical usefulness of any intraoperative monitoring technique ultimately 

depends on patient selection, accurate interpretation of data, and appropriate 
therapeutic intervention.

 •  Maintenance of vital organ perfusion and function by the provision of stable 
perioperative hemodynamics is more important to overall outcome after aortic 
surgery than is the choice of anesthetic drug or technique.

 •  The pathophysiology of aortic cross-clamping and unclamping is complex and 
depends on many factors, including the level of the cross-clamp, the extent of coronary 
artery disease and myocardial dysfunction, intravascular blood volume and distribution, 
activation of the sympathetic nervous system, and the anesthetic drugs and techniques.

 •  The degree of preoperative renal insufficiency is the strongest predictor of 
postoperative renal dysfunction.

 •  Endovascular aortic surgery has become an established less invasive alternative to 
conventional open aortic repair. Endoleak, or the inability to obtain or maintain 
complete exclusion of the aneurysm sac from arterial blood flow, is a complication 
specific to endovascular aortic repair.

 •  The primary clinical utility of cerebral monitoring during carotid endarterectomy 
is to identify patients in need of carotid artery shunting; second, such monitoring 
is used to identify patients who may benefit from an increase in arterial blood 
pressure or change in surgical technique.

 •  Postoperative hypothermia is associated with many undesirable physiologic effects 
and may contribute to adverse cardiac outcome.
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The perioperative management of patients undergoing 
vascular surgery is one of the most challenging and 
controversial areas in the field of anesthesiology. Given 
the frequent occurrence of coexisting disease in elderly 
patients (see also Chapter 80), the hemodynamic and 
metabolic stress associated with arterial cross-clamping 
and unclamping, and the ischemic insults to vital organs, 
including the brain, heart, kidneys, and spinal cord, peri-
operative morbidity and mortality are more frequent 
with vascular surgery than with most other surgical pro-
cedures. Anesthesia care must focus on preservation of 
vital organ function, with a strong emphasis on the heart, 
which is the single most important cause of morbidity 
after vascular surgery. The clinical controversies associ-
ated with vascular surgery are diverse and involve aspects 
of preoperative, surgical, anesthetic, and postoperative 
management. The controversy associated with routine 
preoperative screening for coronary artery disease (CAD), 
as well as appropriate treatment if detected, has particular 
importance (see also Chapters 38 and 39). A specific anes-
thetic technique has not been established because vascu-
lar procedures often lend themselves to local, regional, 
general, or combined techniques.

In the 1970s, vascular surgery was recognized as a risk 
factor for perioperative cardiac morbidity. In the 1980s, 
the focus shifted to risk stratification in an effort to 
identify patients who were at the most frequent risk for 
morbid outcomes. In the 1990s, intensive clinical inves-
tigation involving anesthetic technique, sympatholytic 
drugs, hemodynamic control, and analgesic technique 
was undertaken and provided important insight into 
the prevention, treatment, and mechanisms of cardiac 
and other morbidity. During this time, a guideline-based 
approach to health care was initiated, primarily in the 
United States (see also Chapter 102). Over the last decade, 
a paradigm shift occurred away from routine preopera-
tive screening for CAD with a focus on risk stratification 
and invasive treatment of CAD to an intensive strategy 
of perioperative cardiac risk reduction using medica-
tions and risk factor modification (see also Chapters 38 
and 39). Additionally, over the last decade the multi-
disciplinary field of endovascular surgery has provided 
less invasive approaches or alternatives to conventional 
vascular reconstruction. These less invasive procedures, 
initially offered to patients traditionally considered unfit 
for open surgery, are being widely applied to the larger 
cohort of patients undergoing vascular surgery.

The goal of this chapter is to review issues related to the 
perioperative care of patients undergoing vascular surgery 
and to address the underlying controversies. For simplicity, 
the five major categories of vascular surgical procedures are 
discussed separately: abdominal aortic surgery, thoracoab-
dominal aortic surgery, endovascular aortic surgery, lower 
extremity vascular surgery, and carotid surgery.

ATHEROSCLEROSIS

Cardiovascular diseases place an enormous burden on 
health care systems worldwide and are the leading cause of 
death and disability in the United States. Their underlying 
pathologic process is atherosclerosis, a slowly progressing 
chronic disorder of the arterial wall that compromises the 
blood supply to any or all of the vital organs or the extrem-
ities and leads to the clinical manifestations of myocar-
dial infarction (MI), stroke, and gangrene. The lesions of 
atherosclerosis occur primarily in large and medium-sized 
arteries and tend to form at sites with disturbed laminar 
flow, such as branch points. The most common sites are 
the coronary arteries, carotid bifurcation, abdominal aorta, 
and iliac and femoral arteries (Fig. 69-1). Although athero-
sclerotic lesions result from a variety of complex patho-
genetic processes, progression of atherosclerosis occurs in 
several stages. The initial lesion of atherosclerosis, the fatty 
streak, starts in early childhood and is initiated by intimal 
accumulation of low-density lipoprotein (LDL) particles. 
The fatty streak lesion consists largely of T cells and lipid-
laden macrophages called foam cells. With the progressive 
accumulation of apoptotic and degenerated foam cells, 
cell debris, and cholesterol crystals, the fatty streak pro-
gresses to an atheromatous plaque with a necrotic lipid 
core. A more complex lesion develops with the formation 
of a fibrous cap of variable thickness composed of colla-
gen and proliferated smooth muscle cells. The advanced 
lesions of atherosclerosis represent a progression of the 
fibroatheromatous plaque, with an expanded lipid-rich 
core, accumulation of calcium, and disruption of endothe-
lial integrity. Physical disruption of the plaque’s fibrous 
cap permits contact between flowing blood elements, 
including platelets and coagulation proteins, and the 
highly thrombogenic material located in the lesion’s lipid 
core, such as collagen and tissue factor, which results in 
thrombus formation (i.e., atherothrombosis) or, in the 
case of intraplaque hemorrhage, plaque progression. Ath-
erothrombosis may lead to complete vascular occlusion at 
the site of plaque rupture or detach to become an embolus 
that can block blood flow distal to its origin.

The American Heart Association Committee on Vascu-
lar Lesions has provided a numerical classification of histo-
logically defined atherosclerotic lesion types.1 Figure 69-2 
outlines the most updated classification.2 Lesion types I, 
II, and III are always small and clinically silent. With the 
development of type IV lesions, the pathways to clinical 
disease vary (see Fig. 69-2). Although lesions IV through 
VI may progress such that they obstruct the lumen of a 
medium-size or large artery and produce a clinical event 
(i.e., MI, ischemic stroke, or extremity ischemia), the 
clinical manifestations of atherosclerotic disease are most 
often associated with type VI lesions. The criteria for 
type VI histology are often interrelated and include one 
or more of the following: surface defect, hematoma, and 
thrombosis. Regression of lipid from lesion types IV, V, 
and VI may result in lesion morphology similar to that of 
type VII and VIII lesions.

Established risk factors for atherosclerosis-related car-
diovascular disease are male gender, age, family history 
of premature cardiovascular disease, high levels of LDL 
cholesterol, low levels of high-density lipoprotein (HDL) 
cholesterol, diabetes, obesity, hypertension, and smoking. 
Newer and emerging risk factors include homocysteine, 
fibrinogen, lipoprotein(a), apolipoproteins B and A-I, and 
high-sensitivity C-reactive protein (hsCRP). Atherosclerosis 
usually has no early warning signs, making primary preven-
tion difficult and often delaying risk modification until the 
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Figure 69-1. Outline of the 
sequence in the evolution of athero-
sclerotic lesions from type I to type IV 
and of the various possible subsequent 
pathways of progression to lesion 
types beyond type IV. The diagram 
lists the main histologic characteristics 
of each sequential step (lesion type). 
Thick or differentiate between the rel-
ative ease with which lesions develop 
at specific sites, or they indicate the 
relative frequency and importance of 
a pathway section. (From Stary HC: 
Natural history and histological clas-
sification of atherosclerotic lesions: an 
update, Arterioscler Thromb Vasc Biol 
20:1177-1178, 2000.)
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disease has progressed to an advanced stage. Established 
pharmacologic strategies against atherosclerosis are largely 
limited to treating hypertension and hyperlipidemia and 
controlling hemostasis to prevent thrombotic complica-
tions. Inhibitors of hydroxymethylglutaryl coenzyme A 
(i.e., statins) are the lipid-modifying drugs of choice and 
their efficacy in lowering LDL cholesterol and the risk for 
cardiovascular events is well established in large outcome-
based clinical trials.3 Antiplatelet drugs, including aspirin 
and thienopyridines such as clopidogrel, are widely used 
to prevent vascular events in patients with cardiovascular 
disease.

Inflammation in the arterial wall plays a fundamental 
role in both atherogenesis and atheroprogression.4 Serum 
markers of inflammation, such as hsCPR, are being used in 
cardiovascular risk stratification. hsCPR levels are correlated 
with risk for death and MI and with the development of 
peripheral vascular disease. As a result of this new under-
standing, inflammation has become a therapeutic target in 
the prevention and treatment of atherosclerosis and its com-
plications. Statins have important antiinflammatory modes 
of action that are independent of LDL cholesterol lower-
ing. For example, treatment with statins decreases hsCRP 
in patients with atherosclerosis by 13% to 50% in contrast 
to placebo, and decreased levels of hsCRP while receiving 
statins is associated with improved clinical outcome.

PREOPERATIVE EVALUATION

COEXISTING DISEASE

Patients undergoing vascular surgery have a frequent 
incidence of coexisting disease, including diabetes mel-
litus, hypertension, renal impairment, and pulmonary 
disease, all of which should be assessed and, if possible, 
optimized before surgery (see also Chapters 38 and 39). 
Because of the systemic nature of atherosclerotic disease, 
patients with vascular disease frequently have arterial 
disease affecting multiple vascular territories. CAD is the 
leading cause of perioperative mortality at the time of vas-
cular surgery, and long-term survival after vascular proce-
dures is significantly limited by the frequent occurrence 
of morbid cardiac events.5 Less than 10% of patients who 
undergo vascular surgery have normal coronary arteries, 
and more than 50% have advanced or severe CAD. Unrec-
ognized MI (determined by wall motion abnormalities at 
rest in the absence of a history of MI) and silent myocar-
dial ischemia (determined by stress-induced wall motion 
abnormalities in the absence of angina) often occur in 
vascular surgery patients (23% and 28%, respectively) and 
are associated with increased long-term mortality and 
adverse cardiac events.6 Left ventricular systolic dysfunc-
tion is five times more common in patients with vascular 
disease than in matched controls.7 It is not clear whether 
any specific category of vascular disease is associated with 
a greater likelihood of coexisting CAD. Some investiga-
tors have shown a similar incidence and severity of CAD 
in patients with aortic, lower extremity, and carotid dis-
ease. Others have shown that patients with lower extrem-
ity vascular disease are more likely to have significant 
CAD and to experience perioperative morbidity. Medical 
therapy is the cornerstone of the management of CAD.

PERIOPERATIVE AND LONG-TERM CARDIAC 
OUTCOMES

Preoperatively, the potential for MI and death in patients 
undergoing vascular surgery must be considered (Table 
69-1). Nonfatal and fatal MIs are the most important and 
specific outcomes that determine perioperative cardiac 
morbidity. When multiple recent studies are pooled, the 
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overall prevalence of perioperative MI and death is 4.9% 
and 2.4%, respectively. When outcomes are assessed over 
the long term (2 to 5 years), the prevalence of MI and 
death is 8.9% and 11.2%, respectively. This perioperative 
and long-term morbidity and mortality persist despite 
aggressive medical and surgical therapy.8

GUIDELINE-BASED APPROACH

A guideline-based approach to health care is relatively 
new and originated primarily in the United States. The 
American College of Cardiology (ACC) Foundation and 
the American Heart Association (AHA) jointly produced 

Coronary
32%

Arch branches 17%

Mesenteric renal 3%

Aortoiliac peripheral 42%

Combined 6%

Figure 69-2. Distribution of atherosclerotic lesions. Plaques occur at 
the origins of large vessels and at bifurcations. Distribution and relative 
severity differ based on risk factors. (From Zwolak RM, Cronenwett JL: 
Pathophysiology of vascular disease. In Yeager MP, Glass DD, editors: 
Anesthesiology and vascular surgery, East Norwalk, Conn, 1990, Apple-
ton & Lange, pp 3-29.)
guidelines in the area of cardiovascular disease for more 
than 2 decades. The ACC/AHA Task Force on Practice 
Guidelines published “Guidelines on Perioperative Car-
diovascular Evaluation for Noncardiac Surgery” in 1996. 
This evidence-based approach to perioperative evaluation 
and management was updated in 2002 and 2007,9,10 and 
in 2009.11 New guidelines will be published in 2014. A 
stepwise approach (simplified from the 2007 guidelines) to 
perioperative cardiac evaluation and care for noncardiac 
surgery is provided in Chapter 38. The authors emphasize 
that the purpose of the preoperative evaluation is not to 
give medical clearance but rather to perform an evalua-
tion of the patient’s current medical status; make recom-
mendations concerning the evaluation, management, 
and risk for cardiac problems; and provide a clinical risk 
profile that the patient and caregivers can use in making 
treatment decisions that may influence perioperative and 
longer term cardiac outcomes. The overriding theme of 
the perioperative guidelines is that intervention is rarely 

TABLE 69-1 RATES OF MYOCARDIAL INFARCTION 
AND DEATH IN PATIENTS UNDERGOING 
VASCULAR SURGERY

Study MI (%) Death (%) Comments

Short-Term Follow-Up (in Hospital or 30-Day)*

Ouyang et al184 8 0 Small study
Raby et al185 2.3 0.06 Aortic, lower 

extremity, 
carotid

Mangano et al186 4.1 2.3 Vascular patient 
only reported

Bode et al117 4.5 3.1 All lower 
extremity

Christopherson 
et al39

4.0 2.0 All lower 
extremity

Mangano et al187 5.0 0 Vascular patient 
only reported

Fleisher et al188 6.0 3.0 Vascular patient 
only reported

Pasternack et al189 4.5 1.0 Aortic, lower 
extremity, 
carotid

Krupski et al190 2.1 2.9 Aortic, lower 
extremity

Baron et al74 5.9 4.0 All aortic
Norris et al40 3.3 5.4 All aortic
Fleron et al80 5.5 4.1 All aortic
McFalls et al8 8.4 3.2 Aortic, lower 

extremity
Average 4.9 2.4
Long-Term Follow-Up (in Hospital and After Discharge)*

Raby et al185 7.4 5.1 20-mo follow-up
Mangano et al186 4.7 3.5 15-mo follow-up
Mangano et al191 19.4 13.5 24-mo follow-up
Hertzer et al25 12 60-mo follow-up
Krupski et al192 3.9 11.2 24-mo follow-up
McFalls et al8 22 30-mo follow-up
Average 8.9 11.2

MI, Myocardial infarction.
*For short-term follow-up, outcomes are reported for the duration of the 

hospital stay or 30 days, and death from MI was classified as both MI 
and death. For long-term follow-up, MI was not included as a subset of 
death because the cause of death was often unknown. The incidence of 
MI is underestimated in the long-term part of the table.
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necessary to simply lower the risk associated with surgery 
unless such intervention is indicated irrespective of the 
preoperative context. Thus, preoperative testing should 
not be performed unless it is likely to influence patient 
care. The particular challenge that the vascular surgery 
patient presents is emphasized throughout the document. 
Aspects of the updated guidelines and their evidence-
based approach will be discussed throughout this chapter.

CARDIAC RISK ASSESSMENT

The preoperative cardiac assessment presents an opportu-
nity to initiate and optimize pharmacologic management, 
perform appropriate diagnostic and therapeutic interven-
tions, and adjust overall care to decrease not only periopera-
tive risk but also long-term risks from cardiovascular events. 
The challenge for clinicians is to accurately assess risk for 
cardiac morbidity while maintaining a cost-effective, clini-
cally relevant, and evidence-based strategy. The ACC/AHA 
stepwise approach considers vascular surgery distinct from 
other noncardiac surgical procedures and is reviewed in 
detail in Chapter 38. Only issues specific to vascular surgery 
are reviewed in this chapter.

After assessment of cardiac risk, the additional chal-
lenge exists of modifying perioperative management to 
reduce risk by adjusting or adding cardiac medications 
(e.g., β-adrenergic blocker), direct coronary interven-
tion (e.g., percutaneous coronary intervention [PCI] or 
coronary artery bypass grafting [CABG]), modifying or 
intensifying perioperative management (e.g., invasive 
hemodynamic monitoring), or changing preoperative 
plans (e.g., performing endovascular aortic repair rather 
than open aortic repair). Coordination is essential among 
surgeons, anesthesiologists, and cardiologists, each of 
whom may have different criteria for risk assessment and 
different objectives for risk modification.

Clinical Risk Indices
Assessing cardiac risk in patients before vascular surgery 
is a controversial and difficult task (see also Chapters 37 
and 38). Although risk indices are a cost-effective screen-
ing method for determining which patients may require 
further cardiac evaluation (i.e., additional risk stratifica-
tion with noninvasive technologies), the high pretest 
probability of CAD in vascular surgery patients makes the 
risk index somewhat less useful. Vascular surgery–specific 
indices have been recently developed to optimize the pre-
diction of perioperative mortality12 and cardiac morbid-
ity13 in patients undergoing elective and urgent vascular 
surgery. Risk indices do not provide specific risk predic-
tion for individuals, but rather place patients in general 
risk categories, most commonly designated as low (car-
diac risk generally < 1%), intermediate (cardiac risk of 
1% to 5%), or high (cardiac risk often > 5%). Clinical risk 
variables identified by logistic regression in vascular sur-
gery cohorts can be used along with noninvasive cardiac 
testing to optimize preoperative assessment of cardiac 
risk before vascular surgery. From the registry of the Cor-
onary Artery Revascularization Prophylaxis (CARP) trial, 
the absence of multiple preoperative cardiac risk variables 
identifies patients with the best long-term survival after 
elective vascular surgery.14
Previous Myocardial Infarction
In patients undergoing cardiac evaluation before vascu-
lar surgery, unrecognized MI (determined by rest wall 
motion abnormalities and no history of MI) is highly 
prevalent (23%) and associated with increased long-term 
cardiac risk.6 Diabetes and heart failure are important 
predictors of unrecognized MI. Current guidelines recom-
mend waiting 4 to 6 weeks after an uncomplicated MI 
before proceeding with elective surgery11 and risk strati-
fication with stress testing and assessment of ventricular 
function during this period.15 Vascular surgery is often 
not elective, and urgent or emergent surgery may be 
required for patients with symptomatic aortic aneurysm, 
crescendo transient ischemic attacks from carotid disease, 
or limb-threatening ischemia from iliac or femoral occlu-
sive disease. In these instances, the patient must proceed 
to surgery with careful perioperative medical management 
and surveillance.

Previous Coronary Artery Bypass Surgery
Patients who have undergone prior (<5 years) CABG and 
are without current symptoms of angina or heart failure 
appear to have a relatively infrequent incidence of car-
diac morbidity after noncardiac surgery. However, pre-
vious coronary revascularization may not provide the 
same level of protection against MI and death after major 
vascular surgery. Results from the randomized, prospec-
tive CARP trial demonstrated that an aggressive strategy 
of prophylactic coronary artery revascularization before 
vascular surgery in patients with stable cardiac symptoms 
does not improve short-term outcome or long-term sur-
vival.8 At 2.7 years after randomization, mortality was 
22% and 23% in patients with and without revasculariza-
tion, respectively. Postoperative MI, defined by increased 
troponin levels, occurred in 12% and 14% of patients 
with and without revascularization, respectively. Among 
those randomized to revascularization, patients undergo-
ing CABG had fewer perioperative (6.6% versus 16.8%) 
and late postoperative (9.9% versus 23.7%) MIs than did 
patients undergoing PCI despite more diseased vessels 
in the CABG group (3.0 versus 2.2).16 Completeness of 
the revascularization procedure (CABG > PCI) was the 
predominant variable accounting for this difference. The 
Dutch Echocardiographic Cardiac Risk Evaluation Apply-
ing Stress Echocardiography (DECREASE)-V Pilot Study 
investigated in a randomized fashion the role of prophy-
lactic coronary revascularization in high-risk (three or 
more clinical risk variables and extensive stress-induced 
ischemia on noninvasive cardiac testing) patients under-
going major vascular surgery, although concern has been 
raised about the integrity of investigations from the 
Poldermans group at Erasmus University.17-19 Preopera-
tive coronary revascularization was not associated with 
improved short-term or long-term outcome compared 
with best medical treatment.17 No significant difference 
was found in the composite end point of all-cause death 
or nonfatal MI at 30 days (43% versus 33%) or during 
1-year follow-up (49% versus 44%) between patients 
randomized to revascularization or no revasculariza-
tion. Unlike the CARP trial, no difference was observed 
in the incidence of perioperative cardiac events between 
patients treated with CABG or PCI. The results of these 
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two randomized trials are congruent with the current 
ACC/AHA guidelines on perioperative management11 
and CABG.20 Specifically, preoperative revascularization 
should be reserved for patients with unstable cardiac con-
ditions or advanced coronary disease, for whom a survival 
benefit with CABG has been established. Periprocedural 
complications after CABG are substantially more frequent 
in patients with peripheral arterial disease than in those 
without such disease.21 These complications may preclude 
or alter the timing of subsequent vascular surgery.

Previous Percutaneous Coronary 
Intervention
The role of prophylactic percutaneous coronary revascu-
larization in the preoperative management of vascular 
surgery patients is controversial.8,17 PCI probably should 
be limited to patients with unstable active CAD.11 Patients 
with peripheral vascular disease are often not ideal can-
didates for PCI. These interventions require placement of 
a large-diameter introducer sheath in the femoral artery, 
which predisposes to pseudoaneurysm and compromised 
blood flow to the lower extremities.22 PCI can be per-
formed through the brachial artery, but it is technically 
difficult. PCI in patients with peripheral arterial disease, 
as opposed to those without peripheral arterial disease, 
is associated with less frequent procedural success, more 
frequent in-hospital cardiovascular complications, and 
mortality.23 Current guidelines indicate that PCI before 
noncardiac surgery, including vascular surgery, is of no 
value in preventing perioperative cardiac events, except 
in patients in whom PCI is independently indicated for 
unstable active cardiac conditions.11

The optimal interval between PCI and subsequent 
vascular surgery is unknown (see also Chapters 37 and 
38). Current perioperative guidelines provide a compre-
hensive review of this topic and offer recommendations 
based on clinical data and expert opinion.11 The type 
of coronary intervention, the need for dual antiplatelet 
therapy, the risk for bleeding from surgery, the risk in 
terminating antiplatelet therapy, and the urgency of the 
surgery all must be carefully considered.

Noninvasive Diagnostic Cardiac Testing
Accurate clinical assessment of the pretest probability 
of significant CAD is extremely important. In general, 
noninvasive cardiac testing before vascular surgery is 
best directed at patients considered to be at intermedi-
ate clinical risk. Such testing should not be undertaken 
if it is unlikely to alter patient management and should 
not be considered as a preliminary step leading to coro-
nary revascularization. A revascularization procedure is 
rarely needed solely for the purpose of getting a patient 
through the perioperative period. Extensive cardiac eval-
uation before vascular operations can result in morbidity, 
delays, and patient refusal to undergo vascular surgery. A 
complete review of this subject is found in Chapter 38.

Cardiac Catheterization and Prophylactic 
Revascularization
The largest series on outcome in vascular surgery 
patients is that of Hertzer and colleagues24 from the 
Cleveland Clinic. These investigators performed cardiac 
catheterization in 1000 consecutive patients scheduled 
to undergo peripheral vascular surgery (aortic aneurysm 
resection, carotid endarterectomy, and lower extremity 
revascularization). The incidence and severity of CAD 
were assessed according to the following classification: 
normal coronary arteries; mild-to-moderate CAD with no 
lesion exceeding 70% stenosis; advanced, compensated 
CAD with one or more lesions exceeding 70% stenosis 
but with adequate collateral circulation; severe, correct-
able CAD with more than 70% stenosis in one or more 
coronary arteries; and severe inoperable CAD with greater 
than 70% stenosis in one or more coronary arteries and 
severe distal disease or poor ventricular function. The 
most remarkable findings were that only 8.5% of patients 
had normal coronary arteries and 60% had advanced or 
severe coronary lesions (>70% stenosis). Even when CAD 
was not suspected by the clinical history, more than a 
third of patients had advanced or severe coronary lesions 
(Table 69-2).

In the Hertzer series, patients with severe correctable 
CAD were offered CABG before their vascular surgery, 
patients with normal or mild-to-moderate CAD went 
directly to vascular surgery, and those with severe inop-
erable CAD were treated on an individual basis. Com-
bined mortality rates over the immediate- and long-term 
(4.6-year follow-up) postoperative period are shown in 
Table 69-3.25 Of the 216 patients who underwent coro-
nary revascularization (CABG), 12 (5.5%) died after this 
surgery. This mortality rate is more frequent than that 
reported for patients undergoing CABG surgery without 
peripheral vascular disease (1% to 2%). Perhaps the risks 
associated with CABG should be seriously considered 
as part of the preoperative evaluation of these patients. 
When overall early and late mortality (>5 years) is con-
sidered, death occurred in 12% versus 26% of patients 
who did or did not undergo CABG. Although these data 

TABLE 69-2 RESULTS OF CORONARY 
ANGIOGRAPHY IN 1000 PATIENTS WITH 
PERIPHERAL VASCULAR DISEASE 

Clinical CAD

None Suspected Total

Angiographic 
Classification No. % No. % No. %

Normal coronary 
arteries

64 14 21 4 85 8.5

Mild-to-moderate 
CAD

218 49 99 18 317 32

Advanced, 
compensated 
CAD

97 22 192 34 289 29

Severe, 
correctable 
CAD

63 14 188 34 251 25

Severe, 
inoperable CAD

4 1 54 10 58 5.8

CAD, Coronary artery disease.
Data from Hertzer NR, Beven EG, Young JR, et al: Coronary artery disease in 

peripheral vascular patients: a classification of 1000 coronary angiograms 
and results of surgical management, Ann Surg 199:223-233, 1984.
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appear to support the beneficial effect of CABG on out-
come, the mortality from CABG itself (5.5%) reduces its 
apparent benefits.

Two randomized clinical trials have been performed 
to determine the impact of prophylactic coronary artery 
revascularization on outcome after open aortic and 
lower extremity arterial vascular surgery.8,17 Of the 5859 
patients screened in the CARP trial,8 1190 underwent 
coronary angiography based on a combination of clini-
cal risk factors and noninvasive stress imaging data.26 The 
incidence and severity of CAD on these angiograms were 
43% of patients had one or more major coronary arteries 
with at least a 70% stenosis suitable for revascularization 
(and were randomized to either revascularization or no 
revascularization before vascular surgery); 31% had non-
obstructed coronary arteries; 18% had coronary stenosis 
considered unsuitable for revascularization; and 5% had 
left main coronary artery stenosis of 50% or more. The 
CARP trial showed that prophylactic revascularization 
(by CABG or PCI) was generally safe but did not improve 
long-term outcome after vascular surgery. Long-term 
mortality (2.7 years) was 22% in the revascularization 
group and 23% in the group considered inappropriate 
for revascularization (Fig. 69-3). Although the trial was 
not designed to test the short-term benefit of prophylac-
tic revascularization, perioperative outcomes were not 
decreased, including death (3.1% versus 3.4%) and MI 
(12% versus 14%). The CARP trial results can be applied 
to most of the vascular surgery patients; however, they 
cannot be extrapolated to patients with unstable car-
diac symptoms, left main coronary artery disease, aortic 
stenosis, or severe left ventricular dysfunction because 
these conditions excluded patients from study participa-
tion. The DECREASE-V trial17 screened 1880 vascular sur-
gery patients, 430 of whom with three or more clinical 
risk factors underwent noninvasive stress testing using 
stress-echo or perfusion imaging. Patients with extensive 
stress-induced ischemia (26%) were randomly assigned to 
TABLE 69-3 PERIOPERATIVE AND LATE CARDIAC DEATHS AFTER PERIPHERAL VASCULAR RECONSTRUCTION 
IN PATIENTS MONITORED OVER A 5-YEAR PERIOD ACCORDING TO CORONARY ANGIOGRAPHIC 
CLASSIFICATION 

Clinical 
Features

Total No. 
Patients

Normal or  
Mild-to-Moderate 

CAD

Advanced, 
Compensated 

CAD

Severe, Correctable CAD Severe, 
Inoperable 

CAD
Total Cardiac 

DeathsWith CABG No CABG

No. % No. % No. % No. % No. % No. %
Men 685 10/242 4.1 33/204 16 13/174 7.5 6/24 25 14/41 34 76 11
Women 315 5/160 3.1 12/85 14 12/42 29 3/11 27 8/17 47 40 13
Age <70 yr 722 10/328 3.0 29/198 15 19/148 13 3/20 15 13/28 46 74 10
Age >70 yr 278 5/74 6.8 16/91 18 6/68 8.8 6/15 40 9/30 30 42 15
Normotensive 403 7/185 3.8 15/102 15 8/82 9.8 2/15 13 8/19 42 40 9.9
Hypertensive 597 8/217 3.4 30/187 16 17/134 13 7/20 35 14/39 36 76 13
Nondiabetic 830 12/348 3.4 28/232 12 17/183 9.3 8/30 27 13/37 35 78 9.4
Diabetic 170 3/54 5.5 17/57 30 8/33 24 1/5 20 9/21 43 38 22
Total 1000 15/402 3.7 45/289 16 25/216 12 9/35 26 22/58 38 116 12

CAD, Coronary artery disease.
Data from Hertzer NR, Young JR, Beven EG, et al: Late results of coronary bypass in patients with peripheral vascular disease. II. Five-year survival accord-

ing to sex, hypertension, and diabetes, Cleve Clin J Med 54:15-23, 1987.

Figure 69-3. Long-term survival in patients randomized 
to undergo coronary artery revascularization or no coronary 
artery revascularization before elective major vascular surgery 
(Coronary Artery Revascularization Prophylaxix trial). Kaplan-
Meier estimates were used to generate survival curves from the 
time of randomization for all patients. (From McFalls EO, Ward 
HB, Moritz TE, et al: Coronary-artery revascularization before 
elective major vascular surgery, N Engl J Med 351:2796-2804, 
2004.)
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revascularization or no revascularization. Coronary angi-
ography showed two-vessel disease in 24%, three-vessel 
disease in 67%, and left main coronary artery disease 
in 8%. Prophylactic coronary revascularization (CABG 
or PCI) did not improve perioperative or long-term 
outcome (Table 69-4). The incidence of all-cause death 
or nonfatal MI at 30 days in patients who underwent 
revascularization or who did not was 43% versus 33%, 
respectively. The incidence of the composite end point 
at 1 year was similar, 49% versus 44%, respectively. As 
noted previously, this trial has come under scrutiny based 
on concerns of unfortunate scientific misconduct by the 
principal investigator.

The lack of benefit of prophylactic coronary revascu-
larization in the CARP and DECREASE-V trials is difficult 
to reconcile with the more favorable data from Hertzer 
and co-workers24 and other studies (Coronary Artery 
Surgery Study [CASS]27 and Bypass Angioplasty Revascu-
larization Investigation [BARI]28), but is consistent with 
current guideline recommendations.11 Clearly, issues are 
involved that go beyond critical coronary lesions; per-
haps the current understanding of the pathophysiology 
of perioperative MI is incomplete. For example, perioper-
ative MI may be caused by culprit lesions (i.e., vulnerable 
plaques with high likelihood of thrombotic complica-
tions) often located in coronary vessels without critical 
stenosis.29 For this type of MI (atherothrombotic), periop-
erative strategies aimed at reducing potential triggers of 
coronary plaque destabilization and rupture may be more 
appropriate than those leading to coronary revasculariza-
tion. Demand ischemia is likely the predominant cause of 
perioperative MI, which has been confirmed by a recent 
angiographic study.30

ASSESSMENT OF PULMONARY FUNCTION

Postoperative pulmonary complications are potentially 
serious in patients undergoing vascular surgery, with the 
most significant morbidity seen in patients undergoing 
open aortic procedures (see also Chapters 67 and 103). 
The most important pulmonary complications are atel-
ectasis, pneumonia, respiratory failure, and exacerbation 
of underlying chronic disease. Given the prevalence of 
cigarette smoking in this population, chronic obstruc-
tive pulmonary disease (COPD) and chronic bronchitis 
are common and, when present, place the patient at 
increased risk for postoperative pulmonary complica-
tions. When clinical assessment suggests severe pulmo-
nary compromise, pulmonary function tests may be 
useful in evaluating and optimizing respiratory function 
(see also Chapters 39 and 51). Preoperative analysis of 
arterial blood gases should be used to establish a baseline 
for postoperative comparison. Baseline hypercapnia (par-
tial pressure of arterial carbon dioxide > 45 mm Hg) indi-
cates a more frequent risk for postoperative morbidity. 
Bronchodilator therapy may be indicated on the basis of 
results of pulmonary function tests, although the risk for 
β-adrenergic agonist–induced arrhythmia or myocardial 
ischemia also must be considered. Preoperative treatment 
with a short course of glucocorticoids (prednisone 40 mg/
day for 2 days) may be helpful for patients with signifi-
cant COPD or asthma. Evidence of pulmonary infection 
should be treated with appropriate antibiotics. Although 
improved pulmonary outcome with regional anesthesia 
is not clear, patients with significant pulmonary disease 
may benefit from epidural techniques. Use of these tech-
niques in the postoperative period helps avoid respiratory 
depression from systemic opiates (see also Chapter 98). 
Pulmonary complications in the postoperative period 
are difficult to avoid. Incentive spirometry and continu-
ous positive airway pressure do provide benefit.31 Given 
proper pulmonary care, even patients with severe pulmo-
nary insufficiency, however, may undergo aortic surgery 
with acceptable morbidity and mortality outcomes.32

Assessment of Renal Function
Chronic renal disease is common in vascular surgery 
patients and is associated with an increased risk for death 
and cardiovascular disease (see also Chapters 37 and 
52).33 Chronic renal disease strongly predicts long-term 
TABLE 69-4 PERIOPERATIVE AND LONG-TERM PATIENT OUTCOMES FROM THE DUTCH 
ECHOCARDIOGRAPHIC CARDIAC RISK EVALUATION APPLYING STRESS ECHOCARDIOGRAPHY  
(DECREASE)-V -V TRIAL 

Revascularization No. (%) No Revascularization No. (%) HR (95% CI) P Value

No. Patients 49 52

Events before surgery
 All-cause mortality
 Myocardial infarction
 Composite

2 (4.1)
1 (2.1)
3 (6.1)

0
0
0

0.23

0.11
Events up to 30 days after surgery
 All-cause mortality
 Myocardial infarction
 Composite

11 (22.5)
17 (34.7)
21 (42.9)

6 (11.5)
16 (30.8)
17 (32.7)

2.2 (0.74-6.6)

1.4 (0.73-2.8)

0.14

0.30
Events up to 365 days after surgery
 All-cause mortality
 Myocardial infarction
 Composite

13 (26.5)
18 (36.7)
24 (49.0)

12 (23.1)
19 (36.5)
23 (44.2)

1.3 (0.55-2.9)

1.2 (0.68-2.3)

0.58

0.48

CI, Confidence interval; HR, hazard ratio.
From Poldermans D, Schouten O, Vidakovic R, et al: A clinical randomized trial to evaluate the safety of a noninvasive approach in high-risk patients 

undergoing major vascular surgery. The DECREASE-V Pilot Study, J Am Coll Cardiol 49:1763-1769, 2007.
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TABLE 69-5 INCIDENCE OF MYOCARDIAL ISCHEMIA* DURING THE PREOPERATIVE, INTRAOPERATIVE,  
AND POSTOPERATIVE PERIODS IN VASCULAR SURGERY PATIENTS

Study Preoperative Intraoperative Postoperative Overall

Pasternack et al189

 Aortic/lower extremity
 Carotid

40
38

38
41

48
54

61
68

Ouyang et al184 13 21 63
McCann and Clements193 14 38
Mangano et al186 20 25 41
Raby et al194 18 30
Christopherson et al39 8 11 40 40
Boylan et al83 35
Norris et al40 3† 4† 15† 16
Average 19 25 42 44

*Percentage of patients with myocardial ischemia as detected by continuous Holter monitor and ST-segment analysis.
†Unpublished data.
mortality in patients with symptomatic lower extremity 
arterial occlusive disease irrespective of disease severity, 
cardiovascular risk, and concomitant treatment.34 Car-
diovascular disease is independently associated with a 
decline in renal function and the development of kidney 
disease.35 Serum creatinine and creatinine clearance are 
used to assess renal function perioperatively. A preopera-
tive serum creatinine level more than 2 mg/dL is an inde-
pendent risk factor for cardiac complications after major 
noncardiac surgery.36 Preoperative creatinine clearance 
less than 60 mL/minute is an independent predictor of 
both short-term and long-term mortality after elective 
vascular surgery.37 Perioperative β-adrenergic blocker38 
and statin37 administration decrease risk for death in vas-
cular surgery patients with renal impairment. Atheroscle-
rotic disease in the abdominal aorta or renal arteries may 
compromise renal blood flow and renal function. Con-
versely, renal artery stenosis causes hypertension through 
renin-induced and angiotensin-induced vasoconstric-
tion. Hypertension itself may cause renal insufficiency 
or failure. Diabetic nephropathy is also common (see 
also Chapter 39). Superimposed on baseline abnormali-
ties in renal function are the preoperatively and intra-
operatively administered angiographic dyes, which are 
directly nephrotoxic. Renal ischemia occurs with inter-
ruption of renal blood flow from aortic cross-clamping. 
Even with infrarenal aortic cross-clamps, renal blood flow 
may decrease despite normal systemic arterial blood pres-
sure and cardiac output. Embolic plaque can be showered 
into the renal arteries, especially when suprarenal aortic 
cross-clamps are applied and released. Fluctuations in 
intravascular volume and cardiac output can compromise 
renal perfusion during the intraoperative and postopera-
tive periods. In one series of more than 500 patients, the 
prevalence of acute renal failure was 7% after abdominal 
aortic reconstruction.

PERIOPERATIVE MYOCARDIAL ISCHEMIA

ETIOLOGY AND PREVENTION

Ischemic cardiac morbidity is the most common cause  
of perioperative death in the United States5 (see also  
Chapter 39). Myocardial ischemia in the perioperative 
period is a strong predictor of adverse cardiac events 
after vascular surgery. Myocardial ischemia results from 
an imbalance between myocardial oxygen supply and 
demand, for which many causes exist during the periop-
erative period. Virtually every determinant of myocardial 
O2 supply and demand can be altered by factors common 
with vascular surgery, including intravascular fluid shifts, 
blood loss, pain, increased release of catecholamines, 
hypothermia, altered coagulability, and ventilatory insuf-
ficiency. Tachycardia, intravascular hypervolemia, and 
anemia are particularly detrimental because they simulta-
neously decrease O2 supply and increase O2 demand. The 
prevention and treatment of perioperative myocardial 
ischemia require careful control of these and other deter-
minants of myocardial O2 supply and demand, as well as 
other physiologic changes that can precipitate ischemia.

Table 69-5 summarizes eight studies showing the rela-
tive incidence of preoperative, intraoperative, and post-
operative myocardial ischemia. The two studies with 
the most infrequent rates of intraoperative myocardial 
ischemia followed a protocol that included rigorously 
controlled intraoperative heart rate and arterial blood 
pressure. 39,40 Norris and associates40 continued this 
“tight” hemodynamic control into the postoperative 
period and reported a lower rate (15%) of postoperative 
myocardial ischemia. Excellent control of perioperative 
hemodynamics, especially heart rate (<85 beats/minute), 
likely decreases the incidence of myocardial ischemia. 
An even slower heart rate control (<70 beats/minute) 
may reduce myocardial ischemia after vascular surgery41; 
some added risk exists with this approach.42 The heart 
rate should clearly be controlled, but also the underly-
ing cause should be determined. The common recom-
mendation is to maintain arterial blood pressure within 
20% of baseline. However, a more rational approach 
that appropriately addresses patients with hypertension 
or hypotension is described in Figure 69-4. Perioperative 
statin therapy also reduces the incidence of myocardial 
ischemia after vascular surgery.43

The optimal hematocrit value for vascular surgery 
patients is not clear. An increased incidence of myocar-
dial ischemia and cardiac morbidity occurs in vascular 
surgery patients if hemoglobin concentrations are less 
than 9.0 g/dL in the early postoperative period. Therefore, 
hemoglobin concentrations should be maintained at 
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greater than 9.0 g/dL in vascular patients, especially those 
at significant risk for ischemic cardiac morbidity. Accord-
ingly, a “liberal” transfusion trigger should be considered 
(see also Chapter 61).

MONITORING FOR MYOCARDIAL ISCHEMIA

Three methods are used to detect myocardial ischemia 
during the perioperative period: surface electrocardio-
gram (ECG), transesophageal echocardiography (TEE), 
and pulmonary artery catheterization (see also Chap-
ters 45 to 47). The sensitivity and specificity for detec-
tion of ischemia, the level of training required, and the 
cost of these methods differ and are important consider-
ations. Monitoring for ischemia is important during and 
after vascular surgery. Ischemia may lead to infarction, 
especially when the ischemia is sustained over time (>2 
hours).44 Accordingly, the clinical determinants of myo-
cardial O2 supply and demand should be optimal in an 
attempt to resolve the ischemic condition.

Serial measurement of cardiac-specific biomarkers in 
the postoperative period is used to monitor for myo-
cardial injury after vascular surgery. Measurement of 
cardiac troponin T or I facilitates the detection of myo-
cardial damage over less specific biomarkers and allows 
the detection of very small injury. Data from the CARP 
and Ventavis Inhalation With Sildenafil to Improve and 
Optimize Pulmonary Arterial Hypertension (VISION) tri-
als support the use of perioperative cardiac troponin as a 
means of stratifying high-risk patients after vascular sur-
gery.45,46 Although not supported by current guidelines, 
routine surveillance of cardiac troponin after vascular sur-
gery probably should be used for the detection of cardiac 
events and postoperative risk stratification.47

130

120

110

90

80

70

100

m
m

 H
g

Maximum allowable
mean pressure curve
Baseline mean pressure line
Minimum allowable 
mean pressure curve

Figure 69-4. Nomogram used to determine minimum and maxi-
mum mean blood pressure limits. The nomogram is used by reading 
the baseline mean arterial pressure (MAP) from the left-hand axis hori-
zontally onto the diagonal baseline mean pressure line. The point of 
intersection on this line is then extended vertically to intersect with the 
minimum and maximum allowable mean pressure curves. A patient 
with a baseline MAP of 105 mm Hg, shown in the figure, would have an 
allowable MAP range of 80 to 114 mm Hg. (From Norris EJ, Beattie C, 
Perler BA, et al: Double-masked randomized trial comparing alternate 
combinations of intraoperative anesthesia and postoperative analgesia 
in abdominal aortic surgery, Anesthesiology 95:1054-1067, 2001.)
PERIOPERATIVE β-ADRENERGIC BLOCKER 
THERAPY

Perioperative β-adrenergic blocker therapy is an impor-
tant and controversial topic, particularly in patients 
undergoing vascular surgery, and is reviewed more 
fully in Chapters 38 and 39. Patients receiving chronic 
β-adrenergic blocker therapy should continue taking 
β-adrenergic blockers throughout the perioperative 
period. However, β-adrenergic blockers should not be 
used as the initial or primary treatment of tachycardia 
caused by perioperative events, such as hypovolemia, 
anemia, pain, or infection, because these conditions 
require prompt treatment of the underlying cause. Treat-
ment of tachycardia caused by the sympathetic stimula-
tion associated with surgical stress should be considered 
in high-risk patients, particularly those with known 
ischemic potential (i.e., ischemia on preoperative test-
ing). Hypotension and bradycardia should be avoided. 
Acute initiation of large-dose β-adrenergic blockade in 
the perioperative period should be avoided. If a decision 
is made to initiate β-blocker treatment in the periopera-
tive period in an effort to reduce cardiac risk, the safest 
approach may be to initiate therapy with a small dose 
and titrate to effect over a 7- to 10-day period before 
the planned surgery. Perioperative β-adrenergic blocker 
therapy can decrease the number of patients referred 
for preoperative cardiac testing. However, such testing 
should not be eliminated, and its risk-to-benefit ratio 
should be carefully assessed.

PERIOPERATIVE STATIN THERAPY

In addition to their lipid-lowering properties, statins have 
beneficial antiinflammatory, plaque-stabilizing, and anti-
oxidant effects (see also Chapter 39). Over the last decade, 
statin use has emerged as a promising strategy for the 
prevention of perioperative cardiovascular complications 
in patients undergoing vascular surgery.48 This approach 
is supported by the double-blind, placebo-controlled 
DECREASE-III trial. Unfortunately, controversy exists 
regarding this trial because of scientific misconduct iden-
tified by a recent investigation by Erasmus University.19 
Statin use can help preserve renal function after aortic 
surgery and improve graft patency after lower extremity 
bypass surgery.

Although current guidelines recommend the use of 
statins in all patients with peripheral arterial disease, the 
optimal timing and dosing of statins for perioperative use 
has not been established. Because no intravenous (IV) 
preparations are available, statins should be given that 
have a prolonged half-life or a slow-release formula.49 
Interruption of statin therapy after aortic surgery can 
increase cardiac risk.49,50 Data from the DECREASE III trial 
suggest that this risk may be avoided if the interruption 
is brief (2 days) and an extended-release statin is used.42 
Current ACC/AHA guidelines should guide overall use. 
Because side effects can occur and are difficult to assess 
clinically in the perioperative period, serial measure-
ments of creatine kinase and liver function are advisable 
until safety has been established.
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HEMODYNAMIC MONITORING

The appropriate level of invasive hemodynamic monitor-
ing (see also Chapter 45) in patients undergoing vascular 
surgery is a controversial issue. Multiple considerations 
determine the need for monitoring and are often not the 
same for all vascular patients. Given the frequency of 
coexisting disease, the potential for fluid shifts and blood 
loss, and the physiologic changes associated with cross-
clamping and unclamping, virtually all patients under-
going major vascular surgery should be monitored with 
an intraarterial catheter. This allows beat-to-beat blood 
pressure monitoring, accurate determination of diastolic 
pressure, and sampling of arterial blood for diagnostic 
purposes. The radial artery is most commonly selected 
for cannulation because of its superficial location and the 
presence of collateral circulation. The need to verify col-
lateral blood flow is questionable. The Allen test can be 
used to assess collateral flow in the palmar arch, but evi-
dence suggests that ischemic injury can occur in patients 
with a normal Allen test result and that no injury occurs 
in patients with an abnormal Allen test result when the 
radial artery is cannulated. When the radial artery is dif-
ficult to cannulate, the ulnar or axillary arteries are alter-
native sites. The axillary artery can be cannulated by the 
Seldinger technique, but extreme care should be taken 
to avoid injecting air when flushing an axillary catheter 
because the tip may lie close to or inside the aortic arch 
and thus allow air to enter the cerebral circulation. When-
ever possible, the femoral arteries should be avoided in 
patients with peripheral vascular disease.

Vascular surgery patients often have a large discrep-
ancy in arterial blood pressure between the right and 
left arms as a result of atherosclerotic lesions in the sub-
clavian or axillary arteries; such discrepancy results in a 
falsely low arterial blood pressure in the ipsilateral arm.51 
Patients scheduled for carotid surgery have a frequent 
incidence of right and left arm arterial blood pressure 
differences. To avoid pseudohypotension, arterial blood 
pressure should be verified in both arms, and the arm 
with the higher pressure should be used for monitoring 
during surgery. Both arms may have falsely low arterial 
blood pressure as a result of bilateral disease. In this case, 
the femoral artery may be the best option for monitoring.

The utility of central venous and pulmonary artery 
catheters for hemodynamic monitoring of patients dur-
ing vascular surgery is controversial. The surgical proce-
dure often determines the degree of fluid shifting and 
blood loss and thus the usefulness of invasive monitor-
ing. The patient’s underlying cardiac, pulmonary, and 
renal status also need to be considered. Although car-
diovascular function is highly dependent on adequate 
ventricular filling (i.e., the heart cannot pump out more 
blood than it receives), values of central venous pressure 
and pulmonary artery occlusion pressure do not corre-
late with values of measured circulating blood volume.52 
Additional information, such as stroke volume and car-
diac output, are often important when extreme stress is 
placed on an already impaired heart. The indications for 
central venous pressure and pulmonary artery catheter 
monitoring are discussed in further detail in the subse-
quent sections.
The role of TEE (see also Chapter 46) in the periopera-
tive period has expanded rapidly over the last decade. TEE 
is useful in identifying anatomic and functional cardiac 
abnormalities and is a sensitive monitor for detection of 
myocardial ischemia. During complex aortic reconstruc-
tion, TEE provides important real-time information on 
cardiac filling and function and is particularly useful when 
unexplained hemodynamic instability is encountered.

ABDOMINAL AORTIC RECONSTRUCTION

Anesthesia for conventional abdominal aortic reconstruc-
tion requires an understanding of the pathophysiology, 
extensive knowledge of the surgical procedure, the ability 
to interpret sophisticated hemodynamic data, and skill-
ful pharmacologic control and manipulation of hemody-
namics. Preoperative and intraoperative communication 
with the surgical team is essential. All open operative pro-
cedures on the abdominal aorta and its major branches 
require large incisions and extensive dissection, clamping 
and unclamping of the aorta or its major branches, vary-
ing duration of organ ischemia-reperfusion, significant 
fluid shifts and temperature fluctuations, and activation 
of neurohumoral and inflammatory responses. The major 
objectives of surgical treatment of the aorta are to relieve 
symptoms, reduce the frequency of associated complica-
tions, and in the case of aortic aneurysm, prevent rupture. 
Over the last two decades, the growth and development 
of catheter-based technology for the treatment of periph-
eral arterial disease have generated tremendous interest 
for less invasive methods to treat aortic disease. Endovas-
cular aortic aneurysm repair (discussed later) has become 
an established less invasive alternative to conventional 
open repair, and its use has expanded to more than 75% 
of elective repairs and 30% of rupture repairs.53 The 
endovascular field continues to evolve rapidly with new 
devices, innovations, and indications for aortic disease.

NATURAL HISTORY AND SURGICAL 
MORTALITY

Abdominal Aortic Aneurysm
Abdominal aortic aneurysms (AAAs) occur frequently 
in elderly men, with an incidence approaching 8% (see 
also Chapter 80). Increasing age, smoking, family his-
tory of AAA, and atherosclerotic disease are established 
risk factors. Although the prevalence is less frequent 
in women, the risk factors for AAA are similar to those 
in men. More than 30,000 deaths result from rupture 
of AAAs each year in the United States.54 The number 
of hospital discharges each year with the first diagno-
sis of aortic aneurysm is nearly 70,000. Approximately 
40,000 patients undergo repair of AAA each year in the 
United States, at a cost likely to exceed a billion dollars. 
The incidence of AAA appears to be increasing and is 
age and gender dependent.

AAA is a multifactorial disease associated with aortic 
aging and atherosclerosis. Although no unified concept 
of pathogenesis exists, genetic, biochemical, metabolic, 
infectious, mechanical, and hemodynamic factors may 
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contribute to the development of AAA disease. Adventitial 
elastin degradation (elastolysis), a hallmark of AAA forma-
tion, may be the primary event. Chronic inflammation 
plays a fundamental role in the destruction of connective 
tissue in the aortic wall. Concomitant aortoiliac occlu-
sive disease is present in approximately 20% to 25% of 
patients with AAA. Approximately 5% of patients under-
going abdominal aortic resection have inflammatory 
aneurysms. Rare causes of AAA disease include trauma, 
mycotic infection, syphilis, and Marfan syndrome.

Most AAAs are detected incidentally when imaging is 
performed for other reasons or through screening pro-
grams. The natural history of AAA disease is progressive 
enlargement and ultimate rupture and death. The diam-
eter and rate of expansion of asymptomatic AAAs are the 
best predictors of the risk for rupture. Current guidelines 
emphasize that it is not possible to recommend a single 
threshold diameter for operative intervention that can be 
generalized to all patients. Yet, elective repair should be 
undertaken in all patients with AAA 6 cm or larger in diam-
eter. Although some controversy exists regarding elective 
AAA repair when its diameter is in the 5.5- to 5.9-cm range, 
the risk for rupture of a 5.5-cm aneurysm (per year) is equal 
to or greater than the risk for perioperative mortality, and 
thus surgical repair is indicated. The 1-year incidence of 
probable rupture in patients refusing or unfit for elective 
repair is 9.4%, 10.2%, and 32.5% for aneurysms 5.5 to 
5.9 cm, 6.0 to 6.9 cm, and 7.0 cm or greater, respectively.55

Over 90% of AAAs are less than the current thresh-
old (5.5 cm) for surgical repair at the time of detection. 
Randomized controlled trials in patients with AAAs 4.0 
to 5.5 cm in diameter have provided important insight 
into the natural history of small asymptomatic aortic 
aneurysms.56 Four trials have demonstrated that surveil-
lance of small aneurysms (4.0 to 5.5 cm) is a safe manage-
ment option and that early repair (open or endovascular 
surgery) did not result in any long-term survival benefit. 
Surgical repair is often considered if small aneurysms 
become symptomatic or expand more than 0.5 cm in a 
6-month period. Although significant interest exists in 
medical treatment (e.g., antibiotics, β-adrenergic blockers, 
statins) to delay or reverse expansion of small aneurysms, 
evidence for a protective effect is limited.57 Aneurysms 
less than 4.0 cm in diameter are thought to be relatively 
benign in terms of rupture and expansion.

Perioperative mortality from elective resection of infra-
renal AAAs has progressively declined from 18% to 20% 
during the 1950s, 6% to 8% in the mid-1960s, 5% to 6% in 
the early 1970s, and 2% to 4% in the 1980s, at which time 
it plateaued. A publication of data from 1000 consecutive 
elective open infrarenal abdominal aneurysm repairs over 
a 15-year period reported a perioperative mortality rate 
of 2.4%.58 Hertzer and co-workers59 reported a mortality 
rate of 1.2% for 1135 consecutive elective open infrare-
nal abdominal aortic repairs at the Cleveland Clinic. 
This single-center mortality rate is considerably less than 
the mortality rates of 5.6% to 8.4% reported from large 
national data sets. These more frequent mortality rates on 
the national level suggest that all of the technologic and 
treatment advances over the last 2 decades have not had 
an impact on outcomes of patients requiring open AAA 
repair. Regionalization of patient care and endovascular 
treatments currently hold the most promise for improve-
ment in operative mortality.

For ruptured AAAs, perioperative mortality has not 
changed significantly over the last 4 decades and remains 
nearly 50%, with few exceptions. Including patients with 
rupture who die before reaching a hospital, the overall 
mortality rate after rupture may very well exceed 90%.

The long-term durability of open infrarenal AAA repair 
is excellent and well established. The incidence of late 
graft complications is infrequent (0.4% to 2.3%). Postop-
erative survival rates after repair of nonruptured AAA are 
92% at 1 year and 67% at 5 years.

Aortoiliac Occlusive Disease
The infrarenal aorta and the iliac arteries are two of the 
most common sites of chronic atherosclerosis. Because of 
the diffuse and progressive nature of aortoiliac atheroscle-
rosis, plaque enlargement may reduce blood flow to the 
lower extremities below a critical level and result in symp-
toms of ischemia. Unlike patients with aortic aneurysmal 
disease, patients undergo surgery for aortoiliac occlusive 
disease only if they are symptomatic. Surgical interven-
tion is indicated for disabling intermittent claudication 
and limb-threatening ischemia. Intervention is directed 
toward restoring peripheral pulsatile circulation to relieve 
claudication and toward preventing amputation. Patients 
with localized aortoiliac occlusive disease typically have 
claudication because collateral circulation adequate to 
prevent critical lower extremity ischemia usually exists. 
Perioperative mortality is lower in patients undergo-
ing aortoiliac reconstruction than in those undergoing 
abdominal aortic surgery.

Therapeutic options for managing aortoiliac occlusive 
disease include anatomic or direct reconstruction (i.e., 
aortobifemoral bypass), extraanatomic or indirect bypass 
grafts (i.e., axillofemoral bypass), and catheter-based endo-
luminal techniques (i.e., percutaneous transluminal angio-
plasty with or without stent insertion). Aortobifemoral 
bypass is viewed as the gold standard in treating aortoiliac 
occlusive disease. Extraanatomic bypass grafts are gener-
ally reserved for specific indications, usually patients with 
infection, failure of previous reconstruction, or prohibitive 
risk. Reduced long-term patency and inferior functional 
results are frequently the trade-off for lower perioperative 
morbidity and mortality. Catheter-based endoluminal 
techniques, such as percutaneous transluminal angio-
plasty, are used for relatively localized disease and may be 
reasonable alternatives to aortobifemoral bypass in 10% to 
15% of patients with aortoiliac occlusive disease.

Renal and Visceral Arterial Insufficiency
Atherosclerosis is the most common cause of renal artery 
stenosis. Occlusive lesions are located almost exclusively 
in the proximal segment and orifice of the renal artery 
and are usually an extension of aortic atherosclerosis. 
Fibromuscular dysplasia is an important, but less com-
mon, cause of renal artery stenosis and most frequently 
involves the distal two thirds of the renal arteries. Hemo-
dynamically significant renal artery stenosis may cause 
hypertension by activation of the renin-angiotensin-
aldosterone system, and bilateral involvement may result 
in renal failure. Patients with renovascular hypertension 
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frequently have poorly controlled hypertension despite 
maximal medical therapy. These patients often have 
severe bilateral renal artery stenosis and may have recur-
rent congestive heart failure or flash pulmonary edema. 
Indications for intervention include control of hyperten-
sion and salvage of renal function. Operative interven-
tions include aortorenal bypass, extraanatomic bypass 
(hepatorenal or splenorenal bypass), or transaortic 
endarterectomy. Suprarenal or supraceliac aortic cross-
clamping is frequently required for open operative inter-
ventions. Percutaneous transluminal angioplasty with 
stenting of the renal artery is used as the first-line treat-
ment in selected patients.

Stenosis at the origin of the celiac and mesenteric arter-
ies occurs as a result of extension of aortic atherosclerosis. 
The inferior mesenteric artery is by far the most commonly 
involved, followed by the superior mesenteric artery and 
the celiac artery. Occlusion of a single vessel rarely causes 
ischemic symptoms because of the extensive nature of vis-
ceral collateralization. However, occlusion or significant 
stenosis of any two vessels may compromise collateral 
flow sufficiently to give rise to chronic visceral ischemia. 
Operative repair of visceral artery stenosis is reserved for 
symptomatic patients. Operative interventions include 
transaortic endarterectomy and bypass grafts, which fre-
quently require supraceliac aortic cross-clamping. Mortality 
rates for such procedures range from 7% to 18%. To avoid 
the high mortality associated with open repair, percutane-
ous transluminal angioplasty with stenting has increasingly 
been applied in patients with chronic visceral ischemia. 
Acute visceral artery occlusion can be caused by an embolus 
or, less commonly, by thrombosis. To avoid the extremely 
high mortality associated with acute visceral ischemia, diag-
nosis and surgical intervention must occur before gangrene 
of the bowel develops.

AORTIC CROSS-CLAMPING

The pathophysiology of aortic cross-clamping is complex 
and depends on many factors, including level of the cross-
clamp, status of the left ventricle, degree of periaortic col-
lateralization, intravascular blood volume and distribution, 
activation of the sympathetic nervous system, and anes-
thetic drugs and techniques. Most abdominal aortic recon-
structions require clamping at the infrarenal level. However, 
clamping at the suprarenal and supraceliac levels is required 
for suprarenal aneurysms and renal or visceral reconstruc-
tions and is frequently necessary for juxtarenal aneurysms, 
inflammatory aneurysms, and aortoiliac occlusive disease 
with proximal extension. These higher levels of aortic 
occlusion have a significant impact on the cardiovascular 
system, as well as on other vital organs rendered ischemic or 
hypoperfused. Ischemic complications may result in renal 
failure, hepatic ischemia and coagulopathy, bowel infarc-
tion, and paraplegia. With endovascular aortic repair now 
common, an increasing proportion of patients undergoing 
open repair have anatomically complex aneurysms, many 
of which require suprarenal cross-clamping.60

Hemodynamic and Metabolic Changes
The hemodynamic and metabolic changes associated 
with aortic cross-clamping are summarized in Box 69-1. 
The magnitude and direction of these changes are com-
plex, dynamic, and vary among experimental and clini-
cal studies. However, several important factors must 
be considered (Box 69-2). The systemic cardiovascular 
consequences of aortic cross-clamping can be dramatic, 
depending primarily on the level at which the cross-
clamp is applied. Arterial hypertension above the clamp 
and arterial hypotension below the clamp are the most 
consistent components of the hemodynamic response to 
aortic cross-clamping at any level. The increase in arterial 
blood pressure above the clamp is primarily due to the 
sudden increase in impedance to aortic blood flow and 
the resultant increase in systolic ventricular wall tension 
or afterload. However, factors such as myocardial con-
tractility, preload, blood volume, and activation of the 

Hemodynamic cHanges

↑ Arterial blood pressure above the clamp
↓ Arterial blood pressure below the clamp
↑ Segmental wall motion abnormalities
↑ Left ventricular wall tension
↓ Ejection fraction
↓ Cardiac output†

↓ Renal blood flow
↑ Pulmonary occlusion pressure
↑ Central venous pressure
↑ Coronary blood flow

metabolic cHanges

↓ Total body oxygen consumption
↓ Total body carbon dioxide production
↑ Mixed venous oxygen saturation
↓ Total body oxygen extraction
↑ Epinephrine and norepinephrine
 •  Respiratory alkalosis‡

 •  Metabolic acidosis

tHerapeutic interventions

Afterload reduction
Sodium nitroprusside
Inhalational anesthetics
Amrinone
Shunts and aorta-to-femoral bypass

Preload reduction
Nitroglycerine
Controlled phlebotomy
Atrial-to-femoral bypass

Renal protection
Fluid administration
Distal aortic perfusion techniques
Selective renal artery perfusion
Mannitol
Drugs to augment renal perfusion

Other
Hypothermia
↓ Minute ventilation
Sodium bicarbonate

BOX 69-1 Physiologic Changes With 
Aortic Cross-Clamping* and Therapeutic 
Interventions

*These changes are of greater significance with longer duration of cross-
clamping and with more proximal cross-clamping.

†Cardiac output may increase with thoracic cross-clamping.
‡When ventilatory settings are unchanged from preclamp levels.
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sympathetic nervous system also may be important.61 
Cross-clamping of the aorta at or above the diaphragm 
results in the most profound increases in arterial blood 
pressure unless diverting circulatory support or IV vaso-
dilators are used.

Changes in cardiac output and filling pressure with 
aortic cross-clamping are not consistent and require an 
integrated approach in understanding the direction and 
magnitude of such changes (Fig. 69-5). Cross-clamping of 
the proximal descending thoracic aorta increases mean 
arterial, central venous, mean pulmonary arterial, and 
pulmonary capillary wedge pressure by 35%, 56%, 43%, 
and 90%, respectively, and decreases the cardiac index by 
29%.62 Heart rate and left ventricular stroke work are not 
significantly changed. Supraceliac aortic cross-clamping 
increases mean arterial pressure by 54% and pulmonary 
capillary wedge pressure by 38%.63 Ejection fraction, 
as determined by two-dimensional echocardiography, 
decreases by 38%. Despite normalization of systemic 
and pulmonary capillary wedge pressure with anesthetic 
agents and vasodilator therapy, supraceliac aortic cross-
clamping causes significant increases in left ventricu-
lar end-systolic and end-diastolic area (69% and 28%, 
respectively), as well as wall motion abnormalities indica-
tive of ischemia in 11 of 12 patients (Table 69-6). Aor-
tic cross-clamping at the suprarenal level causes similar 
but smaller cardiovascular changes, and clamping at the 
infrarenal level is associated with only minimal changes 
and no wall motion abnormalities.

The marked increases in ventricular filling pressure 
(preload) reported with high aortic cross-clamping have 
been attributed to increased afterload and redistribution 
of blood volume, which is of prime importance during 
thoracic aortic cross-clamping. The splanchnic circula-
tion, an important source of functional blood volume 
reserve, is central to this hypothesis. The splanchnic 
organs contain nearly 25% of the total blood volume, 
nearly two thirds (>800 mL) of which can be autotrans-
fused from the highly compliant venous vasculature 
into the systemic circulation within seconds.64 Primar-
ily because of smaller splanchnic venous capacitance, 
blood volume is redistributed from vascular beds distal to 
the clamp to the relatively noncompliant vascular beds 
proximal to the clamp (see Fig. 69-5). Both passive and 

Level of aortic cross-clamp
Species differences
Anesthetic agents and techniques
Use of vasodilator therapy
Use of diverting circulatory support
Degree of periaortic collateralization
Left ventricular function
Status of the coronary circulation
Volume status
Neuroendocrine activation
Duration of aortic cross-clamp
Body temperature

BOX 69-2 Factors That May Influence 
the Magnitude and Direction of Physiologic 
Changes Occurring With Aortic Cross-Clamping
active mechanisms lower splanchnic venous capacitance 
with thoracic aortic cross-clamping. Cross-clamping the 
aorta above the splanchnic system dramatically reduces 
splanchnic arterial flow, which produces a significant 
reduction in pressure within the splanchnic capacitance 

AoX

Passive recoil
distal to clamp

Preload*

Impedance to 
Ao flow

Catecholamines
(and other

vasoconstrictors)

Active venoconstriction
proximal and distal

to clamp

R art

Afterload

If coronary flow 
and contractility 

increase

If coronary flow 
and contractility 
do not increase

Coronary flow

Contractility

CO

Figure 69-5. Systemic hemodynamic response to aortic cross-clamp-
ing. Preload (asterisk) does not necessarily increase with infrarenal 
clamping. Depending on splanchnic vascular tone, blood volume can 
be shifted into the splanchnic circulation and preload will not increase. 
Ao, Aortic; AoX, aortic cross-clamping; CO, cardiac output; R art, arterial 
resistance. (Modified from Gelman S: The pathophysiology of aortic 
cross-clamping, Anesthesiology 82:1026-1060, 1995.)

TABLE 69-6 PERCENT CHANGE IN 
CARDIOVASCULAR VARIABLES ON INITIATION  
OF AORTIC OCCLUSION 

Percent Change After Occlusion

Cardiovascular 
Variable Supraceliac

Suprarenal-
Infraceliac Infrarenal

Mean arterial blood 
pressure

54 5* 2*

Pulmonary capillary 
wedge pressure

38 10* 0*

End-diastolic area 28 2* 9*

End-systolic area 69 10* 11*

Ejection fraction −38 −10* −3*

Patients with 
wall motion 
abnormalities

92 33 0

*Statistically different (P < .05) from group undergoing supraceliac aortic 
occlusion.

From Roizen MF, Beaupre PN, Alpert RA, et al: Monitoring with two-
dimensional transesophageal echocardiography: comparison of 
myocardial function in patients undergoing supraceliac, suprarenal-
infraceliac, or infrarenal aortic occlusion, J Vasc Surg 1:300-305, 1984.
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LV

PVI

PVS

Control Occlusion
of aorta

Occlusion
of aorta and IVC

Upper
body Shunt

SVC

IVC

Lower
body

Figure 69-6. Schematic drawing of the circulation. Compliant regions (dashed lines) of the upper and lower part of the body and end-diastolic 
volumes of the left ventricle in control state (left panel) are shown after occlusion of the aorta alone (middle panel) and combined occlusion of the 
aorta and inferior vena cava (right panel). IVC, Inferior vena cava; LV, left ventricle; PVS and PVI, pressure in compliant regions of the upper and lower 
body, respectively; Shunt, physiologic shunt; SVC, superior vena cava. (From Stokland O, Miller MM, Ilebekk A, et al: Mechanism of hemodynamic 
responses to occlusion of the descending thoracic aorta, Am J Physiol 238:H423-H429, 1980.)
vessels.52 This decreased pressure allows the splanchnic 
veins to passively recoil and increase venous return to the 
heart and blood volume proximal to the clamp. Thoracic 
aortic cross-clamping also results in significant increases 
in plasma epinephrine and norepinephrine, which may 
enhance venomotor tone both above and below the 
clamp. The splanchnic veins are highly sensitive to adren-
ergic stimulation. The major effect of catecholamines 
on the splanchnic capacitance vessels is venoconstric-
tion, which actively forces out splanchnic blood, reduces 
splanchnic venous capacitance, and increases venous 
return to the heart.52

Several animal studies support the blood volume redis-
tribution hypothesis. Cross-clamping the thoracic aorta 
in dogs results in marked increases in mean arterial pres-
sure and end-diastolic left ventricular pressure (84% and 
188%, respectively) and no significant change in stroke 
volume.65 In this same experimental model, simultane-
ous cross-clamping of the thoracic aorta and the inferior 
vena cava resulted in no significant change in mean arte-
rial pressure or preload (Fig. 69-6). Stroke volume was 
reduced by 74%. By transfusing blood (above the clamps) 
during this period of simultaneous clamping, the authors 
reproduced the hemodynamic effect of thoracic aortic 
cross-clamping alone. This study also demonstrated that 
thoracic aortic cross-clamping is associated with a signifi-
cant and dramatic increase (155%) in blood flow above 
the level of the clamp whereas no change in blood flow 
occurred with simultaneous aortic and inferior vena cava 
clamping. In other animal models, the proximal aor-
tic hypertension and increased central venous pressure 
occurring after thoracic aortic cross-clamping were com-
pletely reversed by phlebotomy.66 Aortic cross-clamping 
at the thoracic and suprarenal levels in dogs both resulted 
in proximal aortic hypertension, but only occlusion at 
the thoracic level increased central venous pressure.67 In 
this study, thoracic aortic occlusion increased blood vol-
ume in organs and tissues proximal to the clamp whereas 
no such increase occurred with suprarenal aortic cross-
clamping. These experimental data strongly support the 
hypothesis of blood volume redistribution during aortic 
cross-clamping and help explain the marked differences 
in hemodynamic responses observed after aortic cross-
clamping at different levels.63

Afterload-dependent increases in preload also occur 
with aortic cross-clamping, usually in the setting of 
impaired myocardial contractility and reduced coro-
nary reserve. The impaired left ventricle may respond 
to increased afterload with an increase in end-systolic 
volume and a concomitant reduction in stroke volume 
(afterload mismatch). The reduction in stroke volume 
may be due to limited preload reserve, myocardial isch-
emia, or inability of the heart to generate a pressure-
induced increase in contractility (the Anrep effect). If 
right ventricular function remains normal, the preclamp 
right ventricular stroke volume added to the increased left 
ventricular end-systolic volume results in left ventricular 
dilation and elevated end-diastolic volume. If corrective 
measures are not undertaken, overt left ventricular over-
load may result, with severe peripheral organ dysfunction 
and pulmonary edema.

Most clinical studies indicate that cardiac output 
decreases with thoracic aortic cross-clamping (without 
vasodilator therapy or diverting circulatory support), 
whereas most animal studies show no significant change 
or an increase in cardiac output. However, the status of 
the left ventricle clearly plays a major role. Whereas a 
normal intact heart can withstand large increases in vol-
ume without significant ventricular distention or dys-
function, an impaired heart with reduced myocardial 



Chapter 69: Anesthesia for Vascular Surgery 2121
contractility and coronary reserve may respond to such 
increase in volume conditions with marked ventricular 
distention as a result of acute left ventricular dysfunction 
and myocardial ischemia. Although impaired myocar-
dial contractility and reduced coronary reserve are rare 
in animal experiments, such disorders are frequent in the 
elderly population undergoing aortic reconstruction. The 
increase in ventricular loading conditions seen with tho-
racic and supraceliac cross-clamping62,63 in the clinical 
setting may increase left ventricular wall stress (afterload), 
with resultant acute deterioration of left ventricular func-
tion and myocardial ischemia. Impaired subendocardial 
perfusion caused by high intramyocardial pressure may 
be the cause of wall motion abnormalities and changes 
in ejection fraction. Reflex mechanisms causing immedi-
ate feedback inhibition may also explain the reduction in 
cardiac output with aortic cross-clamping. For example, 
baroreceptor activation resulting from increased aortic 
pressure should depress the heart rate, contractility, and 
vascular tone. Thoracic aortic cross-clamping with the 
use of vasodilator therapy to normalize ventricular load-
ing conditions maintains or increases cardiac output.68

The metabolic effects of aortic cross-clamping are sum-
marized in Box 69-1. Cross-clamping of the thoracic aorta 
decreases total-body O2 consumption by approximately 
50%. For reasons that are unclear, O2 consumption 
decreases in tissues above the clamp. In clinical studies, 
increased mixed venous O2 saturation occurs with aor-
tic cross-clamping above the celiac axis. This increase in 
mixed venous O2 saturation may be explained by a reduc-
tion in O2 consumption that exceeds the reduction in 
cardiac output, thus decreasing total body O2 extraction. 
Central hypervolemia and increased arteriovenous shunt-
ing in tissues proximal to the aortic clamp may play a role 
in reducing total body O2 extraction.

Arterial blood pressure, blood flow, and O2 consump-
tion distal to a thoracic aortic cross-clamp decrease by 
78% to 88%, 79% to 88%, and 62%, respectively, from 
baseline values before clamping. Blood flow through 
tissues and organs below the level of aortic occlusion is 
dependent on perfusion pressure and is independent of 
cardiac output. Administration of sodium nitroprusside to 
maintain proximal aortic pressure above the cross-clamp 
at preclamp levels has been shown to further reduce arte-
rial pressure distal to the clamp by 53%. As discussed 
later, these data have significant implications regarding 
vital organ protection during aortic cross-clamping.

The cardiovascular response to infrarenal aortic cross-
clamping is less significant than with high aortic cross-
clamping (see Table 69-6). Although several clinical 
reports have noted no significant hemodynamic response 
to infrarenal cross-clamping, the hemodynamic response 
generally consists of increases in arterial pressure (7% 
to 10%) and systemic vascular resistance (20% to 32%), 
with no significant change in heart rate. Cardiac output 
is most consistently decreased by 9% to 33%. Reported 
changes in ventricular filling pressure have been incon-
sistent. Blood volume redistribution may affect preload 
with infrarenal aortic cross-clamping (see Fig. 69-5). In 
this situation, blood volume below the clamp shifts to 
the compliant venous segments of the splanchnic circu-
lation above the clamp, thereby dampening the expected 
increase in preload. The preload changes with infrarenal 
aortic cross-clamping also may depend on the status of 
the coronary circulation. Patients with severe ischemic 
heart disease responded to infrarenal aortic cross-clamp-
ing with significantly increased central venous (35%) and 
pulmonary capillary (50%) pressure, whereas patients 
without CAD had decreased filling pressure. Echocardio-
graphically detected segmental wall motion abnormali-
ties occur in up to 30% of patients during infrarenal aortic 
reconstruction, with over 60% occurring at the time of 
aortic cross-clamping. Patients with aortoiliac occlusive 
disease may have less hemodynamic response to infra-
renal aortic cross-clamping than do patients with AAA 
disease, perhaps as a result of more extensive periaortic 
collateral vascularization.

Renal Function and Protection
Preservation of renal function is of significant importance 
during aortic reconstructive surgery. Acute renal failure 
occurs in approximately 3% of patients undergoing elec-
tive infrarenal aortic reconstruction, and mortality result-
ing from postoperative acute renal failure is more frequent 
than 40%. Despite significant improvements in the peri-
operative care of these patients, the frequent incidence of 
morbidity and mortality resulting from acute renal fail-
ure has remained largely unchanged over the last several 
decades. Most of the morbidity associated with signifi-
cant postoperative renal dysfunction is nonrenal.

The adequacy of renal perfusion “cannot” be assumed 
by urine output. Although urine output is closely moni-
tored and often augmented during aortic surgery, intra-
operative urine output does not predict postoperative 
renal function. Procedures requiring aortic cross-clamp-
ing above the renal arteries dramatically reduce renal 
blood flow. Experimental studies report an 83% to 90% 
reduction in renal blood flow during thoracic aortic cross-
clamping. Infrarenal aortic cross-clamping in humans is 
associated with a 75% increase in renal vascular resis-
tance, a 38% decrease in renal blood flow, and a redistri-
bution of intrarenal blood flow toward the renal cortex. 
These rather profound alterations in renal hemodynam-
ics occurred despite no significant change in systemic 
hemodynamics, and they persisted after unclamping. 
The sustained deterioration in renal perfusion and func-
tion during and after infrarenal aortic cross-clamping has 
been attributed to renal vasoconstriction, but the spe-
cific pathophysiologic process remains unknown. Renal 
sympathetic blockade with epidural anesthesia to a T6 
level does not prevent or modify the severe impairment 
in renal perfusion and function that occurs during and 
after infrarenal aortic cross-clamping. Although plasma 
renin activity is increased during aortic cross-clamping, 
pretreatment with converting enzyme inhibitors before 
infrarenal aortic cross-clamping does not attenuate the 
decreased renal blood flow and glomerular filtration rate. 
Other mediators, such as plasma endothelin, myoglo-
bin, and prostaglandins, may contribute to the decreased 
renal perfusion and function after aortic cross-clamping.

Acute tubular necrosis accounts for nearly all the renal 
dysfunction and failure after aortic reconstruction. The 
degree of preoperative renal insufficiency remains the 
strongest predictor of postoperative renal dysfunction. In 
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addition to aortic cross-clamping–induced reductions in 
renal blood flow, ischemic reperfusion injury, intravas-
cular volume depletion, embolization of atherosclerotic 
debris to the kidneys, and surgical trauma to the renal 
arteries all contribute to renal dysfunction.

Mannitol, loop diuretics, and dopamine are used clini-
cally in an attempt to preserve renal function during aortic 
surgery. Significant controversy exists regarding the use of 
these drugs, as well as the mechanisms by which they may 
offer a protective effect. Although not proved, pharmaco-
logic “protection” before aortic cross-clamping is believed 
to be beneficial, and is therefore given. The use of man-
nitol 12.5 g/70 kg to induce osmotic diuresis before aortic 
cross-clamping is ubiquitous in clinical practice. Mannitol 
improves renal cortical blood flow during infrarenal aortic 
cross-clamping and reduces ischemia-induced renal vascu-
lar endothelial cell edema and vascular congestion. Other 
mechanisms by which mannitol may be beneficial include 
acting as a scavenger of free radicals, decreasing renin 
secretion, and increasing renal prostaglandin synthesis.

Loop diuretics and low-dose dopamine (1 to 3 μg/kg/
minute) are used to protect the kidneys from aortic cross-
clamp–induced injury by increasing renal blood flow and 
urine output intraoperatively. Routine use of these drugs 
is common for patients with preoperative renal insuf-
ficiency and for procedures requiring suprarenal aortic 
cross-clamping. Intraoperative use of these drugs requires 
increased surveillance of intravascular volume and elec-
trolytes during the postoperative period. Therapy with 
these drugs could actually be harmful because of hypo-
volemia and resultant renal hypoperfusion. In addition, 
dopamine’s positive inotropic and chronotropic activ-
ity may cause tachycardia and increase myocardial O2 
consumption in patients with limited coronary reserve. 
Although I have virtually abandoned the prophylactic 
use of dopamine, diuretics are often given to patients 
with low urine output after aortic unclamping, particu-
larly those maintained on chronic diuretic therapy.

Fenoldopam mesylate, a selective dopamine type 1 
agonist that preferentially dilates the renal and splanch-
nic vascular beds, has shown some promise as a renopro-
tective drug. However, its role in the prevention of renal 
dysfunction after aortic surgery is not known. Statin use is 
associated with preserved renal function after aortic sur-
gery requiring suprarenal aortic cross-clamping.69 Remote 
ischemic preconditioning reduces the incidence of renal 
impairment after open aortic surgery.70

Optimal systemic hemodynamics, including mainte-
nance of intravascular volume, is generally considered the 
most effective means of renal protection during and after 
aortic cross-clamping. The goal is to achieve a preload 
adequate to allow the left ventricle to cope with cross-
clamping–induced changes in contractility and afterload 
while maintaining cardiac output. However, in providing 
such therapy, excessive intravascular volume should be 
avoided, because it may lead to inappropriate increases in 
preload or pulmonary edema in patients with decreased 
myocardial reserve.

Therapeutic Strategies
Patients with preexisting impaired ventricular function 
and reduced coronary reserve are most vulnerable to the 
stress imposed on the cardiovascular system by aortic 
cross-clamping. Rational therapeutic strategies to prevent 
the deleterious effect of aortic cross-clamping primarily 
include measures to reduce afterload and maintain a nor-
mal preload and cardiac output. Vasodilators, positive and 
negative inotropic drugs, and controlled intravascular vol-
ume depletion (i.e., phlebotomy) may be used selectively.

Patients with impaired ventricular function requiring 
supraceliac aortic cross-clamping are the most challeng-
ing. Myocardial ischemia, reflecting an unfavorable bal-
ance between myocardial O2 supply and demand, may 
result from the hemodynamic consequences of aortic 
cross-clamping. Controlled (i.e., slow clamp applica-
tion) supraceliac aortic cross-clamping is important to 
avoid abrupt and extreme stress on the heart. Both after-
load and preload reduction are often required. Afterload 
reduction, most commonly accomplished with the use of 
sodium nitroprusside (predominantly an arteriolar dila-
tor), is necessary to unload the heart and reduce ventric-
ular wall tension. In a large series of patients requiring 
cross-clamping of the descending thoracic aorta, stable 
left ventricular function was maintained with sodium 
nitroprusside during cross-clamping. Sodium nitroprus-
side most likely allowed adequate intravascular volume 
before unclamping, which resulted in stable unclamp-
ing hemodynamics. Although isoflurane can provide 
hemodynamics comparable to those provided by sodium 
nitroprusside during thoracic aortic cross-clamping, I do 
not advocate its use to control proximal hypertension in 
patients with significantly impaired ventricular function. 
Though not widely used, amrinone provides hemody-
namic control equivalent to that of sodium nitroprus-
side during abdominal aortic surgery. A normal preload is 
equally important and involves careful IV fluid titration 
and vasodilator administration. Nitroglycerin is com-
monly used because it increases venous capacity more 
than does sodium nitroprusside.

In patients without evidence of left ventricular decom-
pensation or myocardial ischemia during supraceliac 
aortic cross-clamping, a proximal aortic mean arterial 
pressure of up to 120 mm Hg is acceptable. The surgeon 
may request lower proximal arterial pressure if friable 
aortic tissue is encountered. Blood flow below the aortic 
clamp depends on pressure and decreases further during 
therapy with vasodilators. In this setting, vital organs and 
tissues distal to the clamp are exposed to reduced perfu-
sion pressure and blood flow. Though infrequent, main-
tenance of adequate cardiac output may require active 
intervention with inotropic drugs.

AORTIC UNCLAMPING

The hemodynamic and metabolic effects of aortic 
unclamping are listed in Box 69-3. The hemodynamic 
response to unclamping depends on many factors, includ-
ing the level of aortic occlusion, total occlusion time, use 
of diverting support, and intravascular volume. Hypo-
tension, the most consistent hemodynamic response to 
aortic unclamping, can be profound, particularly after 
removal of a supraceliac cross-clamp (Fig. 69-7). Reac-
tive hyperemia in tissues and organs distal to the clamp 
and the resultant relative central hypovolemia are the 



dominant mechanisms of the hypotension. Washout of 
vasoactive and cardiodepressant mediators from ischemic 
tissues, as well as humoral factors, may also contribute to 
the hemodynamic responses after unclamping the aorta. 
These humoral factors and mediators, which may also 
play a role in organ dysfunction after aortic occlusion, 
include lactic acid, renin-angiotensin, O2 free radicals, 
prostaglandins, neutrophils, activated complement, cyto-
kines, and myocardial-depressant factors.61

Avoidance of significant hypotension with unclamp-
ing requires close communication with the surgical team, 
awareness of the technical aspect of the surgical proce-
dure, and appropriate administration of fluids and vaso-
active drugs. It is essential that correction of preoperative 
fluid deficits, maintenance of intraoperative fluid require-
ments, and replacement of blood loss be accomplished 
before unclamping. Vasodilators, if used, should be grad-
ually reduced and discontinued before unclamping. The 
inspired concentrations of volatile anesthetics should be 
decreased. Moderate augmenting of intravascular volume 
by administration of fluids (∼500 mL) during the immedi-
ate prerelease period is indicated for infrarenal unclamp-
ing. More aggressive intravascular fluid administration is 
required in the period immediately preceding supraceliac 
unclamping. Maintaining increased central venous or pul-
monary capillary wedge pressure during the cross-clamp 
period is not indicated and may result in significant over-
transfusion of fluids and blood products. If significant 
hypotension results, gradual release of the aortic clamp 
and reapplication or digital compression are important 
measures in maintaining hemodynamic stability dur-
ing unclamping. Although vasopressor requirements are 

Hemodynamic cHanges

↓ Myocardial contractility
↓ Arterial blood pressure
↑ Pulmonary artery pressure
↓ Central venous pressure
↓ Venous return
↓ Cardiac output

metabolic cHanges

↑ Total body oxygen consumption
↑ Lactate
↓ Mixed venous oxygen saturation
↑ Prostaglandins
↑ Activated complement
↑ Myocardial-depressant factor(s)
↓ Temperature
Metabolic acidosis

tHerapeutic interventions

↓ Inhaled anesthetics
↓ Vasodilators
↑ Fluid administration
↑ Vasoconstrictor drugs
 •  Reapply cross-clamp for severe hypotension
 •  Consider mannitol
 •  Consider sodium bicarbonate

BOX 69-3 Physiologic Changes With Aortic 
Unclamping* and Therapeutic Intervention

*These changes are of greater significance with longer duration of cross-
clamping and with more proximal cross-clamping.
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minimal after release of the infrarenal clamp, significant 
support is often needed after the removal of supraceliac 
clamps. Caution must be observed when vasopressor sup-
port is used in this setting because profound proximal 
hypertension may occur if reapplication of the cross-
clamp is required above the celiac axis. In addition, 
hypertension should be avoided to prevent damage to or 
bleeding from the vascular anastomoses.

ANESTHETIC MANAGEMENT

Intraoperative Monitoring
The potential for significant and rapid blood loss cannot 
be underestimated. The author most commonly uses one 
8.5-Fr internal jugular catheter and one or two large-bore 
peripheral catheters. A hemostatic valve with a side port 
is placed on the 8.5-Fr catheter to accept either a central 
venous or a pulmonary artery catheter. Placement of an 
arterial catheter should be routine in all patients under-
going aortic reconstruction. As with other vascular pro-
cedures, the radial artery is most commonly selected for 
cannulation because of its superficial location, easy acces-
sibility, and low complication rate. A noninvasive blood 
pressure cuff should be placed on the arm contralateral to 
the arterial catheter in the event of catheter malfunction.

A central venous catheter should be used for all open 
aortic procedures. It allows monitoring of CVP and admin-
istration of drugs directly into the central circulation. The 
routine, nonselective use of pulmonary artery catheter 
monitoring is not recommended for patients undergoing 
infrarenal abdominal aortic reconstruction. For these pro-
cedures, pulmonary artery catheters should be considered 
for patients with significant left ventricular dysfunction 
(ejection fraction < 30%), a history of congestive heart 
failure, significant renal impairment (preoperative cre-
atinine > 2.0 mg/dL), or cor pulmonale. In patients with 
good left ventricular and pulmonary function, CVP cor-
relates well with left ventricular filling pressure. I routinely 
insert a pulmonary artery catheter for all patients requir-
ing supraceliac aortic cross-clamping. The invasive moni-
toring catheters can be placed before or after induction of 
general anesthesia. The advantage of preinduction cath-
eter placement is assessment of the patient’s awake (i.e., 
baseline) cardiovascular status, which allows correction of 
significant abnormalities in cardiac filling and function 
before induction.

With selective use, accurate interpretation of data, and 
rational treatment strategies, pulmonary artery catheter 
monitoring may be beneficial in high-risk patients under-
going complex aortic reconstruction. Yet, the clinical 
value of pulmonary artery catheter monitoring in high-
risk patients has not been established.71 Clinical studies 
over the last 2 decades have yielded quite conflicting and 
variable results, including both increases and decreases in 
mortality. The National Heart, Lung and Blood Institute 
and the Food and Drug Administration (FDA)72 spon-
sored a large prospective, randomized trial that compared 
goal-directed therapy guided by a pulmonary artery cath-
eter with standard care without the use of a pulmonary 
artery catheter in high-risk surgical patients. The result 
found no benefit in treatment guided by a pulmonary 
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Figure 69-7. Systemic hemody-
namic response to aortic unclamp-
ing. AoX, Aortic cross-clamping; Cven, 
venous capacitance; R art, arterial 
resistance; Rpv, pulmonary vascu-
lar resistance. (From Gelman S: The 
pathophysiology of aortic cross-
clamping and unclamping, Anesthe-
siology 82:1026-1060, 1995.)
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artery catheter.73 Yet this study did not find an increase 
in mortality with insertion and use of a pulmonary artery 
catheter.

Two-dimensional TEE has been used intraoperatively 
to assess global ventricular function, guide intravascu-
lar fluid therapy, and monitor for myocardial ischemia. 
Continuous monitoring of ventricular function is com-
monly obtained with a single short-axis view at the level 
of the midpapillary muscle. Using this same view, visu-
alization of the left ventricle at end-diastole allows rapid 
assessment of ventricular filling (preload). Ejection frac-
tion area can be calculated by use of the left ventricular 
end-diastolic and end-systolic area. In patients undergo-
ing abdominal aortic reconstruction, echocardiographic 
short-axis left ventricular end-diastolic area, end-systolic 
area, and ejection fraction area correlate closely with 
changes in corresponding left ventricular volume and 
ejection fraction obtained by radionuclide angiography. 
Patients requiring supraceliac aortic cross-clamping have 
significant increases in end-diastolic area and significant 
decreases in ejection fraction on echocardiography that 
are not completely normalized with vasodilators and fre-
quently are not detected by pulmonary artery catheter 
monitoring.63
TEE can also reveal abnormalities in left ventricu-
lar wall motion and wall thickening. The relationship 
between these abnormalities and coronary perfusion 
has been established experimentally and clinically, and 
such abnormalities may precede ECG evidence of isch-
emia. The short-axis view at the level of the midpapillary 
muscles allows assessment of all three major coronary 
distributions. TEE-detected segmental wall motion abnor-
malities may occur in up to 37% of patients during 
infrarenal aortic reconstruction and in more than 90% 
of patients requiring supraceliac aortic cross-clamping. 
The natural history of echocardiographic segmental wall 
motion abnormalities was studied in 156 patients under-
going noncardiac surgery who were at risk for cardiac 
morbidity. The 24 patients undergoing aortic surgery 
had the highest incidence of new segmental wall motion 
abnormalities (38%). Surprisingly, the incidence of new 
segmental wall motion abnormalities did not differ in 
patients with known CAD and those with cardiac risk fac-
tors only. Ischemic episodes detected by TEE correlated 
poorly with postoperative cardiac complications. The 
authors also reported a discordant relationship between 
new segmental wall motion abnormalities and ischemic 
changes on the ECG. In a subsequent report, a subset of 



285 patients who were at high risk for cardiac compli-
cations and were undergoing noncardiac surgery were 
studied with continuous intraoperative use of a two-lead 
ECG, 12-lead ECG, and TEE for the detection of ischemia. 
A lack of concordance was found among the three dif-
ferent ischemia monitors. When compared with preop-
erative clinical data and intraoperative monitoring in 
which a two-lead ECG was used, routine monitoring for 
myocardial ischemia with TEE or a 12-lead ECG during 
noncardiac surgery had little incremental clinical value in 
identifying patients at high risk for perioperative ischemic 
outcomes. Thus, available data are insufficient to define 
the sensitivity and specificity of segmental wall motion 
abnormalities as a marker for myocardial ischemia or as a 
predictor of perioperative ischemic outcomes.

The optimal intraoperative monitoring techniques 
for patients undergoing abdominal aortic reconstruction 
have not been established. Existing clinical studies offer 
insufficient data to conclusively answer the question of 
whether pulmonary artery catheter or TEE monitoring 
improves outcome. The clinical usefulness of any moni-
toring technique ultimately depends on patient selection, 
accurate interpretation of data, and appropriate therapeu-
tic intervention.

Autologous Blood Procurement
Elective abdominal aortic reconstruction may result in 
substantial blood loss and warrants the routine cross-
matching of 4 to 6 units of packed red blood cells (RBCs). 
Suprarenal aneurysms and other more complex aortic 
reconstructions often demand even greater allogeneic 
blood availability. Over the last 2 decades, concerns 
regarding the safety, availability, and acceptability of allo-
geneic blood have led to greater use of autologous blood 
procurement (see also Chapters 61 and 63). Preoperative 
autologous donation, intraoperative cell salvage, and 
acute normovolemic hemodilution have all been used 
during aortic surgery to reduce or eliminate exposure to 
allogeneic blood and the associated risks for transfusion-
related complications.

Intraoperative cell salvage is the most widely used tech-
nique and in some centers is considered routine. The equip-
ment is expensive and requires significant training and 
expertise. An early, nonrandomized study reported a 75% 
reduction in the number of allogeneic RBC units transfused 
during elective aortic surgery with the use of cell salvage. 
Later randomized studies have reported conflicting results. 
The routine use of cell salvage during aortic surgery may 
not be cost-effective ($250 to $350 per case), and thus it 
may best be reserved for a select group of patients with an 
expected large blood loss. The equivalent of at least 2 units 
of washed blood must be recovered for this technique to 
be cost-effective. A cost-effective option is to use the cell 
salvage reservoir for blood collection and activate the full 
salvage process only if large blood loss occurs.

Acute normovolemic hemodilution is often used in 
conjunction with intraoperative cell salvage during aor-
tic surgery. Two randomized studies reported that the 
combined use of hemodilution and cell salvage reduced 
the allogeneic blood requirement in patients undergoing 
aortic surgery. As with cell salvage alone, this benefit is 
probably greater with procedures involving higher blood 
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loss. Another randomized study found that the combined 
use of the two techniques during aortic surgery was cost 
neutral in comparison to standard allogeneic transfusion. 
Hemodilution does not worsen myocardial ischemia and 
may improve hemodynamic tolerance to aortic cross-
clamping in patients with CAD.

Anesthetic Drugs and Techniques
A variety of anesthetic techniques, including general 
anesthesia, regional (epidural) anesthesia, and combined 
techniques, have been used successfully for abdominal 
aortic reconstruction. Combined techniques most com-
monly use a lumbar or low thoracic epidural catheter in 
addition to a “light” general anesthetic. Local anesthet-
ics, opioids, or, more commonly, a combination of the 
two may be administered by bolus or continuous epi-
dural infusion. Maintenance of vital organ perfusion and 
function by the provision of stable perioperative hemo-
dynamics is more important to overall outcome than is 
the choice of anesthetic drug or technique.40 Therefore, 
the specific anesthetic technique for patients undergoing 
abdominal aortic reconstruction is important insofar as it 
allows rapid and precise control of hemodynamic param-
eters. Given the frequent incidence of cardiac morbidity 
and mortality in patients undergoing aortic reconstruc-
tion, factors that influence ventricular work and myocar-
dial perfusion are of prime importance.

Induction of general anesthesia should ensure that 
stable hemodynamics are maintained during loss of con-
sciousness, laryngoscopy and endotracheal intubation, 
and the immediate postinduction period. A variety of 
IV anesthetics (propofol, etomidate, thiopental) are suit-
able. The addition of a short-acting, potent opioid such 
as fentanyl 3 to 5 μg/kg) usually provides stable hemody-
namics during and after induction of anesthesia. Volatile 
anesthetics may be administered in low concentrations 
before endotracheal intubation during assisted ventila-
tion as an adjunct to blunt the hyperdynamic response 
to laryngoscopy and endotracheal intubation. Esmolol 
10 to 25 mg, sodium nitroprusside 5 to 25 μg, nitroglyc-
erin 50 to 100 μg, and phenylephrine 50 to 100 μg should 
be available for bolus administration during induction if 
needed to maintain appropriate hemodynamics.

Maintenance of anesthesia may be accomplished with 
a combination of a potent opioid (fentanyl or sufentanil) 
and an inhaled anesthetic (sevoflurane, desflurane, or iso-
flurane) (i.e., balanced anesthesia). Patients with severe left 
ventricular dysfunction may benefit from a pure opioid 
technique, but a balanced anesthetic technique allows the 
clinician to take advantage of the most desirable charac-
teristics of potent opioids and inhaled volatile anesthetics 
while minimizing their undesirable side effects. Nitrous 
oxide can be used to supplement either an opioid or an 
inhaled anesthetic. I typically use low-dose isoflurane in 
50% N2O and fentanyl 12 to 18 μg/kg. Approximately 50% 
of the opioid dose is administered during induction of 
anesthesia and before skin incision. When epidural local 
anesthetics are used, this author uses the same technique 
and reduces the fentanyl dose to 6 to 8 μg/kg.

Various regional anesthetic and analgesic techniques 
have been used effectively during and after aortic recon-
struction. For over 2 decades, interest has focused on 
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the use of regional anesthetic and analgesic techniques 
to reduce the incidence of perioperative morbidity in 
patients undergoing aortic reconstruction. The benefits 
of combined general and epidural anesthesia intraopera-
tively, with or without epidural analgesia continued into 
the postoperative period, remain controversial.40,74-78 
Moreover, studies that have reported improved outcome 
do not determine whether the benefit results from the 
intraoperative anesthetic technique or the postopera-
tive analgesic regimen (or a combination of the two). In 
a randomized trial using epidural morphine in patients 
undergoing aortic surgery, Breslow and associates79 found 
attenuation of the adrenergic response and a less frequent 
incidence of hypertension in the postoperative period. A 
large randomized trial reported no reduction in nonsur-
gical complications with the use of intrathecal opioid.80 
The effects of the anesthetic or analgesic technique on 
the incidence of perioperative myocardial ischemia have 
received considerable attention. Four randomized tri-
als, with nearly 450 combined patients undergoing aor-
tic reconstruction, failed to demonstrate a reduction in 
the incidence of perioperative,40,81 intraoperative,82 or 
postoperative77 myocardial ischemia when epidural tech-
niques were used. Additionally, randomized trials have 
not demonstrated a reduction in the incidence of cardio-
vascular, pulmonary, or renal complications after aortic 
surgery with the use of epidural techniques.40,74,76,77,83

The duration and intensity of postoperative care after 
aortic surgery are critically dependent on the physi-
ologic derangements incurred during the perioperative 
period (i.e., depression of consciousness, hypothermia, 
excessive intravascular fluids, incisional pain, ileus, and 
respiratory depression), as well as on the development 
of certain less common, but more severe postoperative 
complications (i.e., MI, pneumonia, sepsis, renal fail-
ure, and decreased tissue perfusion). Length of hospital 
stay may therefore be considered the outcome variable 
most directly proportional to an integrated final negative 
effect of all significant perioperative morbidity (exclud-
ing in-hospital death) and the variable most likely to be 
altered by the anesthetic or analgesic technique. Ran-
domized trials have not demonstrated any reduction in 
length of hospital stay after aortic surgery with the use 
of regional techniques.* Norris and colleagues40 reported 
the results of a randomized clinical trial comparing alter-
native combinations of intraoperative anesthesia (i.e., 
general or combined epidural and general) and postop-
erative analgesia (i.e., IV patient-controlled analgesia or 
epidural patient-controlled analgesia) with respect to 
length of stay after abdominal aortic surgery. Two unique 
features of the trial included a factorial design (Fig. 69-8), 
which allowed the inclusion of all four combinations of 
intraoperative anesthesia and postoperative analgesia 
and the ability to separate the influence of time period 
and technique, and a double-blind design, which helped 
eliminate investigator and treating physician bias. The 
study rigorously protocolized perioperative management, 
standardized postoperative surgical care, and optimized 
postoperative pain management. Although the overall 
length of stay was much shorter (median, 7.0 days) than 

* References 39, 73, 75, 76, 79, 82.
that reported in other studies,74,75,77,83 we were not able 
to demonstrate a reduction in length of stay or direct 
medical costs based on anesthetic or analgesic technique 
(Table 69-7). The overall incidence of postoperative com-
plications in the trial was low and not different based 
on anesthetic or analgesic technique. Postoperative pain 
was well controlled overall, with similar pain scores in 
both analgesic treatment groups. Thus, if perioperative 
care and pain relief are optimized, epidural anesthetic 
and analgesic techniques for aortic surgery offer no major 
advantage or disadvantage over general anesthesia and IV 
patient-controlled analgesia.

The use of epidural local anesthetics in combination 
with general anesthesia during aortic reconstruction 
poses several problems, including hypotension at the 
time of aortic unclamping and the need for increased 
intravascular fluid and vasopressor requirements. Supra-
celiac aortic cross-clamping may significantly exagger-
ate these disadvantages, and, as a result, some clinicians 
avoid epidural local anesthetics for such procedures. Epi-
dural opioids without local anesthetics can be used for 
procedures requiring supraceliac aortic cross-clamping. 
Epidural local anesthetic can be given later, after aortic 
unclamping, when hemodynamics and intravascular 
volume have stabilized. For low thoracic or high lumbar 
epidural catheters, the initial bolus should be limited to 6 
to 8 mL of local anesthetic. Additional local anesthetic is 
administered by continuous infusion at 4 to 6 mL/hr with 
adjustments based on hemodynamics and inhaled anes-
thetic requirements during surgery. Although elective 
aortic reconstruction via the retroperitoneal approach 
using straight epidural anesthesia (no general anesthetic) 
has been reported, this technique is not recommended 
for routine use.

Emergence from anesthesia should be conducted 
after restoration of circulation and establishment of ade-
quate organ perfusion. Hemodynamic, metabolic, and 
 temperature homeostasis must be achieved before skin 

Abdominal Aortic Surgery

General anesthesia

IV PCA Epidural PCA IV PCA Epidural PCA

Epidural-supplemented 
general anesthesia

Figure 69-8. Outline of factorial study design. This design allows the 
inclusion of all four possible combinations on intraoperative anesthesia 
and postoperative analgesia and the ability to separate the influences 
of time period and technique. Data analysis by treatment group, intra-
operative treatment, postoperative treatment, and any epidural activa-
tion, as well as simultaneous consideration of both intraoperative and 
postoperative treatments in the same model (factorial analysis), is pos-
sible and allows improvement in outcome to be attributed to the intra-
operative anesthesia, postoperative analgesia, the combination of the 
two, or to unrelated factors. IV, Intravenous; PCA, Patient-controlled 
analgesia. (From Norris EJ, Beattie C, Perler B, et al: Double-masked 
randomized trial comparing alternate combinations of intraoperative 
anesthesia and postoperative analgesia in abdominal aortic surgery, 
Anesthesiology 95:1054-1067, 2001.)
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TABLE 69-7 DURATION OF HOSPITAL STAY AND DIRECT MEDICAL COSTS BY RANDOMIZED TREATMENT 
ASSIGNMENT FOR PATIENTS SURVIVING TO DISCHARGE AFTER ABDOMINAL AORTIC SURGERY 

GA-IVPCA RSGA-IVPCA GA-EPCA RSGA-EPCA Total P Value

No. of Patients 35 36 36 44 151
Duration of hospital stay 

(days)*

 Range
 95% CI

7.0 (2.2)

4-43
7.0-13.3

8.0 (2.8)

5-28
7.4-10.2

7.0 (2.0)

5-20
6.9-8.8

7.0 (2.8)

5-18
7.6-9.6

7.0 (2.2)

4-43
7.9-9.7

.833†

Direct medical costs 
($U.S. 1997)*

 Inpatient 12,413 (2867) 13,786 (4413) 12,492 (3111) 13,767 (3900) 12,793 (3777) .242
 Physician 10,394 (5993) 10,288 (4538) 9,609 (3866) 9,790 (3567) 9,934 (4072) .459
 Total 22,674 (8783) 23,001 (6079) 22,182 (3914) 22,727 (3961) 22,674 (4903) .851

CI, Confidence interval; GA-EPCA, general anesthesia and epidural patient-controlled analgesia; GA-IVPCA, general anesthesia and intravenous patient-
controlled analgesia; RSGA-EPCA, regional supplemented general anesthesia and epidural patient-controlled analgesia; RSGA-IVPCA, regional supplemented 
general anesthesia and intravenous patient-controlled analgesia.

*Values are median (SDresistant).
†No significant difference in length of stay was observed between intraoperative treatment groups (GA versus RSGA; P = .416), postoperative  

treatment groups (IVPCA versus EPCA; P = .673), epidural activation (GA-IVPCA versus RSGA-IVPCA, RSGA-EPCA, and GA-EPCA; P = 854), or factorial 
analysis (P = .648).

From Norris EJ, Beattie C, Perler B, et al: Double-masked randomized trial comparing alternate combinations of intraoperative anesthesia and postoperative 
analgesia in abdominal aortic surgery, Anesthesiology 95:1054-1067, 2001.
closure; otherwise, patients should be transported to the 
intensive care unit (ICU) with their trachea intubated and 
their ventilation controlled. Early extubation of the trachea 
is not generally attempted in patients with supraceliac aor-
tic cross-clamp times longer than 30 minutes, patients with 
poor baseline pulmonary function, or patients requiring 
large volumes of blood or crystalloid during surgery. At the 
start of skin closure, inhaled anesthetics are discontinued, 
N2O is increased to 70%, and any residual neuromuscular 
blockade is reversed. I routinely insert a large nasal airway 
after induction of anesthesia, but before systemic hepa-
rinization in all patients for whom extubation is planned 
in the operating room. Hypertension and tachycardia 
are aggressively controlled during emergence by the use 
of short-acting drugs such as esmolol, nitroglycerin, and 
sodium nitroprusside. Patients are placed in a recumbent, 
head-up position, and N2O is discontinued. If spontane-
ous ventilation is adequate, the trachea is extubated. Some 
centers advocate extubation of all patients in the ICU after 
a period of stability has been established. In these cases, 
mild sedation with a benzodiazepine such as midazolam 
is appropriate.

Temperature Control
Postoperative hypothermia is associated with many unde-
sirable physiologic effects and may contribute to adverse 
outcomes (see also Chapter 54). Normothermia should be 
maintained before skin incision by increasing ambient 
temperature in the operating room, applying warm cot-
ton blankets, and warming IV fluids. If significant hypo-
thermia occurs early in the procedure, normothermia is 
extremely difficult to achieve, and emergence and tracheal 
extubation may be delayed. During surgery, all fluids and 
blood products should be warmed before administration. 
A forced-air warming blanket should be applied over the 
upper part of the body. The lower part of the body should 
not be warmed because doing so can increase injury to 
ischemic tissue distal to the cross-clamp by increasing 
metabolic demands.
THORACOABDOMINAL AORTIC SURGERY

Open repair of the thoracoabdominal aorta is widely 
regarded as the most challenging surgical procedure in 
terms of overall anesthetic and perioperative manage-
ment. Surgical repair is required for a spectrum of disease, 
including degenerative aneurysm, acute and chronic 
dissection, intramural hematoma, mycotic aneurysm, 
pseudoaneurysm, penetrating aortic ulcer, coarctation, 
and traumatic aortic tear. Since the first thoracoabdomi-
nal aortic aneurysm (TAA) repair in 1955, tremendous 
advances have been made in the field. These advances 
have led to significant reductions in operative mortality 
and perioperative complications. However, even in cen-
ters where numerous procedures are performed, mor-
bidity and mortality are frequent, especially in patients 
with dissecting or ruptured aneurysms. To successfully 
care for these patients, the anesthesiologist must be 
knowledgeable in the areas of one-lung ventilation; 
extracorporeal circulatory support, including circulatory 
arrest; renal and spinal cord protection; induced hypo-
thermia; invasive hemodynamic monitoring, including 
TEE; massive transfusion; and management of coagu-
lopathy. Intraoperative management requires a team 
effort with intimate cooperation among surgeons, anes-
thesiologists, perfusionists, nurses, and electrophysi-
ologic monitoring staff. Endovascular stent-graft repair 
of lesions that affect the descending thoracic and tho-
racoabdominal aorta is evolving rapidly. As discussed 
later, accumulating experience with stent-graft repair of 
thoracic aortic aneurysm, dissection, and traumatic tear 
has demonstrated this modality to be an effective alter-
native to open repair for select patients.

ETIOLOGY AND CLASSIFICATION

Aneurysms of the thoracoabdominal aorta occur primar-
ily because of atherosclerotic degenerative disease (80%) 
and chronic aortic dissection (17%).84 The remainder 
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Figure 69-9. The Crawford classification of thoracoab-
dominal aortic aneurysms is defined by anatomic loca-
tion and the extent of involvement. Type I aneurysms 
involve all or most of the descending thoracic aorta and 
the upper abdominal aorta; type II aneurysms involve 
all or most of the descending thoracic aorta and all or 
most of the abdominal aorta; type III aneurysms involve 
the lower portion of the descending thoracic aorta and 
most of the abdominal aorta; and type IV aneurysms 
involve all or most of the abdominal aorta, including the 
visceral segment. (Modified from Crawford ES: Thora-
coabdominal and supra-renal abdominal aortic aneu-
rysm. In Ernst CB, Stanley JC, editors: Current therapy in 
vascular surgery, Philadelphia, Decker, 1987, pp 96-98.) I II III IV
are caused by either trauma or connective tissue diseases 
involving the aortic wall from conditions such as Marfan 
syndrome, cystic medial degeneration, Takayasu arteri-
tis, or syphilitic aortitis.85 The true incidence of TAA is 
unknown, but population studies suggest a prevalence 
much less than that of infrarenal AAA. Degenerative 
and dissecting TAAs differ in their associated risk fac-
tors, extent of aortic involvement, and natural history. 
Thus, complete characterization of each TAA is required 
to formulate a comprehensive treatment plan. Develop-
ment of both degenerative and dissecting TAAs is ulti-
mately related to weakening of the aortic wall. Although 
the natural history of TAA without surgery is uncertain, 
enlargement tends to be progressive and nonoperative 
management is generally associated with a poor progno-
sis. With progressive enlargement, nutritional blood flow 
to the aorta is compromised. The increasing diameter is 
associated with increased wall tension, even when arte-
rial pressure is constant (law of Laplace). The frequent 
incidence of associated systemic hypertension enhances 
aneurysm enlargement.

Degenerative and dissecting TAAs are symptomatic 
at initial evaluation in 57% and 85% of patients, respec-
tively. The most common initial complaint is back pain. 
Additional symptoms can be caused by compression of 
organs or structures adjacent to the aneurysm. Aortic 
rupture, as a manifestation of TAA, occurs with equal fre-
quency (9%) in both degenerative and dissecting aneu-
rysms. Rupture of the thoracic and abdominal segments 
occurs with equal frequency and primarily in patients 
with aneurysms larger than 5 cm. Surgical repair is usually 
recommended when aneurysm diameter exceeds 6 cm, 
but earlier repair may be offered to patients with Marfan 
syndrome and those with a strong family history of an 
aortic aneurysm.

In addition to cause, aneurysms of the thoracoabdomi-
nal aorta may be classified according to their anatomic 
location. In 1986, Crawford and colleagues,84 recogniz-
ing the correlation between aneurysm extent and clinical 
outcome, proposed a classification based on the extent 
of aortic involvement (Fig. 69-9). The Crawford classifi-
cation defines aneurysms as types I, II, III, and IV and is 
appropriately applied to aneurysms of all causes (degen-
erative and dissecting). Type I aneurysms involve all or 
most of the descending thoracic aorta and the upper 
abdominal aorta. Type II aneurysms involve all or most 
of the descending thoracic aorta and all or most of the 
abdominal aorta. Type III aneurysms involve the lower 
portion of the descending thoracic aorta and most of the 
abdominal aorta. Type IV aneurysms involve all or most 
of the abdominal aorta, including the visceral segment. 
Types II and III are the most difficult to repair because 
they involve both the thoracic and the abdominal seg-
ments of the aorta. Patients with Crawford type II aneu-
rysms are at greatest risk for paraplegia and renal failure 
from spinal cord and kidney ischemia during cross-
clamping. Even with extracorporeal circulatory support, 
an obligatory period occurs when blood flow to these 
organs is interrupted because the origin of the blood flow 
is between the cross-clamps. For this reason, protective 
measures to prevent ischemic injury are important in 
reducing morbidity.

Aortic dissection, with or without aneurysm forma-
tion, has likewise been classified according to the extent 
of aortic involvement. The most widely used classifica-
tion, proposed by DeBakey and colleagues, defines aortic 
dissection as types I, II, and III (Fig. 69-10). Type I aneu-
rysms begin in the ascending aorta and extend through-
out the entire aorta. These lesions are usually repaired 
via a two-stage approach, with the first procedure on the 
ascending aorta and aortic arch and the second proce-
dure on the descending thoracic aorta. Type II aneurysms 
are confined to the ascending aorta. Both types I and II 
often involve the aortic valve and cause aortic regurgita-
tion, and sometimes they involve the ostia of the coro-
nary arteries. Type III aneurysms begin just distal to the 
left subclavian artery and extend either to the diaphragm 
(type IIIA) or to the aortoiliac bifurcation (type IIIb). 
Another commonly used classification of aortic dissec-
tion is the Stanford classification. This more simplified 
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classification divides aortic dissection into those that 
involve the ascending aorta (Stanford type A) and those 
that do not involve the ascending aorta (Stanford type B). 
Aortic dissection is also classified by duration, with those 
less than 2 weeks classified as acute and those greater 
than 2 weeks classified as chronic. This classification has 
very significant mortality implications, with much higher 
mortality in the acute phase.

Acute aortic dissection involving the ascending aorta 
(DeBakey types I and II, Stanford type A) is a surgical 
emergency that requires immediate cardiac surgical repair 
(see also Chapter 67). Acute dissections involving the 
descending aorta (DeBakey type III, Stanford type B) are 
most often treated conservatively (i.e., arterial blood pres-
sure, heart rate, and pain control) because surgical repair 
has no proved benefit over medical or interventional 
treatment in stable patients. Early surgical interven-
tion may be required for a variety of reasons, including 
aneurysmal formation, impending rupture, organ or leg 
ischemia, and inadequate response to medical therapy. 
In approximately 20% to 40% of patients with chronic 
aortic dissection, significant aneurysmal dilatation of 
the descending thoracic or thoracoabdominal aorta will 
develop.

MORBIDITY AND MORTALITY

Despite tremendous development in surgical and anes-
thetic technique, mortality, and complication rates 
remain frequent for open surgical repair of TAA. Patients 
who undergo replacement of the entire thoracoabdominal 
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Type II
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Figure 69-10. The DeBakey classification of dissecting aneurysms of 
the aorta. Type I has an intimal tear in the ascending aorta with dissec-
tion extending down the entire aorta. Type II has an intimal tear in the 
ascending aorta with dissection limited to the ascending aorta. Type 
III has an intimal tear in the proximal descending thoracic aorta with 
dissection either limited to the thoracic aorta (type IIIA) or extend-
ing distally to the abdominal aorta or aortoiliac bifurcation (type IIIB). 
(Adapted from DeBakey ME, Beall AC Jr, Cooley DA, et al: Dissecting 
aneurysms of the aorta, Surg Clin North Am 46:1045-1055, 1966.)
aorta (Crawford extent type II) have the most frequent 
perioperative risk. Contemporary mortality rates reported 
from large institutions range from 5% to 14%. Statewide 
and nationwide mortality rates may be considerably more 
frequent (∼20%). The perioperative mortality rate may 
significantly underestimate the risk associated with TAA 
repair. In a large statewide series, the mortality with elec-
tive TAA repair was 19% at 30 days and 31% at 365 days.86

The incidence of paraplegia or paraparesis in patients 
undergoing surgical repair of TAA is reported to be 3.8% 
to 40%, depending on complex factors such as anatomic 
location, the duration of cross-clamping, the use of pro-
tective measures, the degree of dissection, and whether 
the aneurysm has ruptured. Extensive dissecting TAA 
repair carries the highest risk for neurologic deficit. A 
contemporary report of 210 consecutive open TAA repairs 
reported three patients with paraplegia and two with 
temporary paraparesis for an overall rate of neurologic 
deficit of 2.4% (1.4% permanent).87 Renal failure occurs 
in 3% to 30% of patients, depending on similar factors 
noted earlier. Overall, approximately 6% of patients need 
postoperative dialysis after TAA repair, which is associ-
ated with high mortality (30% to 60%). Gastrointestinal 
complications occur in approximately 7% of patients and 
are associated with a mortality approaching 40%. Not 
surprisingly, pulmonary complications are the most com-
mon problem associated with TAA repair. The incidence 
of postoperative pulmonary insufficiency approaches 
50%, with 8% to 14% of patients requiring tracheostomy. 
As with all other vascular surgical procedures, cardiac 
complications are common and a leading cause of periop-
erative mortality. In general, perioperative mortality and 
major complication rates after open isolated descend-
ing thoracic aortic replacement are lower than those 
described for TAA repair.

PREOPERATIVE PREPARATION AND 
MONITORING

Open surgical TAA repair requires extensive preoperative 
evaluation and planning. The evaluation and manage-
ment of coexisting cardiac and pulmonary disease are 
discussed earlier in this chapter. Before the day of surgery, 
the anesthesiologist and vascular surgeon should discuss, 
at a minimum, extent of the aneurysm and technique of 
surgical repair, plans for distal aortic perfusion, monitor-
ing for spinal cord ischemia, renal and spinal cord protec-
tion, hemodynamic monitoring, and ventilation strategy.

Blood loss during TAA repair can be profound, and 
the need for massive transfusion must not be underesti-
mated. This author routinely has 15 units of packed RBCs 
and 15 units of thawed fresh frozen plasma immediately 
available in the operating room, and additional units 
must be readily obtainable. I use a large cooler to store 
blood products on ice in the operating room so that they 
can be returned to the blood bank if not used. Platelets 
should be readily available as well. A dedicated critical 
care technician is helpful in assisting with laboratory test-
ing and retrieving products from the blood bank (also see 
Chapter 61).

Large-bore IV access is obviously important, especially 
if partial bypass (in contrast to full bypass) is planned, 
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because it is difficult or impossible for the perfusionist 
to administer fluid or blood products into the closed 
partial bypass circuit. This author routinely inserts three 
8.5-Fr catheters into the internal jugular and antecubital 
veins. One of these accepts a pulmonary artery catheter, 
and the other two are connected to a rapid infuser sys-
tem that allows the delivery of up to 1500 mL/minute of 
blood products at a temperature of 37° to 38° C. A right 
radial arterial catheter is used for aneurysms involving 
the proximal descending thoracic aorta because occa-
sionally the cross-clamp is placed proximal to the left 
subclavian artery, thus occluding flow to the left upper 
extremity. When distal aortic perfusion techniques are 
used, I monitor arterial blood pressure distal to the cross-
clamps. This can be accomplished with the placement 
of a right femoral arterial catheter, or the surgical team 
can place a catheter directly into the femoral artery or 
distal aorta. This catheter monitors perfusion pressure 
to the kidneys, spinal cord, and mesenteric circulation 
during the time when the cross-clamps are high on the 
descending aorta and the lower body region is perfused 
by a shunt or bypass circuit. Radial and femoral arterial 
pressure should be simultaneously displayed on the anes-
thesiologist’s monitor and a monitor visible to the sur-
geons and the perfusionists. TEE is used routinely during 
TAA repair (see also Chapter 46). When TEE is used by a 
properly trained individual, assessment of left ventricular 
end-diastolic volume, myocardial ischemia, and valvular 
function is possible. It is also possible to determine the 
size and the extent of the aneurysm.

A double-lumen endobronchial tube should be 
inserted for the purpose of one-lung ventilation (see 
also Chapter 66). One-lung ventilation provides optimal 
visualization of the surgical field and reduces retraction-
related trauma to the left lung. A left-sided endobronchial 
tube is optimal because it is more easily positioned and 
less likely to become malpositioned. Additionally, risk 
exists for occluding the right upper lobe bronchus with a 
right-sided tube. I position all double-lumen tubes under 
direct vision using a fiberoptic bronchoscope because 
it facilitates quick and definitive placement and allows 
direct visualization of the distal trachea and mainstem 
bronchi. Occasionally, when the left mainstem bronchus 
is compressed by a large aneurysm, the lumen does not 
accommodate an endobronchial tube. In this situation, 
a right-sided endobronchial tube might be necessary. 
Rarely, the right mainstem bronchus may be compressed 
by a large aneurysm. The double-lumen tube is usually 
changed, if possible, to a single-lumen tube at the com-
pletion of surgery. This facilitates ICU management of 
pulmonary hygiene and reduces resistance to breathing 
during weaning in the postoperative period. The airway 
is often edematous after surgery, and it may be difficult 
or impossible to change the double-lumen tube without 
tube-changing catheters.

Many centers use electrophysiologic monitoring 
with somatosensory evoked potentials (SSEPs) or motor 
evoked potentials (MEPs) to monitor for spinal cord isch-
emia (see also Chapter 49). These monitoring techniques 
may be helpful in both identifying the important inter-
costal arteries that perfuse the spinal cord and confirming 
successful reimplantation into the aortic graft. If spinal 
cord ischemia is identified, cross-clamps can often be 
repositioned, upper or lower body blood pressure can be 
increased to augment perfusion through collateral chan-
nels, or other measures may be taken to protect the spi-
nal cord (i.e., cerebrospinal fluid [CSF] drainage, induced 
hypothermia, or intrathecal pharmacologic agents). 
These techniques are discussed later. Three general prob-
lems exist with SSEP monitoring when used during TAA 
repair. First, sensory monitoring is more likely to detect 
lateral and posterior sensory column ischemia and is a 
poor monitor for the anterior motor column. As a result, 
paraplegia can occur despite normal SSEP signals. Second, 
inhaled anesthetics and hypothermia can significantly 
interfere with SSEP signals. Third, ischemia affects periph-
eral nerves, and ischemia in the lower extremities delays 
conduction from the usual stimulation sites (e.g., poste-
rior tibial nerve). To eliminate the peripheral nerves as a 
confounding factor, spinal stimulation via a lumbar epi-
dural electrode can be used, which may be more specific 
for ischemic injury than peripheral monitoring alone. 
Lower extremity and peripheral nerve ischemia can be 
avoided with the use of distal aortic perfusion techniques. 
To avoid lower extremity ischemia from occlusion of the 
left femoral artery at the insertion site of the retrograde 
perfusion cannula, some surgeons suture a small-caliber 
graft onto the femoral artery (end to side) for insertion of 
the cannula, which allows both antegrade and retrograde 
perfusion. These limitations of SSEP monitoring probably 
accounted for the lack of improvement in neurologic out-
come in a large prospective series of TAA repairs. In this 
same series, the incidence of false-negative responses was 
13% and that of false-positive responses was 67%, thus 
making identification of critical spinal arteries impossible.

The transcranial MEP technique has been used success-
fully to monitor the anterior columns of the spinal cord. 
The technique is relatively simple and can be viewed as 
a “train-of-four” for the brain and spinal cord. Electri-
cal stimulation over the motor cortex activates α-motor 
neurons, and evoked electromyographic responses are 
obtained in lower extremity muscle. Only electromyo-
genic responses are specific for the status of the motor 
neurons in the anterior horn gray matter. Bilateral record-
ing needles should be placed in the popliteal fossae (i.e., 
popliteal nerve) and bilateral surface electrodes over the 
gastrocnemius and tibialis anterior muscles. Bilateral 
stimulating needles are routinely placed in the popliteal 
fossae to monitor direct muscle responses and the level of 
neuromuscular blockade. During aortic cross-clamping, 
MEPs are monitored every minute. A reduction in MEP 
amplitude to less than 25% of baseline is considered an 
indication of spinal cord ischemia and requires corrective 
measures. Because signal averaging is not required and 
the anterior horn cells react with an almost immediate 
functional loss after the onset of ischemia, the technique 
can be used to rapidly identify intercostal arteries sup-
plying the spinal cord. Additionally, the technique can 
be used to evaluate the adequacy of distal aortic perfu-
sion and the patency of reimplanted critical intercostal 
arteries. Careful titration of a short-acting neuromuscular 
blocker is required to maintain a stable level of neuromus-
cular blockade. Complete neuromuscular blockade makes 
MEP monitoring impossible. I use a continuous infusion 
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technique to maintain electrical muscle amplitude at 
approximately 50% of baseline. Isoflurane, desflurane, 
sevoflurane, and N2O depress synaptic conduction and 
significantly decrease the amplitude of myogenic MEPs. 
Although modifications of the stimulating technique 
have improved monitoring with inhaled anesthetics 
somewhat, a total IV anesthetic technique may be opti-
mal. Fentanyl and ketamine have little effect on myoge-
neic MEPs and have been used successfully as a combined 
anesthetic in a large series of patients undergoing TAA 
repair with MEP monitoring.87 This series of 210 con-
secutive patients had the lowest rate of neurologic deficit 
(2.4%) and permanent paraplegia (1.4%) reported.87

Body temperature should be monitored at two sites 
(core and peripheral) to assess cooling and warming when 
bypass techniques are used. However, an important dif-
ference exists between full and partial bypass with regard 
to temperature monitoring. With full bypass, perfusion is 
usually into the ascending aorta, and typically the upper 
body core temperature (i.e., nasopharynx or esophagus) 
cools and warms fastest, whereas the lower body tempera-
ture changes more slowly. With partial bypass, the oppo-
site is true. The blood from bypass is returned into the 
femoral artery, and the lower part of the body (i.e., rectum 
or bladder) changes before the upper part changes. This 
difference is important to recognize to achieve complete 
cooling and warming because the lagging temperature 
should be the end point for cooling and warming.

ANESTHETIC MANAGEMENT

Simple Aortic Cross-Clamping
Descending thoracic and thoracoabdominal aortic sur-
gery can be performed without extracorporeal support 
(i.e., left heart bypass or cardiopulmonary bypass). The 
“clamp-and-sew” technique has had relatively favor-
able outcomes, but these cases are from institutions with 
extensive clinical experience and the shortest cross-clamp 
times. Advocates of this technique favor its surgical sim-
plicity. However, the benefits of avoiding the complexity 
and complications of bypass must be weighed against the 
risk for vital organ ischemia and complications such as 
renal failure and paraplegia.

Other than the location and extent of the aneurysm, 
the duration of cross-clamping on the aorta is the sin-
gle most important determinant of paraplegia and renal 
failure with the clamp-and-sew technique. Clamp times 
of less than 20 to 30 minutes are associated with almost 
no paraplegia. When clamp times are between 30 and 
60 minutes (the vulnerable interval), the incidence of 
paraplegia increases from approximately 10% to 90% 
as time progresses. Because clamp times are typically in 
this range or longer, specific adjuncts directed against 
end-organ ischemic complications are often used. Such 
adjuncts include epidural cooling for spinal cord protec-
tion, regional hypothermia for renal protection, and in-
line mesenteric shunting to reduce visceral ischemia.

When the simple clamp-and-sew technique is used, 
application of the aortic cross-clamp results in significant 
proximal hypertension, which requires active pharma-
cologic intervention. Management strategies have been 
discussed previously in the section on abdominal aortic 
reconstruction. Briefly, both sodium nitroprusside and 
isoflurane have been used successfully to control the 
proximal hypertension associated with high aortic cross-
clamping. Isoflurane is best reserved for patients with 
good myocardial function. Vasodilators, such as sodium 
nitroprusside, must be used with caution because they 
can result in significant overperfusion of the body proxi-
mal to the clamp and very low pressures distally. Nitro-
glycerin can be used to normalize preload and cardiac 
filling and thus reduce ventricular wall tension. Although 
nitroglycerin does not control proximal hypertension 
well as a single agent, it is very helpful when used in 
combination with sodium nitroprusside. Management of 
aortic unclamping has been discussed earlier.

Left Heart Bypass
Maintaining lower body perfusion with the use of retro-
grade distal aortic perfusion reduces ischemic injury and 
improves outcome, provided the pressure is high enough 
to perfuse the organs. The simplest method of providing 
distal aortic perfusion is a passive conduit or shunt. The 
heparin-bonded Gott shunt was developed to avoid the 
need for systemic heparinization and is used to divert flow 
passively from the left ventricle or proximal descending 
thoracic aorta to the distal aorta. Some centers place a 
temporary axillary-to-femoral artery graft to function as a 
shunt during aortic cross-clamping.

Partial bypass, also referred to as left heart bypass or left 
atrial-to-femoral bypass, is the most commonly used dis-
tal aortic perfusion technique (Fig. 69-11). This technique 
allows adjustment of blood flow and usually draws blood 
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Figure 69-11. Diagram of left atrial-femoral bypass. The left atrium 
and the left femoral artery are cannulated, and a centrifugal pump is 
used with heparin-coated tubing. A heat exchanger may be added 
into the circuit for cooling and rewarming.
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from the left atrium and returns blood to the left femoral 
artery. A centrifugal pump is used (Biomedicus, Eden Prai-
rie, Minn), and full-dose systemic heparin is not needed 
because the circuit is coated with heparin. The typical hep-
arin dose for partial bypass is 100 units/kg. With this tech-
nique, an oxygenator is unnecessary because only the left 
side of the heart is bypassed. Insertion of a heat exchanger 
into the circuit allows cooling and warming, which is ben-
eficial but not absolutely essential. Variations of left heart 
bypass include cannulating the aortic arch or proximal 
descending thoracic aorta instead of the left atrium. With 
this circuit, the left ventricle is relieved of the increased 
afterload during aortic cross-clamping. With left atrial 
cannulation, the left ventricle is relieved of preload and 
cardiac output is reduced. Either way, proximal hyperten-
sion is controlled, the work of the ventricle is decreased, 
and perfusion is provided to the distal aorta. My col-
leagues and I have had even greater success with cannula-
tion of a pulmonary vein instead of the left atrium. This 
method accomplishes the same effect as with atrial can-
nulation but is associated with less atrial irritability. When 
hypothermia (30° C) is combined with atrial cannulation, 
approximately 15% of patients experience new atrial fibril-
lation. Although most patients revert to sinus rhythm on 
rewarming, direct cardioversion may be required.

During left heart bypass, it is essential that arterial 
blood pressure be monitored above and below the aortic 
cross-clamps. I simultaneously display radial and femo-
ral artery pressure and aim for a mean arterial pressure 
of 80 to 100 mm Hg above the cross-clamp and at least 
60 mm Hg below the cross-clamp. Careful control of 
intravascular volume, bypass pump flow, and vasoactive 
drugs is required to achieve the target blood pressures. 
Management of left heart bypass requires continuous 
communication and cooperation between the surgeon, 
anesthesiologist, and perfusionist. We typically set the 
initial pump flow to approximately 50% of the patient’s 
cardiac output with application of the proximal aortic 
clamp. Flow is then adjusted to maintain target proxi-
mal and distal pressures. Administration of vasodilators 
is very infrequently required at this stage. With no vital 
organ ischemia, the surgeon can complete the proximal 
anastomoses in an unhurried fashion. With sequential 
aortic clamping, intercostal arteries can be reimplanted 
with minimal adjustments of pump flow. Pump flow is 
eventually reduced significantly during reimplantation of 
the visceral and renal arteries. At this time, distal perfu-
sion is only to the lower extremities. We routinely use 
moderate hypothermia (32° C) during bypass to protect 
the vital organs during obligate periods of ischemia. 
After completion of the distal anastomoses, pump flow 
is increased, and the patient is actively warmed to 37° C.

Deep Hypothermic Circulatory Arrest
Complex aneurysms involving the aortic arch often 
require elective cardiopulmonary bypass with an interval 
of deep hypothermic (15° C) circulatory arrest (DHCA) 
because cerebral blood flow is transiently interrupted dur-
ing surgery (see also Chapter 67). Bypass can be accom-
plished by cannulation of the femoral artery and the 
femoral vein (i.e., femoral-femoral bypass). During the 
interval of DHCA, some centers also use anterograde (i.e., 
innominate artery) or retrograde (i.e., internal jugular 
vein) selective cerebral perfusion with cold oxygenated 
blood to extend the safe maximum duration of circula-
tory arrest. Without this technique, 45 to 60 minutes is 
thought to be the safe limit of DHCA, but 90 minutes has 
been reported with selective cerebral perfusion.

DHCA also may be necessary whenever the location, 
extent, or severity of aortic disease precludes placement of 
a proximal aortic clamp during thoracic or thoracoabdom-
inal aortic repair. This is often the case in patients with 
previous aortic arch repair, in which adhesions and scar-
ring make application of the proximal aortic cross-clamp 
difficult or impossible during TAA repair. DHCA elimi-
nates the need for proximal aortic clamping and allows a 
bloodless field for the proximal aortic anastomosis. Some 
centers advocate the routine use of DHCA during com-
plex aortic reconstruction because deep hypothermia may 
provide better end-organ and spinal cord function. This 
potential benefit must be carefully weighed against the 
risks associated with prolonged cardiopulmonary bypass 
and circulatory arrest. After completion of the proximal 
anastomosis and intercostal artery–to-graft anastomoses 
under DHCA, the aortic graft is cannulated and bypass 
flow is reestablished to the upper part of the body. During 
a period of hypothermic low bypass flow, the distal anas-
tomoses are completed and then rewarming is initiated.

Anesthetic Technique
No single anesthetic technique is best for TAA repair. 
Usually, balanced anesthesia is provided with a combina-
tion of an opioid, a low-dose potent volatile anesthetic, 
a benzodiazepine, and a muscle relaxant. A total IV tech-
nique may be optimal if transcranial MEP monitoring 
is used. Induction of general anesthesia should be slow 
and controlled. Hypertension should be avoided because 
acute stress on the aneurysm can cause rupture. The heart 
rate should be maintained at or below baseline because 
myocardial ischemia is often related to the heart rate. 
Extubation should always take place in the ICU and only 
after a significant period of hemodynamic and metabolic 
stability. The postoperative analgesic regimen should 
focus on pain control and stable hemodynamics.

Spinal Cord Ischemia and Protection
Paraplegia is a devastating complication of aortic surgery. 
The incidence of paraplegia is reported to be 0.5% to 1.5% 
for coarctation repair, 0% to 10% for thoracic aneurysm 
repair, 10% to 20% for thoracoabdominal repair, and as 
high as 40% for extensive dissecting TAA repair.

The spinal cord receives its blood supply from two 
posterior arteries (≈25%) and one anterior spinal artery 
(≈75%) (Fig. 69-12). The posterior spinal arteries, which 
supply the sensory tracts in the spinal cord, receive flow 
from the posterior and inferior cerebellar arteries, the ver-
tebral arteries, and the posterior radicular arteries. The 
anterior spinal artery, which supplies the motor tracts in 
the spinal cord, is formed by two branches of the intracra-
nial portion of the vertebral arteries. The upper cervical 
segment of the spinal cord receives most of its blood flow 
from the vertebrals. The thoracic portion of the anterior 
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spinal artery is supplied by the anterior radicular arteries 
(one or two cervical, two or three thoracic, and one or 
two lumbar). The largest of the radicular arteries is called 
the great radicular artery (GRA) or the artery of Adamkie-
wicz. The GRA is the major blood supply to the lower two 
thirds of the spinal cord. The segmental supplier of the 
GRA is variable (T5-L5) but is located between T9 and T12 
in approximately 75% of cases. The variation in origin of 
the GRA explains why even infrarenal aortic aneurysm 
repair is associated with a 0.25% incidence of paraplegia. 
The specific impact of extensive segmental artery sacrifice 
on spinal cord perfusion during TAA repair is poorly 
understood.
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Figure 69-12. Diagram of the blood supply to the spinal cord show-
ing the anterior and posterior radiculomedullary branches seen in a 
lateral view. The primary blood supply to the thoracolumbar portion 
of the spinal cord is derived from the artery of Adamkiewicz; its origin 
varies but usually branches off the aorta in the T9 to T12 region. (From 
Djindjian R: Arteriography of the spinal cord, Am J Roentgenol Radium 
Ther Nucl Med 107:461-478, 1969.)
Various methods can facilitate preventing ischemic 
injury to the spinal cord. Distal aortic perfusion with 
extracorporeal support reduces the incidence of paraple-
gia. Any of the various methods of distal bypass are likely 
to be beneficial when the anticipated cross-clamp time is 
longer than 30 minutes, but they are probably not benefi-
cial when cross-clamp time is less than 20 minutes. CSF 
drainage is frequently used to improve spinal cord perfu-
sion during TAA repair and is often used in combination 
with distal aortic perfusion. Spinal cord perfusion pres-
sure is defined as distal mean aortic pressure minus CSF 
pressure or central venous pressure, whichever is greatest. 
Autoregulation of spinal cord blood flow is similar to cere-
bral autoregulation, and blood flow is relatively constant 
over the range of 50 to 125 mm Hg. During hypoxia or 
hypercapnia, autoregulation is lost, and flow becomes lin-
early related to perfusion pressure. Thus, significant flow 
may remain even at very low perfusion pressure. Drainage 
of CSF is important because CSF pressure often increases 
(by 10 to 15 mm Hg) with cross-clamping of the descend-
ing thoracic aorta. The increase in CSF pressure reduces 
spinal cord perfusion pressure and increases the likelihood 
of ischemic spinal cord injury.

Despite evidence from animal studies that CSF drain-
age protects the spinal cord, clinical use of this technique 
is controversial. One randomized trial reported a reduced 
incidence of paraplegia, but another reported no benefit. 
Most of the evidence in support of CSF drainage comes 
from nonrandomized historical cohort studies in which 
the technique is used in combination with other adjuncts, 
such as intrathecal papaverine and hypothermic partial 
bypass. Coselli and colleagues88 offered the strongest evi-
dence supporting the efficacy of CSF drainage. They con-
ducted a prospective, randomized clinical trial to evaluate 
the impact of CSF drainage on the incidence of spinal 
cord injury after Crawford type I and II TAA repair. CSF 
drainage resulted in an 80% reduction in the relative risk 
for a postoperative deficit. Nine patients in the control 
group (13%) had paraplegia or paraparesis versus only 
two patients in the CSF drainage group (2.6%). Left heart 
bypass, moderate heparinization, permissive mild hypo-
thermia, and reimplantation of patent intercostal and 
lumbar arteries were performed in both treatment groups. 
The target CSF pressure was 10 mm Hg. CSF drainage also 
reverses delayed-onset neurologic deficit after open and 
endovascular TAA repair.89

Although CSF drainage is widely used during TAA 
repair, it has risks. Potential complications include head-
ache, meningitis, chronic CSF leakage, spinal or epidural 
hematoma, and subdural hematoma. The possibility of 
intraspinal pathologic processes should be considered in 
any patient with a postoperative lower extremity neuro-
logic deficit. A retrospective review of 230 patients who 
underwent TAA repair with CSF drainage at my institu-
tion reported eight subdural hematomas (3.5%).90 High-
volume CSF drainage was identified as a risk factor for 
its occurrence. Six patients had subdural hematomas 
detected during hospitalization, with an associated mor-
tality of 67%. Two patients were seen in a delayed fash-
ion, and both required an epidural blood patch to control 
chronic CSF leakage.
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Hypothermia is probably the most reliable method 
of neuroprotection from ischemic injury. By reducing 
O2 requirements by approximately 5% for each degree 
centigrade, a twofold prolongation of tolerated cross-
clamp time is achieved by cooling even to mild hypo-
thermia (34° C). Because the reduction in metabolic rate 
is linearly related to temperature, moderate or profound 
hypothermia provides even greater protection. Both 
systemic and regional spinal cord cooling is beneficial. 
Systemic hypothermia can been achieved with either 
full cardiopulmonary bypass (with or without DHCA) or 
partial bypass. Cooling to 30° to 32° C with left atrial-
to-femoral bypass in conjunction with CSF drainage 
was associated with no permanent neurologic sequelae 
in a series of 20 patients despite a relatively long aver-
age cross-clamp time (≈70 minutes).91 My colleagues 
and I have since used this technique in more than 600 
patients cooled to 32° C, with a 5% incidence of para-
plegia. Although some risk is incurred when a beating 
heart is subjected to moderate hypothermia, the benefits 
appear to outweigh the risks. Supraventricular and ven-
tricular dysrhythmias respond well to cardioversion or 
mild warming to 33° to 34° C. Regional cooling of the 
spinal cord by cold perfusion of the GRA with blood or 
crystalloid provides significant protection during spinal 
ischemia in animal models. Regional cooling is benefi-
cial in humans who received epidural infusions of 4° C 
saline. Even if active cooling is not used, it is advanta-
geous to allow patients to passively cool to 33° to 34° C 
during TAA repair. With passive cooling, the challenge 
is rewarming after the surgical repair. This is most eas-
ily accomplished with the use of a forced-air blanket 
over the upper part of the body. The lower body region 
should not be actively warmed because warming isch-
emic tissue increases metabolic requirements, acidosis, 
and ischemic injury.

Many drugs have been studied in an attempt to 
reduce the incidence of ischemic spinal cord injury. 
Barbiturates provide significant protection. Corticoste-
roids provide protection in dogs but were beneficial in 
humans only when they were combined with CSF drain-
age. Calcium channel blockers were not consistently 
shown to be protective against spinal cord ischemia. 
N-methyl-d-aspartate (NMDA) receptor antagonists 
have been investigated because ischemic injury appears 
to be related to increased levels of excitatory amino 
acids (particularly glutamate), which allow increased 
permeability to Ca2+ ions and high intracellular Ca2+ 
concentrations. Dextrorphan (a noncompetitive NMDA 
receptor antagonist) shows promise during spinal cord 
ischemia. Magnesium, another NMDA receptor antago-
nist, improves recovery from spinal cord ischemia in 
rat and dog models when administered intrathecally. 
Naloxone is protective in patients with traumatic spinal 
cord injuries and in a rabbit model of spinal ischemia. 
Naloxone also shows promise when combined with CSF 
drainage in patients undergoing TAA repair. Intrathe-
cal papaverine appears to be protective, especially when 
combined with CSF drainage. Other agents under inves-
tigation include levosimendan, allopurinol, adenosine, 
ziconotide, activated protein C, and desferrioxamine. 
Other than the use of corticosteroids and naloxone 
at a few centers, most of these agents are considered 
investigational.

Preoperative spinal cord angiography has been used 
in patients with TAA. The rationale for this highly inva-
sive angiographic procedure is that precise identification 
of intercostal arteries giving rise to the GRA will allow 
focused reimplantation of these vessels during surgical 
repair and help prevent spinal cord injury. Selective inter-
costal angiography identifies the GRA when an intercos-
tal branch is found making a cephalad hairpin turn to 
enter the spinal canal and supply a midline longitudinal 
artery (i.e., the anterior spinal artery) (Fig. 69-13). The 
GRA can be identified in 43% to 86% of patients stud-
ied with traditional angiography. Higher detection rates 
for GRA localization have been reported with computed 
tomographic angiography (CTA) and magnetic resonance 
angiography (MRA), with the latter achieving rates of 
nearly 100%.92

Figure 69-13. Spinal cord angiogram of an extensive degenerative 
thoracoabdominal aortic aneurysm. Selective injection of the intercos-
tal artery at T8 (arrow) demonstrates the great radicular artery and the 
extensive paravertebral collateralization.



The importance of reimplanting the intercostal arter-
ies identified as supplying the GRA is not universally 
accepted. Even in patients with an identified and reim-
planted GRA, spinal cord injury is not always prevented. 
Some investigators have concluded that preoperative 
localization of the GRA has little impact on neurologic 
outcome after TAA repair. A report from my institution93 
found no improvement in overall neurologic outcome 
with preoperative spinal cord angiography, but it offered 
important insight regarding the type of aneurysm, identi-
fication of the GRA, and neurologic outcome. In patients 
undergoing TAA repair for extensive degenerative aneu-
rysms, spinal cord injury occurred in 0 of 45 patients 
versus 10 (12%) of 81 patients with and without an iden-
tified GRA, respectively. In contrast, identification of the 
GRA was not helpful in the case of chronic expanding 
aortic dissection, with 3 (15%) of 20 patients versus 3 
(6%) of 49 patients suffering spinal cord injury with and 
without an identified GRA, respectively. The investiga-
tors hypothesized that mural thrombus in degenerative 
aneurysms results in the occlusion of many intercostal 
arteries and favors the development of extensive paraver-
tebral collateral channels (see Fig, 69-13). Identification 
of a GRA allows focused reimplantation with uniform 
success. In patients with chronic dissection, most inter-
costal arteries are patent, collateralization is minimal, 
and reimplantation of one or two intercostal arteries may 
be insufficient to supply blood flow to the spinal cord. 
This collateral blood supply concept is further supported 
by clinical studies demonstrating that clamping the seg-
mental supplier to the GRA during TAA repair does not 
produce critical spinal cord ischemia in the majority of 
patients.94 Sufficient collateral blood supply, indepen-
dent of the GRA, must therefore exist to maintain spinal 
cord integrity.

Delayed-onset neurologic deficits are common after 
TAA repair.95 In a large series of 2368 TAA repairs, 93 
(3.9%) patients had postoperative paraplegia or parapa-
resis, 34 (37%) of whom initially had intact spinal cord 
function but a deficit developed later.96 Preoperative renal 
dysfunction, acute dissection, and extent type II TAA are 
significant predictors of delayed neurologic deficit. Post-
operative hypotension and CSF drain malfunction may 
play an important role in the development of these defi-
cits. Neurologic function can frequently be recovered by 
maintaining an optimal arterial blood pressure and CSF 
drainage.

Renal Ischemia and Protection
Renal failure after TAA repair results from preexist-
ing renal dysfunction, ischemia during cross-clamping, 
thrombotic or embolic interruption of renal blood flow, 
and hypovolemia and hypotension. Approximately 6% 
of patients require postoperative dialysis, even in centers 
with the most clinical experience. The associated mor-
tality can be high. The primary predictor of postopera-
tive renal failure is preoperative renal dysfunction. The 
duration of cross-clamp time is very important with the 
clamp-and-sew technique.

Retrograde distal aortic perfusion techniques are widely 
used to preserve renal function during the cross-clamp 
period. Adequate bypass flow and arterial blood pressure 
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are essential for maintaining renal function. Systemic 
and regional hypothermia, by reducing O2 requirements, 
protects the kidneys during ischemia. Some centers advo-
cate the use of DHCA in the treatment of distal TAAs (i.e., 
extent type III and IV) to preserve renal function.

The role of pharmacologic protection is somewhat 
controversial. Mannitol 12.5 to 25 g/70 kg is often given 
before cross-clamping. Mannitol improves renal cortical 
blood flow and the glomerular filtration rate in animal 
models of ischemia. Endothelial cell swelling is decreased, 
and an osmotic diuresis occurs. Evidence demonstrates 
free radical scavenging with mannitol and subsequent 
protection from ischemia in animals. Loop diuretics are 
sometimes given, but these drugs have been less effective 
than mannitol in experimental models. In clinical stud-
ies, the prophylactic use of loop diuretics has not been 
shown to improve outcome or reduce the need for dialysis 
for patients with acute renal failure. Dopamine given in 
low doses (1 to 3 μg/kg/minute) dilates renal blood vessels 
and increases renal blood flow and urine output. Despite 
these beneficial effects, whether dopamine provides renal 
protection during ischemia is not clear. Fenoldopam 
mesylate, a selective dopamine type 1 agonist that pref-
erentially dilates the renal and splanchnic vascular beds, 
has shown some promise as a renoprotective drug.

At the present time, optimal renal protection during 
TAA surgery should rely on hypothermia, mannitol, and 
prevention of hypotension and hypoperfusion of the 
kidneys.

Coagulation and Metabolic Management
Coagulopathy is a frequent complication during TAA 
repair. A dilutional coagulopathy in which platelets 
become deficient after approximately one blood volume 
of replacement develops during massive transfusion (see 
also Chapters 61 and 62). At between one and two blood 
volumes of replacement, coagulation factors are diluted 
to levels low enough to increase bleeding. Other con-
tributing factors are residual heparin; ischemia of the 
liver, in which most coagulations factors are produced; 
and persistent hypothermia after weaning from bypass. 
With the early use of fresh frozen plasma and platelets, 
severe coagulopathy often can be avoided. The prothrom-
bin time, partial thromboplastin time, fibrinogen level, 
and platelet count should be measured frequently. Cryo-
precipitate may be necessary to correct coagulopathy, 
especially when the prothrombin time and partial throm-
boplastin time are prolonged and hypervolemia prevents 
the administration of significant volumes of fresh fro-
zen plasma. When coagulopathy persists despite these 
efforts, ε-aminocaproic acid is beneficial as antifibrinol-
ytic therapy, and desmopressin can be given to increase 
circulating levels of von Willebrand factor and factor VIII. 
Normothermia should be achieved by complete rewarm-
ing before separation from bypass, by increasing ambient 
temperature after separation from bypass, and by forced-
air warming over the upper body skin surface.

Analysis of arterial blood gases and electrolyte levels 
should be performed frequently. Sodium bicarbonate 
should be given to treat the metabolic acidosis that occurs 
during and after cross-clamping. Hyperkalemia should 
be treated aggressively, especially in oliguric or anuric 
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patients. Calcium chloride and sodium bicarbonate are 
the primary acute treatments of hyperkalemia.

ENDOVASCULAR AORTIC REPAIR 
SURGERY

Endovascular surgery is one of the most exciting develop-
ments in the treatment of vascular disease and is revolu-
tionizing current treatment modalities for aortic disease. 
The endovascular approach was initially developed as a 
less invasive alternative to elective open AAA repair and 
to provide a treatment option for patients considered to 
be poor surgical candidates. Over the last 2 decades, an 
explosive increase has occurred in the use of endoluminal 
devices to treat AAA. These devices accounted for nearly 
50% of elective repairs of AAA in Medicare beneficiaries 
during the period 2001 to 2004.97 Interest in endoluminal 
aortic grafting has rapidly expanded beyond the abdomi-
nal aorta to include disease of the thoracic and thoracoab-
dominal aorta and, most recently, the ascending aorta 
and aortic arch. Endovascular grafting has also emerged 
as a viable alternative to open repair of aortic dissection, 
rupture, and traumatic injury. As experience with endolu-
minal techniques increases, along with continued refine-
ment of stent-graft devices, the endovascular approach 
will be applied to more patients with increasingly complex 
aortic disease.

EVOLUTION OF STENT-GRAFT DEVICES

The transluminal placement of an endovascular stent-graft 
to treat arterial disease began experimentally in the late 
1960s. The feasibility of this technique for the treatment 
of AAA was established experimentally some 2 decades 
later. In 1991, Parodi and colleagues98 reported the first 
clinical use of the technique in five patients with infra-
renal AAAs. They described the placement of an endolu-
minal, stent-anchored, Dacron tube graft via retrograde 
cannulation of the common femoral artery under local or 
regional anesthesia. Balloon expansion of the stents fixed 
the ends of the graft to the aortic wall and excluded the 
aneurysm from the systemic circulation. The technique 
was satisfactory in three of the five patients.

After nearly a decade of refinements, in 1999 the FDA 
approved the use of two endovascular stent-graft devices 
for repair of infrarenal AAAs in the United States. FDA 
approval of these devices was granted without the usual 
requirement for a randomized controlled trial. Instead, 
the FDA allowed a concurrent “matched” group of 
patients treated by open repair to serve as a control group. 
Additional stent-graft devices have received regulatory 
approval in the United States, and several are approved 
for use by other governments around the world. Since 
regulatory device approval, a rapid increase in endovas-
cular AAA repair has occurred nationwide. The stent-
grafts used for infrarenal AAA repair are usually modular 
bifurcated devices made of synthetic fabric reinforced by 
a stainless steel or nitinol (nickel-titanium alloy) frame-
work that can be compressed within a catheter-based 
delivery and deployment system. The larger main trunk 
is designed for the infrarenal aorta and the two smaller 
branches are for the iliac arteries. Proximal external barbs 
or hooks aid device fixation to the aortic wall. A device 
with a suprarenal bare stent component is available for 
transrenal fixation without compromising renal blood 
flow.

The emergence of endovascular repair of the descend-
ing thoracic aorta quickly followed the success achieved 
with the infrarenal aorta. The initial report of stent-grafts 
for the treatment of descending thoracic aortic aneu-
rysms was by Dake and co-workers in 1994.99 Using cus-
tom-designed self-expanding stent-grafts, they reported a 
100% technical success rate in 13 patients. In 2005, the 
FDA approved the use of a thoracic stent-graft device for 
the treatment of descending thoracic aortic aneurysms. 
Additional devices have received FDA approval, and 
several are commercially available around the world. 
Devices are tubular, with one or two components and 
a variable bare stent configuration. Current generation 
devices have been used extensively for a spectrum of aor-
tic disease, including aneurysms, dissections, penetrating 
ulcers, ruptures, and traumatic transections.

Fenestrated stent-grafts have been developed to facil-
itate the endovascular repair of juxtarenal and parare-
nal aortic aneurysms. These highly customized devices 
have openings in the graft fabric that align with arteries 
branching off the aorta, thereby maintaining end-organ 
perfusion while excluding the aneurysm. A modular 
fenestrated device received FDA approval in 2012. Align-
ment stents can be used to secure the position of the 
fenestration with the orifice of the aortic branch vessel.

Branched stent-grafts are also used in the endovascular 
repair of complex aneurysms that span aortic branch ves-
sels. Directional branches off the graft body are custom-
designed based on patient-specific anatomy derived from 
three-dimensional aortic imaging and reconstruction. 
Endovascular procedures on the thoracoabdominal aorta 
and aortic arch often require these novel stent-grafts. 
These devices are currently in use in Europe and await 
FDA approval in the United States.

ENDOVASCULAR TECHNIQUE

The endovascular approach can be undertaken without 
the large incisions, extensive dissections, prolonged aor-
tic cross-clamp times, and significant blood loss and fluid 
shifts associated with open repair. The arterial access site 
for endovascular stent-graft placement is selected on the 
basis of vessel size and degree of obstructing atheroscle-
rotic disease. The technique most commonly requires 
bilateral transverse groin incisions to expose the common 
femoral arteries. In patients with severely diseased femo-
ral or iliac arteries, balloon angioplasty or local endarter-
ectomy can be performed to allow passage of the delivery 
system. Adjunctive retroperitoneal procedures may be 
necessary in up to 20% of patients during endovascu-
lar AAA. Indications include small external iliac arteries 
that limit femoral access and a concomitant iliac artery 
aneurysm that precludes distal fixation of the stent-graft 
in the common iliac artery. In these cases, a transverse 
lower abdominal incision with retroperitoneal dissec-
tion exposes the iliac artery, and a synthetic conduit is 
sutured (end to side or end to end) onto the common iliac 
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artery. The delivery system is endoluminally placed into 
the aorta through this iliac conduit. At the termination 
of the procedure, the conduit can be ligated, attached to 
the external iliac artery (interposition graft), or attached 
to the common femoral artery (iliofemoral bypass graft). 
Although adjunctive retroperitoneal procedures may 
allow a larger number of patients to undergo endovascu-
lar aortic repair, such procedures are associated with an 
increased risk for complications, greater blood loss, longer 
procedure time, and longer hospital length of stay than 
endovascular repair with standard femoral access. Obvi-
ously, the advantage of endovascular techniques being 
less invasive than open repair is reduced when adjunctive 
procedures are required. Adjunctive procedures may also 
be needed with endovascular repair of the thoracic aorta. 
One series involving patients with a spectrum of aortic 
disease reported that 25% of patients needed open surgi-
cal access to the aorta and 21% needed left subclavian–
carotid transposition to provide an adequate proximal 
fixation site.

Although adjunctive surgical procedures may be 
needed, the technical skill required for endovascular 
aortic surgery is primarily catheter based. Thus, appro-
priately trained cardiologists, radiologists, and vascular 
surgeons can deliver endovascular treatment of aortic dis-
ease. A multispecialty approach is commonly used and 
offers patients the expertise of both surgical and cathe-
ter-based specialists. Even though no standard has been 
set, the requirements for endovascular aortic surgery are 
the same wherever it is performed. The standard oper-
ating room environment is ideal from the surgical and 
anesthesia standpoint, particularly when conversion to 
an open repair is required. The operating room must be 
equipped with endovascular supplies, portable radiologic 
imaging tools, and an angiographic table. Angiographic 
suites often have superior radiographic imaging tools 
and angiographic tables and are better equipped to deal 
with ionizing radiation. The superior imaging may reduce 
radiation exposure and decrease contrast dye loads. In an 
effort to provide an optimized environment for multispe-
cialty endovascular intervention, many centers are con-
structing sophisticated operative angiographic suites in 
or adjacent to the operating room.

Endovascular stent-grafting of the aorta requires pre-
procedural diagnostic imaging to precisely evaluate and 
delineate the aortic anatomy. CTA and MRA have been 
established as the gold standard for preprocedural eval-
uation. For AAAs, length and diameter of the proximal 
neck, location of important aortic and iliac side branches 
(accessory renal arteries, inferior mesenteric artery, and 
hypogastric arteries), and distal fixation site characteris-
tics must be determined. Significant aneurysm neck angu-
lation, short neck length, large neck diameter, and severe 
aortic calcification currently exclude many patients from 
endovascular repair.

Endovascular stent-grafts are often custom-made for 
each patient based on aortic anatomy. Each endovascu-
lar stent-graft delivery device has a unique method of 
deployment, and many individual variations in tech-
nique are possible. First-generation endografts were not 
fully stented and required balloon expansion of the 
proximal portion at the time of deployment. Metal hooks 
in the proximal portion were embedded into the aortic 
wall with balloon inflation, which resulted in complete 
aortic occlusion, not unlike aortic cross-clamping. These 
unsupported endografts were prone to complications 
such as migration and kinking. Distal migration during 
proximal endograft deployment was particularly trouble-
some with intrathoracic endograft placement. Induced 
hypotension, adenosine-induced asystole, and induced 
ventricular fibrillation have all been used successfully to 
reduce endograft migration during deployment. Current-
generation endografts are fully stented (i.e., stent-grafts) 
and self-expanding. Balloon expansion is not required at 
the time of deployment. Stent-graft migration at the time 
of deployment is largely prevented, and associated com-
plications are reduced. A unique trilobed aortic balloon 
can be used to expand the stent-graft for aortic apposi-
tion after deployment without complete aortic occlusion. 
Though no longer a requirement, mild induced hypoten-
sion (with nitroglycerin or sodium nitroprusside) can be 
used selectively during stent-graft deployment.

Hybrid procedures (a combination of open surgical 
and endovascular stenting) have expanded the endovas-
cular approach to include aortic aneurysms involving 
major branches that originate from the aorta. Type IV 
TAA repair can be accomplished with open visceral and 
renal bypass followed by stent-graft implantation over 
the “debranched” visceral segment. Similar approaches 
are being used to treat complex aneurysms that involve 
the aortic arch. Hybrid procedures rarely require aortic 
cross-clamping. In patients with aneurysmal disease of 
the entire aortic arch, the traditional “elephant trunk” 
procedure has been combined with a second-stage stent-
graft procedure of the descending thoracic aorta. The 
distal end of the elephant trunk serves as the proximal 
attachment site for the stent graft.

ANESTHETIC MANAGEMENT

Local, regional, and general anesthesia techniques have 
all been described for endovascular aortic repair shortly 
after its introduction. Several regional techniques have 
been used, including paravertebral, spinal, continuous 
spinal, epidural, and combined spinal and epidural. Gen-
eral anesthesia was commonly used with early-generation 
devices because the surgical procedure times were often 
long. As centers have gained experience with newer-
generation devices, procedure times have been reduced 
and local and regional techniques are used more often, 
most commonly with IV sedation. A sedation technique 
using dexmedetomidine with local anesthesia has been 
reported.100 Despite procedural advances and the estab-
lished feasibility of local and regional anesthesia, these 
techniques have not become accepted on a large scale. 
An analysis of anesthesia type based on data from the 
EUROSTAR registry (5557 endovascular repairs of infra-
renal aortic aneurysm) reported the use of local, regional, 
and general anesthesia in 6%, 25%, and 69% of patients, 
respectively.101 The influence of anesthesia type on out-
come based on the EUROSTAR data indicates that the use 
of local or regional anesthesia may reduce ICU admis-
sion, hospital length of stay, and early complications.101 
Further analysis of high-risk patients from this registry 
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suggests that a mortality benefit may exist when local or 
regional anesthesia is used.102 A retrospective analysis of 
229 endovascular AAA repairs using local anesthesia with 
IV sedation or general anesthesia reported similar rates 
of cardiac and pulmonary morbidity.103 Reduced intra-
operative fluid requirements103,104 and less vasopressor 
support104 have been reported with the use of local anes-
thesia. Given the retrospective nature of these reports 
and the significant selection bias regarding assignment of 
anesthetic technique, specific recommendations regard-
ing the use of local, regional, and general anesthesia 
are premature. As with open aortic repair, maintenance 
of vital organ perfusion and function by the provision 
of stable perioperative hemodynamics is probably more 
important to overall outcome than is the choice of anes-
thetic technique.

I commonly use a general anesthetic technique for 
endovascular aortic repair in patients requiring exten-
sive groin dissection or any retroperitoneal dissection 
and those requiring complex repairs, where conversion 
to open repair may be more likely. A balanced technique 
using relatively short-acting agents maximizes manage-
ment flexibility. Opioid requirements are usually minimal 
(fentanyl 2 to 4 μg/kg), and postoperative pain is easily 
managed. Esmolol, sodium nitroprusside, nitroglycerin, 
and phenylephrine should be available and used to main-
tain appropriate hemodynamics. Epidural and spinal 
anesthesia are used selectively based primarily on patient 
and surgeon preference.

Placement of a radial artery catheter should be routine 
for all endovascular aortic repairs. It should be placed on 
the right side because a catheter may be placed percuta-
neously in the left brachial artery for aortic angiography. 
Central venous and pulmonary artery catheter monitor-
ing are rarely used. Two large-bore peripheral IV catheters 
are recommended. Although blood loss and fluid require-
ments are not usually excessive, the potential for rapid 
blood loss is real. The possibility of acute aortic rupture 
necessitates the availability of fluids, blood, and a rapid 
infusion device. Catheterization of the bladder is required 
for most procedures. Monitoring of urine output can 
help guide fluid management, particularly when large 
volumes of heparinized flush solution and radiographic 
contrast material are used and when diuretics (i.e., man-
nitol or furosemide) are administered. Fluid management 
is directed primarily at maintaining normovolemia. Iso-
tonic HCO3

− infusion is often used in patients with renal 
dysfunction to reduce the incidence of contrast-induced 
nephropathy.105 Active patient warming is frequently 
necessary to prevent hypothermia, particularly with longer 
procedures.

Endovascular repairs involving the descending tho-
racic aorta require additional preparation and moni-
toring. These procedures are often performed in the 
operating room under general anesthesia. Although 
current-generation devices are much less prone to graft 
migration during deployment, pharmacologically (i.e., 
sodium nitroprusside or nitroglycerin) induced hypo-
tension (i.e., systolic blood pressure < 100 mm Hg) is 
commonly used during deployment. TEE monitoring is 
frequently used and can be extremely helpful in identify-
ing proximal and distal stent-graft landing zones, entry 
and exit points of dissections, true and false lumens, and 
aneurysm exclusion. Paraplegia is a recognized complica-
tion after endovascular repair of the descending thoracic 
aorta and is reported to be as high as 8%.88 Concomitant 
or previous abdominal aortic repair and long-segment 
thoracic aortic exclusion appear to be important risk fac-
tors. Postoperative hypotension may play a role as well. 
CSF drainage reverses delayed-onset neurologic deficit 
after endovascular TAA repair,89 prompting some cen-
ters to use perioperative CSF drainage in all high-risk 
patients. Intraoperative spinal evoked potential moni-
toring plus temporary (15 minutes) balloon occlusion 
of the thoracic aorta before stent-graft deployment is 
a means to evaluate the patient’s risk for spinal cord 
ischemia.106

COMPLICATIONS

Endoleak
The inability to obtain or maintain complete exclusion 
of the aneurysm sac from arterial blood flow, termed 
endoleak, is a complication specific to endovascular aor-
tic repair. The concern is that any pressurization of the 
aneurysm sac (i.e., endotension) can lead to aneurysm 
enlargement and rupture. Endoleaks can be detected by 
arteriography, computed tomographic scanning, mag-
netic resonance imaging, and duplex ultrasound scan-
ning. A classification system developed for endoleak 
describes four distinct types.107 Type I endoleak occurs 
when the seal between the stent-graft and the aortic wall 
at the proximal or distal attachment sites is inadequate. 
Type II endoleak occurs when there is retrograde filling of 
the aneurysm sac from patent intercostal, lumbar, infe-
rior mesenteric, or testicular arteries. Type III endoleak 
is due to structural failure of the stent-graft that allows 
blood to flow directly into the aneurysm sac. The struc-
tural failure may be due to tears in the graft fabric or sepa-
ration of individual components of a modular endograft. 
Type IV endoleak relates directly to the porosity of the 
graft material. Type V endoleak refers to persistent pres-
surization of the aneurysm sac after endovascular repair 
without an identified leak on imaging studies. Endoleaks 
are also classified as primary (after deployment) or sec-
ondary (after initial seal).

The rate of occurrence of endoleak depends on many 
factors, including the endograft device, the method of 
deployment, vascular anatomy, and progression of dis-
ease. Management of endoleak after endograft placement 
is controversial and ranges from observation with peri-
odic imaging surveillance to immediate endovascular or 
surgical correction. Types I and III endoleaks are associ-
ated with an increased risk for rupture and are almost uni-
formly treated aggressively. Although type II endoleaks 
do not often require urgent treatment and many spon-
taneously thrombose, they are associated with aneurysm 
enlargement. Type IV endoleaks are usually self-limited 
and rarely require specific treatment. Type V endoleaks 
require intervention if aneurysm growth is detected. 
Endovascular extension grafts, coil embolization, and 
conversion to open repair have been used successfully to 
repair endoleaks.



Early Complications
In addition to primary endoleaks, early complications 
include access vessel trauma, inadvertent stent deploy-
ment over vital branch vessel, aneurysm rupture, pelvic 
and lower extremity ischemia, acute renal failure, MI, 
stroke, paraplegia, and postimplantation syndrome (PIS). 
PIS is a weakly defined yet relatively common condi-
tion associated with features of a systemic inflammatory 
response such as leukocytosis, fever, and elevation of 
inflammatory mediators. Although transient and usually 
well tolerated, PIS is associated with an increased length 
of hospital stay.

Late Complications
Late complications are most often related to endoleak 
but also include degeneration of the proximal neck, limb 
occlusion, device migration or fatigue (kinking or col-
lapse), endograft infection, aneurysm enlargement, open 
conversion, and rupture. Lifelong surveillance imaging is 
mandatory for the early detection and management of 
these complications. Approximately 20% of patients will 
require catheter-based or limited surgical reintervention 
after endovascular infrarenal aortic aneurysm repair.

Outcomes
Endovascular repair of AAAs was originally developed 
to provide a treatment option for patients considered to 
be poor surgical candidates. Early studies reported better 
hemodynamic stability, reduced stress response, decreased 
rate of systemic complications and shorter postoperative 
length of stay, and improved respiratory function and 
analgesic control than with open aortic repair. Based on 
these early reports and without the benefit of long-term 
outcome data or randomized clinical trials, endovascular 
aneurysm repair has been applied to a large proportion of 
patients with AAAs. Large retrospective cohort studies and 
prospective registries subsequently established the safety 
and efficacy of endovascular repair. Several prospective 
randomized controlled trials in Europe and the United 
States followed to answer several critical questions related 
to the broad application of endovascular technology in 
patients fit and unfit for open repair.

A meta-analysis of 163 studies involving 28,862 
patients assessed safety and efficacy outcomes after endo-
vascular repair of asymptomatic AAA.108 The operative 
mortality was 3.3%. Technical success (complete aneu-
rysm exclusion) rate was 82.7%. The rate for primary 
conversion to open repair was 3.8%, and for secondary 
conversion to open repair 3.4% (overall 5.4%). The post-
operative rupture rate was 1.3% and was associated with 
a 44.4% mortality rate. A type I endoleak developed in 
10.5% of patients, with an annual rate of 8.4%. A type 
II, III, or IV endoleak developed in 13.7% of patients, 
with an annual rate of 10.2%. A definite improvement 
in outcome was reported over the study period (1992 to 
2002). Another meta-analysis involving 19,804 patients 
undergoing endovascular repair of infrarenal aortic 
aneurysm between 2000 and 2004 reported a 30-day 
mortality rate of 1.6% and 2.0% in randomized and non-
randomized trials, respectively.109 Device deployment 
was successful in 97.6% of patients. Technical success 
was achieved in 81.9% at discharge and 88.8% at 30 days. 
Chapter 69: Anesthesia for Vascular Surgery 2139

Secondary intervention to treat endoleak or to maintain 
graft patency was required in 16.2% of patients.

In a study of 45,660 Medicare beneficiaries who 
underwent either endovascular or open repair of an AAA 
between 2001 and 2004, perioperative mortality was 
lower after endovascular repair (1.2% versus 4.8%), and 
the reduction in mortality increased with age (8.5% dif-
ference for those 85 years or older).97 Conversion from 
endovascular repair to open repair occurred in 1.6% of 
patients. Endovascular repair was associated with fewer 
major complications, shorter length of hospital stay (3.4 
days versus 9.3 days), and a greater likelihood of being 
discharged home (94.5% versus 81.6%). Late survival was 
similar between cohorts, although the survival curves did 
not converge until after 3 years. By the fourth year, rup-
ture was more likely to occur after endovascular repair 
(1.8% versus 0.5%), as was aneurysm-related intervention 
(9.0% versus 1.7%).

Prospective randomized controlled trials comparing 
endovascular and open repair of asymptomatic infrarenal 
AAA (in patients fit for open repair) have been undertaken 
to determine comparative morbidity and mortality, and 
the need for reintervention. A recent meta-analysis of all 
prospective, randomized trials (2899 patients) reported 
short-term (30-day), intermediate-term (up to 2 years), and 
long-term (3 years or longer) outcomes.110 The primary 
conversion rate for endovascular repair was 0.6%. Length 
of hospital stay and ICU stay were shorter with endovas-
cular repair. There were no differences in perioperative 
complications, including stroke, MI, and renal failure. The 
30-day all-cause mortality was less with endovascular repair 
(relative risk [RR]: 0.35, 95% confidence interval [CI]: 0.19 
to 0.64). At intermediate follow-up, the all-cause mortality 
had a nonsignificant difference (RR: 0.78, 95% CI: 0.57 to 
1.08), the aneurysm-related mortality was lower (RR: 0.46, 
95% CI: 0.28 to 0.74), and the reintervention rate higher 
(RR: 1.48, 95% CI: 1.06 to 2.08) for endovascular repair 
compared to open repair. At long-term follow-up, no dif-
ference was found in all-cause mortality (RR: 0.99, 95% CI: 
0.85 to 1.15) or aneurysm-related mortality (RR: 1.58, 95% 
CI: 0.20 to 12.74) whereas the difference in reintervention 
persisted (RR: 2.54, 95% CI: 1.58 to 4.08).

The Endovascular Aneurysm Repair (EVAR)-2 trial was 
designed to compare endovascular repair versus no inter-
vention in patients deemed unfit for open AAA repair.111 
A total of 338 patients with AAAs greater than 5.5 cm, 
older than 60 years of age, and deemed unfit for open 
repair because of comorbid conditions were random-
ized to undergo endovascular repair or no intervention. 
All patients received best medical treatment for their 
comorbid conditions. Operative mortality (30 day) for the 
endovascular group was 9%. The overall mortality rate at 
4 years was 64%, and no difference was found between 
the endovascular group and the no-intervention group 
in aneurysm-related mortality or all-cause mortality. 
Although more deaths from aneurysm rupture occurred 
in the no-intervention group, the initial high mortality in 
the endovascular group resulted in no late differences in 
mortality. The authors concluded that endovascular repair 
did not improve survival over no intervention, had little 
effect on health-related quality of life, and was associated 
with a need for continued monitoring and reintervention, 
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at substantially increased cost. In-hospital mortality for 
the highest risk patients undergoing endovascular aortic 
aneurysm repair in the United States may be lower than 
that reported in EVAR-2, suggesting that these high-risk 
patients should not be denied endovascular repair.112

LOWER EXTREMITY REVASCULARIZATION

Lower extremity arterial insufficiency, or peripheral arte-
rial disease, is a common condition that affects as many 
as 10 million people in the United States, and its inci-
dence is increasing annually. Because individuals with 
lower extremity peripheral arterial disease are most often 
asymptomatic or have symptoms other than classic inter-
mittent claudication, the true prevalence of the disease 
is unknown. In a population-based study of individuals 
55 years of age and older, the prevalence of peripheral 
arterial disease was 19.1% (16.9% in men and 20.5% in 
women). The prevalence of peripheral arterial disease in 
primary care practices in the United States is frequent 
(29%), and the condition is often unrecognized (44%). 
Arterial disease of the upper extremity does occur but is 
much less common than lower extremity involvement.

Atherosclerosis is the most common cause of periph-
eral arterial disease. Risk factors for atherosclerosis of 
the lower extremity are the same as for other vascular 
areas and include advanced age, male sex, hypertension, 
smoking, hyperlipidemia, and diabetes. Infrainguinal 
atherosclerosis may involve the femoral artery, popliteal 
artery, and any of the infrapopliteal arteries. The super-
ficial femoral artery is the most common site of major 
atherosclerotic involvement below the inguinal ligament. 
Nonatherosclerotic causes of peripheral arterial disease 
include embolism, thromboangiitis obliterans (Buerger 
disease), immune arteritis, radiation arteritis, giant cell 
arteritis, adventitial cystic disease, fibromuscular dyspla-
sia, and homocysteinemia.

As previously noted, peripheral arterial disease is a very 
strong indicator of generalized atherosclerosis and is a risk 
marker for other vascular conditions, including CAD, cere-
brovascular disease, and aneurysmal disease. For example, 
patients with concomitant CAD and peripheral arterial dis-
ease have a higher prevalence of triple-vessel coronary dis-
ease than do patients with CAD alone. Additionally, over 
20% of patients with peripheral arterial disease have a 70% 
or greater carotid artery stenosis. It is well documented that 
patients with peripheral arterial disease are at higher risk for 
cardiovascular morbidity and mortality than individuals 
without peripheral arterial disease. The increased cardiovas-
cular risk may not be entirely due to atherosclerosis because 
these patients may have an enhanced prothrombotic state 
secondary to platelet activation113 and a high prevalence 
of diverse hypercoagulable states.114 The natural history of 
atherosclerotic lower extremity peripheral arterial disease is 
illustrated in Figure 69-14.

ACUTE ARTERIAL OCCLUSION

Acute peripheral arterial occlusion occurs primarily as 
a result of embolism and thrombosis. Pseudoaneurysm 
after invasive procedures in which the femoral artery is 
cannulated is a much less common cause of acute isch-
emia. The vast majority of emboli to the lower extremity 
originate in the heart, with intermittent atrial fibrilla-
tion and myocardial infarction being the most common 
causes of emboli. Although rheumatic heart disease is 
now a rare cause of embolic occlusion, prosthetic heart 
valves may be a source of emboli. Other causes of embo-
lization include bacterial endocarditis, atrial myxoma, 
paradoxical venous emboli, and atheromatous debris 
from proximal aneurysms. Arterial emboli often lodge at 
vessel bifurcations. Common sites in the lower extremity 
include the femoral artery bifurcation, iliac artery bifurca-
tion, and popliteal artery.

Thrombotic occlusions probably outnumber embolic 
occlusions by a ratio as high as 6:1. Acute arterial thrombo-
sis of native vessels almost always occurs in the setting of 
severe and long-standing atherosclerosis. It can be viewed 
as the terminal event in the progression of atherosclerosis. 
Thrombosis of vascular bypass grafts is common and may 
result in acute ischemia. The high prevalence of diverse 
hypercoagulable states in patients with peripheral arterial 
disease may predispose such patients to thrombosis.114

The clinical computed tomography manifestation of 
acute arterial occlusion varies depending on the location 
of the obstruction and the extent of collateral circula-
tion. In patients with a sudden onset of acute extremity 
ischemia, the occlusion often occurs abruptly and with-
out the preexisting development of collateral pathways. 
Although ischemic symptoms are often more severe in 
patients with embolic occlusion than in patients with 
thrombotic occlusion, differentiation between embolic 
and thrombotic occlusion may be difficult. Acute occlu-
sion of a previously patent extremity artery is a dramatic 
event characterized by pulselessness, pain, pallor, pares-
thesia, and paralysis (the five Ps). Absence of pulses and 
pallor are early manifestations. The sudden onset of pain 
is very common, and it may be intense. Motor weakness 
and paresthesia are usually late manifestations of severe 
ischemia.

Acute ischemia needs to be evaluated rapidly because 
irreversible tissue injury can occur within 4 to 6 hours. 
Initial management usually involves immediate anticoag-
ulation to prevent propagation of thrombus, stabilization 
and control of coexisting medical conditions, and arteri-
ography. Immediate surgical revascularization is generally 
indicated in the profoundly ischemic extremity. Patients 
with embolization to a nonatherosclerotic extremity are 
frequently managed with femoral thromboembolectomy 
under local anesthesia. Management of patients with 
peripheral arterial disease who are suspected of having 
thrombotic occlusion requires arteriography to deter-
mine the severity and anatomic location of the occlusion. 
Angioplasty or thrombolytic therapy may be performed 
in conjunction with arteriography. Intraarterial throm-
bolysis is often used as an initial intervention in an effort 
to unmask the culprit lesion responsible for the occlusive 
event. Patients are frequently scheduled for lower extrem-
ity bypass surgery the following day, pending evaluation 
of lower extremity blood flow. The frequent use of hepa-
rin anticoagulation and thrombolytics has significant 
implications for the anesthesiologist because regional 
anesthesia is not an option in an anticoagulated patient. 
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Progressive
functional 
impairment

PAD Population (50 years and older)

Initial clinical presentation

Asymptomatic PAD
20%-50%

Atypical leg pain
40%-50%

Claudication
10%-35%

Critical limb ischemia
1%-2%

Critical limb ischemia
1%-2%

Nonfatal cardiovascular event
(MI or stroke) 20%

Mortality
15%-30%

1-year outcomes

CV mortality
25%

CV causes
75%

Non-CV causes
25%

Amputation
25%

Amputation
(see CLI data)

Limb morbidity CV morbidity and mortality

Stable claudication
70%-80%

Worsening
claudication
10%-20%

Alive with two limbs
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Figure 69-14. The natural history of atherosclerotic lower extremity peripheral arterial disease (PAD). Individuals with atherosclerotic lower extremity 
PAD may be asymptomatic (without identified ischemic leg symptoms, albeit with a functional impairment) or have leg symptoms (classic claudica-
tion or typical leg symptoms) or present with critical limb ischemia (CLI). All individuals with PAD face a risk for progressive limb ischemic symptoms, 
as well as a high short-term cardiovascular ischemic event rate and increased mortality. These events rates are most clearly defined for individuals 
with claudication or CLI and less well-defined for individuals with asymptomatic PAD. CV, Cardiovascular; MI, myocardial infarction. (From Hirsch 
AT, Haskal ZJ, Hertzer NR, et al: ACC/AHA 2005 guidelines for the management of patients with peripheral arterial disease (lower extremity, renal, 
mesenteric, and abdominal aortic): executive summary a collaborative report from the American Association for Vascular Surgery/Society for Vascular 
Surgery, Society for Cardiovascular Angiography and Interventions, Society for Vascular Medicine and Biology, Society of Interventional Radiology, and 
the ACC/AHA Task Force on Practice Guidelines (Writing Committee to Develop Guidelines for the Management of Patients With Peripheral Arterial 
Disease) endorsed by the American Association of Cardiovascular and Pulmonary Rehabilitation; National Heart, Lung, and Blood Institute; Society for 
Vascular Nursing; TransAtlantic Inter-Society Consensus; and Vascular Disease Foundation, J Am Coll Cardiol 47:1239-1312, 2006.)
Morbidity and mortality rates in this patient population 
are frequent, particularly in patients requiring significant 
operative intervention.

CHRONIC ARTERIAL OCCLUSION

Chronic arterial insufficiency is most often secondary to 
long-standing atherosclerosis in which the arterial lumen 
of the lower extremity becomes progressively stenosed 
by atherosclerotic plaque. When the stenosis approaches 
total occlusion, the marked reduction in blood flow leads 
to thrombotic occlusion. Hemodynamically significant 
stenosis and total-vessel occlusion commonly exist in the 
lower extremity with no or very minimal symptoms. The 
development of collateral vessels around a stenosed or 
occluded arterial segment often prevents clinical symp-
toms until multiple occlusions exist in major vessels. 
Thus, most patients with peripheral arterial disease are 
asymptomatic. Patients with symptoms most commonly 
have mild intermittent claudication—pain or fatigue in 
the muscles of the lower extremity caused by exertion and 
relieved with rest. The pain usually occurs in the muscle 
group distal to the site of arterial insufficiency. With dis-
ease progression, severe disabling intermittent claudica-
tion or rest pain—critical limb ischemia—can develop.

Noninvasive testing with the ankle-brachial index 
(ABI) is the clinical standard for documenting the pres-
ence and severity of peripheral arterial disease. The ABI 
is determined by dividing ankle systolic pressure by bra-
chial systolic pressure. Normally, the ABI is between 1.0 
and 1.1; a value less than 0.9 indicates arterial disease 
proximal to the point of measurement. The ABI approxi-
mates the degree of arterial insufficiency; claudication 
occurs with indexes ranging from 0.3 to 0.9, disabling 
claudication or rest pain with indexes less than 0.5, and 
gangrenous extremities with indexes less than 0.2.

One of the most important aspects of peripheral arte-
rial disease is that it is a very strong marker for early 
mortality. In patients with peripheral arterial disease the 
risk for amputation is much less than the risk for death. 
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A low ABI is a strong predictor for disease progression, 
but it is also one of the strongest risk factors for all-cause 
mortality. Claudication is associated with a high rate 
of mortality but is relatively benign in terms of lower 
extremity outcome.

SURGICAL MANAGEMENT

Accepted treatments of lower extremity arterial disease 
include both nonoperative and operative modalities. 
Nonoperative options include lifestyle and risk factor 
modification, exercise programs, and pharmacologic 
therapy. Operative options include percutaneous endo-
vascular modalities and surgical reconstruction. Endo-
vascular techniques include more established therapies 
such as intraarterial thrombolytic therapy, balloon cath-
eter embolectomy, transluminal balloon angioplasty, and 
angioplasty and stent placement, as well as new technolo-
gies such as novel angioplasty balloons, atherectomy and 
laser angioplasty systems, cryotherapy, and placement 
of nitinol and drug-eluting stents. Surgical procedures 
include endarterectomy, bypass grafting (primary or revi-
sion), and amputation.

Lower extremity arterial reconstruction is performed 
both for severe disabling claudication and critical limb 
ischemia (limb salvage). The choice of operative approach 
depends primarily on the location and distribution of 
arterial occlusions. Several surgical approaches are used 
in patients with lower extremity arterial insufficiency. 
For occlusion distal to the inguinal ligament, a femoral-
popliteal bypass with an autologous great saphenous vein 
(reversed) graft is most often the procedure of choice. 
Graft patency rates with this approach are reported to be 
59% at 5 years and 38% at 10 years. The saphenous vein 
may be used in situ (not reversed), but this technique is 
more demanding and requires excision of the valves to 
allow adequate flow. Human umbilical vein and polytet-
rafluoroethylene grafts can be used when an autolo-
gous saphenous vein is unavailable, which is often the 
case when patients have previously undergone coronary 
artery bypass or lower extremity bypass. The cephalic and 
basilic veins from the upper extremities are sometimes 
used as a graft. Harvesting vein from the upper extremi-
ties has obvious implications with regard to IV catheter 
placement and the use of regional anesthesia.

In patients with aortoiliac disease who are not candi-
dates for aortobifemoral bypass because of coexisting 
medical diseases, an extraanatomic procedure (axillofem-
oral or femorofemoral bypass) is an alternative approach 
that is thought to be a less stressful procedure. Distal arte-
rial reconstruction with a bypass to the tibial, peroneal, 
or pedal vessels is almost exclusively performed for limb 
salvage. Prosthetic grafts have very high failure rates, and 
every attempt is made to harvest adequate autologous vein.

PREOPERATIVE PREPARATION AND 
MONITORING

Preoperative assessment and optimization of cardiac risk 
were discussed previously (see also Chapters 38 and 39). 
It is extremely important that long-term cardiac and 
respiratory medications be given the morning of surgery. 
Continuing chronic β-adrenergic blocker therapy is par-
ticularly important because acute withdrawal can be asso-
ciated with significant morbidity. Current, recent, and 
anticipated use of hemostasis-altering drugs should be 
established and discussed with the surgical team. In most 
instances, antiplatelet therapy with aspirin should be 
continued. Preoperative termination of other antiplate-
let therapy, such as thienopyridine derivatives, should be 
made on an individual basis.

Monitoring for lower extremity arterial revascular-
ization should include an intraarterial catheter that 
permits continuous blood pressure monitoring to opti-
mize coronary artery and lower extremity graft perfu-
sion, as well as blood sampling for diagnostic laboratory 
testing. A urinary bladder catheter is usually indicated 
because the duration of the procedure may be long and 
urine output may be useful for assessing intravascular 
volume and cardiac output. Although central venous 
catheters are not necessarily helpful in routine cases, 
central venous pressure monitoring should be consid-
ered for patients with significant renal dysfunction, in 
whom intravascular volume should be carefully moni-
tored, and for patients with significantly impaired 
ventricular dysfunction or congestive heart failure. In 
these patients, pulmonary artery catheter monitoring 
may be helpful, but given the relatively low potential 
for blood loss and third-space fluid loss with lower 
extremity vascular procedures, the pulmonary artery 
catheter is usually reserved for patients with active 
congestive heart failure or unstable angina. Our criteria 
for using invasive hemodynamic monitoring have been 
described previously.39 As discussed earlier, computer-
ized ST-segment monitoring is helpful in monitoring 
for myocardial ischemia.

REGIONAL VERSUS GENERAL ANESTHESIA

The most appropriate regimen of intraoperative anesthesia 
and postoperative analgesia for high-risk patients under-
going vascular surgery remains controversial. Competing 
concerns regarding both the quality and escalating costs of 
perioperative care have challenged clinicians to establish 
practice standards that are both safe and efficient. Postop-
erative complications after vascular surgery are common 
and have an adverse impact on both clinical outcome 
and resource use. Improvement in clinical outcome and 
reduced use of medical resources in patients undergoing 
vascular surgery may result from the use of one particular 
regimen of anesthesia and analgesia over another. If such 
improvement can be achieved, selection of the most appro-
priate anesthetic and analgesic regimen would then be of 
great benefit to patients, providers, payers, and society.

The question of whether regional or general anesthesia 
is preferable for vascular surgery has been debated for years. 
Early nonrandomized trials were inadequately designed to 
answer the questions. They were prone to significant bias 
because many clinicians had the unsupported belief that 
regional anesthesia was safer for patients with advanced 
cardiac or pulmonary disease. Even the prospective stud-
ies must be interpreted cautiously because many suffer 
from deficiencies in design and methodology, includ-
ing nonuniform patient populations,78,115,116 lack of 
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standardization or control of perioperative treatments,† 
use of nonequivalent modalities for postoperative pain 
relief,74,78,81,115-117 and possible investigator bias.‡ Many 
clinical trials have attempted to optimize the delivery and 
management of anesthetic techniques, which may mask 
the true risks associated with the anesthetic. An example 
is the strict hemodynamic control, transfusion thresh-
olds, and postoperative analgesia regimens that have 
been used in clinical trials.39,40 The physician must also 
appreciate that the overall complication rates reported in 
clinical trials may seem high, but this may be explained 
by the aggressive surveillance commonly used in clini-
cal trials. In general, it is often best to choose the anes-
thetic and analgesic techniques that are most familiar to 
a particular institution—for example, because unfamiliar-
ity and mismanagement of epidural catheters can cause 
serious complications. I think that overall optimization 
of perioperative care, rather than anesthetic or analgesic 
selection, is the most important factor in improving out-
come after vascular surgery.

In some situations, one anesthetic technique (regional 
or general) is preferable to the other. The patient may have 
a preference for one technique over another based on 
multiple factors. Regional techniques should be avoided 
in patients who are uncooperative, demented, or unable 
to lie flat. Needle or catheter placement can be difficult 
in patients with severe spine deformity or previous spinal 
instrumentation. Local infection, neurologic disease affect-
ing the lower part of the body, and hemostasis-altering 
drugs are all considered, to varying degrees, a contraindica-
tion to regional anesthesia. Anticoagulant and antiplatelet 
therapy is common in the vascular surgery population and 
often precludes the use of spinal or epidural techniques. 
Symptomatic bleeding within the neuraxis (spinal or epi-
dural hematoma) is a potentially devastating complication 
of neuraxial anesthesia that can lead to permanent neu-
rologic injury. I view preoperative anticoagulation with 
heparin or warfarin and any active thrombolytic therapy 
as contraindications to the use of spinal and epidural anes-
thesia. In patients in whom such agents have recently been 
discontinued, very careful consideration should be given 
on an individual basis before performing neuraxial tech-
niques. The anesthesiologist must take into consideration 
the specific drug used, the duration of discontinuance, cur-
rent coagulation status, and concomitant administration 
of medications affecting hemostasis. The use of regional 
techniques during intraoperative systemic heparinization 
does not appear to represent a significant risk. Although 
it has been recommended that surgery be canceled when 
blood is obtained through the neuraxial needle, support for 
this recommendation is lacking. Much more importantly, 
it has also been recommended that epidural catheters not 
be removed until anticoagulants have been discontinued 
in the postoperative period.118 The use of and indications 
for low-molecular-weight heparin (LMWH) continue to 
increase, and evidence suggests a significant risk for spinal 
or epidural hematoma when regional techniques are used 
in conjunction with these drugs. Current recommenda-
tions suggest that regional techniques be delayed at least 

† References 74, 76, 78, 81, 83, 115-117.
‡ References 39, 74, 76-78, 81, 83, 115-117.
12 to 24 hours after the last dose of LMWH.118 The use of 
antiplatelet agents is a complex topic, and it is important to 
note the pharmacologic differences among the drugs when 
regional techniques are desired.118 Although some centers 
routinely check a bleeding time in patients who have taken 
aspirin in the 7 days before a planned regional anesthetic 
technique, no evidence indicates that bleeding time is use-
ful in this setting. In general, when a regional technique 
is desired for a patient with any question of a coagulation 
abnormality, spinal anesthesia with the smallest diameter 
needle is preferable to epidural anesthesia. A comprehen-
sive consensus report on neuraxial anesthesia and anticoag-
ulation is available and should be read by all clinicians.118

Given the relative risks associated with neuraxial 
anesthesia in patients receiving anticoagulant or anti-
thrombolytic therapy, some clinicians advocate the 
broader use of peripheral nerve blocks, such as sciatic, 
femoral, popliteal, and ankle (see also Chapter 57). Con-
tinuous catheter techniques can be used to provide both 
anesthesia and postoperative analgesia. High-resolution 
ultrasound imaging of neural structures, percutaneous 
electrode guidance, and the use of stimulating catheters 
have been introduced into clinical practice. Peripheral 
nerve blocks are probably associated with fewer systemic 
and neuraxial side effects, but little clinical information 
is available in the vascular surgical population. Because 
of the large volume of local anesthetics frequently used 
for peripheral nerve blocks, the issue of systemic toxicity 
must be considered. Caution should be considered with 
the use of peripheral nerve block in an anticoagulated 
patient, particularly when the neural structures are deep 
or located in close proximity to vascular structures.

Because regional anesthesia does not require airway 
instrumentation, neuromuscular blocking agents, or vol-
atile agents, it has traditionally been a prevailing belief 
that regional anesthesia is preferable in patients with 
significant pulmonary disease. Although it is true that 
instrumentation of the airway may precipitate broncho-
spasm or increase the risk for nosocomial infection, gen-
eral anesthesia with endotracheal intubation does allow 
complete airway and ventilation control, the ability to 
effectively administer inhaled bronchodilators, and the 
ability to easily suction airway secretions. A reduction in 
time to extubation after aortic surgery is a fairly consis-
tent theme with regional anesthesia and analgesia, but 
this does not appear to have any impact on clinically 
relevant pulmonary outcomes.40,74,78,83

Epidural analgesia has been championed over paren-
teral opioid analgesia as a means of optimizing postopera-
tive pulmonary function by improving pain control and 
respiratory muscle function. Although epidural analgesia 
can provide excellent postoperative pain control and may 
improve postoperative lung function (i.e., increased tidal 
volume and vital capacity), clinical studies do not support 
a consistent finding of improved pulmonary outcomes. 
Overall, little evidence from well-designed clinical stud-
ies exists to demonstrate improved pulmonary outcome 
with regional anesthesia and analgesia.119 Because post-
operative maneuvers to increase mean lung volumes are 
of proved benefit in preventing postoperative pulmonary 
complications, it has been recommended that maneu-
vers to encourage deep breathing, such as deep-breathing 
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TABLE 69-8 CARDIAC AND VASCULAR OUTCOMES IN STUDIES OF REGIONAL VERSUS GENERAL ANESTHESIA 
IN VASCULAR SURGERY PATIENTS

Death MI
Myocardial 
Ischemia CHF

Graft 
Occlusion

Study
No. of 
Patients

RA 
(%)

GA 
(%)

RA 
(%)

GA 
(%)

RA 
(%)

GA 
(%)

RA 
(%)

GA 
(%)

RA 
(%)

GA 
(%) Comments

Cook et al120 101 2 6 4 2 Spinal anesthesia, lower 
extremity surgery

Tuman et al116 80 0 0 0 8 5 10 3 20 Aortic and lower 
extremity surgery

Baron et al74 167 4 5 6 6 20 19 6 8 Aortic surgery
Christopherson 

et al39
100 2 2 4 4 35 45 4 22 Lower extremity 

surgery
Davies et al76 50 8 4 8 4 12 8 Aortic surgery
Garnett et al81 99 0 4 6 10 58 51 6 10 Aortic surgery
Bode et al117,121 423 3 3 5 4 10 9 6 4 Spinal and epidural 

anesthesia, lower 
extremity surgery

Bois et al77 114 2 2 4 8 18 19 5 0 Aortic surgery
Boylan et al83 40 0 0 5 5 32 38 11 5 Aortic surgery
Norris et al40* 168 5 5 4 0 16 17 1 0 Aortic surgery, double-

blinded study

CHF, Congestive heart failure; GA, general anesthesia; MI, myocardial infarction; RA, regional anesthesia.
*Any epidural use included in regional anesthesia group.
exercises, incentive spirometry, and chest physiotherapy, 
should be the focus of preventive efforts.119

Cardiac morbidity is the most common cause of death 
in patients undergoing surgery, and the incidence of peri-
operative cardiac morbidity is 10 times more frequent 
in vascular surgery patients than in nonvascular surgery 
patients.5 Eleven prospective randomized trials evaluat-
ing the effects of regional versus nonregional anesthesia 
or analgesia in vascular surgical patients have reported 
on cardiac outcomes and death. Three studies (Bode 
and associates,117 Christopherson and co-workers,39 and 
Cook and colleagues,120) compared pure regional (spinal 
or epidural) versus general anesthetic techniques in lower 
extremity vascular patients. Tuman and colleagues116 
compared combined epidural and general versus general 
anesthetics in aortic and lower extremity surgical patients. 
Six studies (Baron and co-workers,74 Bois and co-work-
ers,80 Boylan and associates,83 Davies and associates,76 
Garnett and colleagues,80 and Norris and colleagues40) 
compared epidural and nonepidural anesthetic or analge-
sic techniques (or both) in aortic surgical patients. Fleron 
and co-workers80 compared intrathecal opioid versus IV 
analgesia in aortic surgical patients. Of note, only the 
report by Norris and associates40 had a double-blinded 
design. The results of these studies, involving more than 
1300 patients, are shown in Table 69-8.

In summary, no study demonstrated any difference 
in outcome with regard to mortality, MI, myocardial 
ischemia, or congestive heart failure. Only the study by 
Tuman and colleagues116 reported a difference in car-
diac outcome. Outcome was significantly improved by 
epidural anesthesia and analgesia, but only when more 
subtle outcomes (i.e., dysrhythmias) were included. 
Christopherson and co-workers39 (i.e., the Perioperative 
Ischemia Randomized Anesthesia Trial [PIRAT]) and Nor-
ris and associates40 (i.e., PIRAT II) found no difference 
in cardiac events or myocardial ischemia as detected by 
continuous Holter monitoring over a 3-day postoperative 
period. In these studies from my institution, strict intra-
operative and postoperative protocols were used to guide 
and optimize perioperative management and postopera-
tive analgesia. Bode and colleagues117 described the larg-
est randomized trial, which included a spinal anesthesia 
group in addition to general and epidural groups. There 
were no differences in cardiac events in any of the three 
groups. Of note, a failed spinal or epidural technique in 
this trial was associated with 9% mortality, as opposed to 
2% for all successful general and regional anesthetics.116

One of the most interesting and clinically significant 
findings in these randomized trials is the beneficial effect 
of regional anesthesia on lower extremity graft patency 
in the postoperative period. Two of the studies (Tuman 
and colleagues116 and Christopherson and co-workers39) 
reported a fivefold greater incidence of graft occlusion 
after general (relative to regional) anesthesia. Most graft 
occlusions occurred in the first 1 to 3 days after surgery, 
after which the established difference in the incidence of 
graft occlusion between anesthetic techniques was main-
tained over time (6 weeks and beyond) (Fig. 69-15). This 
time course suggests that anesthetic technique may have 
played a role in graft occlusion. Bode’s group121 reported 
an overall very low incidence of graft occlusion, but differ-
ences in hemodynamic management, surgical technique, 
and the patient population may explain these findings. For 
example, intraoperative intravascular angioscopy was used 
to inspect the grafts to confirm patency before completion 
of surgery, and all patients were cared for in an intensive 
care setting for 48 hours after surgery. Thus, optimization 
of care with respect to graft patency may negate any ben-
eficial effect of regional techniques. It is also important to 
keep in mind that none of these studies were specifically 
designed to evaluate surgical outcome (i.e., graft patency) 
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in a prospective manner. A retrospective review of more 
than 300 primary femoropopliteal-tibial bypass proce-
dures reported no differences in graft thrombosis rates for 
epidural (14%) or general anesthesia (9.4%).122

The proposed mechanism for the benefit of regional 
anesthesia is the effect of the anesthetic technique on 
coagulation. General anesthesia is associated with a hyper-
coagulable state in the early postoperative period, whereas 
regional anesthesia attenuates this effect. Tuman and col-
leagues116 demonstrated this by thromboelastography 
and Rosenfeld and co-workers123 by increased plasmino-
gen activator inhibitor (Fig. 69-16) and fibrinogen levels. 
Fibrinolysis is decreased after general anesthesia and is 
normal after regional anesthesia. These findings may be 
related to attenuation of the surgical stress response with 
regional anesthesia because a link appears to exist among 
stress, catecholamines, and acute-phase reactants, such 
as plasminogen activator inhibitor and fibrinogen.123-125 
Platelet reactivity is also enhanced in the presence of a 
stress response.125 Another important mechanism for the 
increased lower extremity graft patency with regional 
anesthesia may be the increased lower extremity blood 
flow associated with sympathectomy.

In the postoperative period, Breslow and associates126 
demonstrated differences in the adrenergic response 
with general versus regional anesthesia (Fig. 69-17). Epi-
nephrine and norepinephrine are increased after general 
anesthesia relative to regional anesthesia. The cortisol 
response after general anesthesia is also greater than 
after regional anesthesia.126 This stress response is asso-
ciated with increased blood pressure and hemodynamic 
liability during the intraoperative and early postoperative 
periods after general anesthesia compared with regional 
anesthesia.40,127 When the hemodynamic parameters are 
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Figure 69-15. Cumulative probability of reoperation for regrafting, 
thrombectomy, or amputation over a 6-week follow-up period. Reop-
eration was significantly more frequent after general than after epi-
dural anesthesia. (From Christopherson R, Beattie C, Norris EJ, et al: 
Perioperative morbidity in patients randomized to epidural or general 
anesthesia for lower extremity vascular surgery. Perioperative Ischemia 
Randomized Anesthesia Trial Study Group, Anesthesiology 79:422-434, 
1993.)
controlled pharmacologically, however, no difference is 
found related to anesthetic technique in myocardial isch-
emia or cardiac morbidity.39,40,117

Postoperative pain is recognized as one of the many 
factors contributing to the surgical stress response. In 
studies comparing epidural analgesia with parenteral opi-
oid analgesia for control of postoperative pain after major 
surgery, improved pain control with epidural techniques 
is often reported. A recent meta-analysis review supports 
the view that epidural analgesia provides better postop-
erative analgesia than parenteral opioids.128 However, the 
historical studies that form the basis of the meta-analysis 
review have often neglected to control, specify, and, most 
importantly, optimize treatment in the nonepidural arms 
of their studies. Unfortunately, this issue remains a signif-
icant limitation in more recent trials.78,129 Epidural anal-
gesic techniques will probably continue to outperform 
“suboptimal” nonepidural analgesic techniques. I believe 
that IV patient-controlled analgesia is the optimal mode 
of delivery for opioid analgesia and should be used as the 
nonepidural arm for all postoperative pain studies. Post-
operative epidural analgesia does not consistently outper-
form IV patient-controlled opioid analgesia. Of particular 
note, patient-controlled epidural analgesia outperforms 
both intermittent-bolus and continuous-infusion epidural 
analgesia. Thus, the mode of delivery is an important fac-
tor with both epidural and parenteral opioid analgesia. 
The clinician also needs to keep in mind that the superior 
pain control reported with epidural techniques is rela-
tive, with adequate pain control consistently reported for 
parenteral analgesia. In the only double-blinded trial in 
vascular surgery patients, Norris and colleagues40 reported 
no difference in postoperative pain scores in patients ran-
domized to either patient-controlled epidural analgesia or 
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patient-controlled IV analgesia after aortic surgery. In this 
trial, postoperative pain management (i.e., epidural and 
IV) was optimized, continued for 72 hours, and managed 
by an acute pain service. Postoperative epidural catheter 
failure may occur in up to 6% of patients.

ANESTHETIC MANAGEMENT

A variety of anesthesia techniques, including general anes-
thesia, regional (i.e., epidural or spinal) anesthesia, and 
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ombined techniques, are widely used for lower extremity 
econstruction. General anesthesia is usually delivered with 
se of a balanced technique consisting of opioids, volatile 

nhaled anesthetics, N2O, and neuromuscular blockade. 
nduction of anesthesia should proceed in a controlled 
ashion such that a stable hemodynamic profile is main-
ained. Maintenance of anesthesia may be accomplished 
ith a low-dose inhaled anesthetic (i.e., isoflurane, des-
urane, or sevoflurane) in 50% N2O and opioid (fentanyl 
 to 5 μg/kg). Because virtually all patients are extubated 
n the operating room, high doses of opioid are generally 
voided. The goal is to maintain stable hemodynamics 
nd prevent myocardial ischemia during the intraopera-
ive and postoperative periods. Judicious use of β-blockers 
nd vasoactive drugs is often necessary.

Regional anesthesia can be accomplished with spinal 
r epidural techniques. Disadvantages of spinal anesthe-
ia include the limited duration of action in the setting 
f a surgical procedure that is somewhat unpredictable in 
ength and complexity. The level of sympathetic block is 
omewhat less controllable than with the epidural tech-
ique. Hypotension can occur with either technique and 
hould be treated promptly with judicious use of fluids 
nd vasopressors. An advantage of an epidural technique 
s the ability to continue drug delivery into the postop-
rative period for analgesia and attenuation of the stress 
esponse. A lumbar epidural catheter is ideal for lower 
xtremity vascular procedures. The dermatomes that need 
o be anesthetized are innervated at the same level where 
he catheter is inserted, because the incision is usually in 
he L1 to L4 region. Small volumes of local anesthetic are 
ecommended because a T10 block is generally sufficient. 
sually, 9 to 12 mL (including the test dose) is sufficient 

or the initial dose, and more drug is given as needed. 
ecause vascular surgery patients are generally advanced 

n age and thus prone to higher block levels, larger doses 
ay result in high sympathetic blockade with significant 

ypotension.130 A high sympathetic block is problematic 
ecause of decreased coronary perfusion and excessive 
uid and vasopressor requirements. Congestive heart 
ailure may result in the postoperative period when the 
ympathectomy resolves and the intravascular space con-
racts. When administering an epidural test dose, careful 
ttention should be directed to both heart rate and blood 
ressure. Blood pressure may be a more reliable indica-
or of an intravascular injection because vascular surgery 
atients may have little or no increase in heart rate as 
 result of β-blocker therapy and decreased β-adrenergic 
esponsiveness secondary to aging. When hypotension 
esults from sympathectomy, a low-dose phenylephrine 
nfusion is helpful in reducing IV fluid requirements. I 
hink this approach is more physiologic than administra-
ion of large fluid volumes.

OSTOPERATIVE CONSIDERATIONS

ain and anxiety require especially careful attention 
n the postoperative period because the stress response 
nd myocardial ischemia are of greatest concern at this 
ime. Intravascular volume should be optimized, signifi-
ant anemia avoided (hemoglobin maintained at > 9.0 g/
L), and heart rate and arterial blood pressure carefully 
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controlled. Computerized ST-segment analysis is helpful 
in identifying ischemic changes. Peripheral pulses should 
be checked frequently to verify lower extremity graft 
patency. Increasing arterial blood pressure augmentation 
and anticoagulants may be necessary when peripheral 
perfusion is limited. Urgent surgery may be required to 
reopen clotted or stenotic grafts.

Postoperative analgesia can be provided by IV or epi-
dural opioids delivered by patient-controlled analgesia or 
epidural opioids with local anesthetics delivered by contin-
uous infusion or patient-controlled analgesia. For epidural 
patient-controlled analgesia, a dilute concentration of 
local anesthetic should be used to allow neurologic evalua-
tion of the lower extremities to rule out spinal or epidural 
hematoma. Bupivacaine 0.0625% is ideal in this regard. 
Fentanyl 5 μg/mL can be added and the solution infused 
at 2 mL/hr, with an on-demand (patient-controlled analge-
sia) bolus of 2 to 4 mL and a lockout interval of 10 minutes.

CAROTID ENDARTERECTOMY

The strong association between stroke and carotid artery 
disease is well known. The principal cause of carotid artery 
disease is atherosclerosis, which most commonly involves 
the bifurcation of the common carotid artery with frequent 
extension into both the internal and external carotid arter-
ies. The clinical manifestations of carotid artery disease 
represent a spectrum of conditions, with fatal or debili-
tating stroke secondary to cerebral infarction at one end 
of the spectrum and ranging successively through nonde-
bilitating stroke, transient ischemic attack, and amauro-
sis fugax (transient attack of monocular blindness) to an 
asymptomatic bruit. Cerebrovascular sequelae of carotid 
atherosclerosis may result either from embolization of 
thrombus or atheromatous debris or from a reduction 
in flow (hypoperfusion) secondary to stenosis. The latter 
probably accounts for less than 10% of the cerebrovascu-
lar sequelae of carotid atherosclerosis. Although much is 
known about the genesis and evolution of atherosclero-
sis, significantly less is known about the circumstances 
that lead to plaque instability and rupture. Regardless of 
the mechanism, the degree of cerebral injury depends 
on such factors as plaque morphology, characteristics of 
the embolus, duration of hypoperfusion, cerebrovascular 
vasoreactivity, integrity of the circle of Willis, and cerebral 
collateral circulation. A multisociety guideline is available 
for the management of carotid artery disease.131

Stroke is a major public health burden worldwide. It is 
the fourth leading cause of death and the leading cause of 
serious, long-term disability in the United States. Stroke 
is also a major contributor to health care costs. The direct 
and indirect costs of stroke in the United States in 2008 are 
estimated at $65.5 billion.132 Approximately 780,000 peo-
ple experience a new (≈600,000) or recurrent (≈180,000) 
stroke each year in the United States.132 Annually, more 
than 950,000 hospitalizations and 165,000 deaths occur 
from stroke. Well-defined risk factors exist in patients 
with stroke, the most important of which is hypertension. 
Approximately 83% of strokes are ischemic (i.e., cerebral 
thrombosis or embolism), and 7.6% of ischemic strokes 
result in death within 30 days of initial evaluation.133 
Extracranial atherosclerotic disease accounts for up to 20% 
of all ischemic strokes. Less than 20% of strokes are pre-
ceded by a transient ischemic attack. Despite a well-docu-
mented decline in stroke mortality, the annual incidence 
rate of stroke may be increasing. This increase is probably 
due to growth in high-risk populations. The incidence of 
perioperative stroke in unselected patients, patients with 
asymptomatic carotid bruit, and patients with at least 50% 
carotid stenosis undergoing general anesthesia and sur-
gery is approximately 0.1%, 1.0%, and 3.6%, respectively.

Although treatment options to reverse the effect of acute 
ischemic stroke are limited, outcomes may be improved 
with appropriate therapy. The only approved therapy is 
IV recombinant tissue plasminogen activator. Given the 
narrow 3- to 4.5-hour treatment window from the onset of 
symptoms, prompt evaluation and diagnosis of ischemic 
stroke are critical. With the exception of acute stroke after 
carotid endarterectomy, surgical treatment of patients 
with acute ischemic stroke is controversial and not gener-
ally recommended because of limited data and perceived 
high risk. Endovascular treatment of patients with acute 
ischemic stroke is undergoing intense investigation. Emer-
gency angioplasty and stenting, mechanical disruption 
of arterial clot, and mechanical extraction of thrombi are 
interventions currently being evaluated.134 The AHA and 
American Stroke Association have guidelines for the early 
management of patients with ischemic stroke.135

INDICATIONS

Endarterectomy of the carotid bifurcation has been used 
to reduce symptoms and prevent stroke for more than 
50 years. Although the efficacy of carotid endarterectomy 
for prevention of ipsilateral stroke in patients with and 
without symptoms has been demonstrated in large-scale 
randomized clinical trials,136,137 multiple factors includ-
ing perioperative risk, comorbidities, and life expectancy 
must be considered in the overall assessment. In cen-
ters of excellence, it is a low-risk procedure with excel-
lent long-term durability. Carotid endarterectomy is the 
most common peripheral vascular surgical procedure per-
formed in the United States, with an estimated 130,000 
procedures performed annually. The rate and number of 
carotid endarterectomies have fluctuated significantly 
since the early 1970s. With marked growth in the spe-
cialty of vascular surgery and an expanding list of surgical 
indications, the number of carotid endarterectomies per-
formed in nonfederal hospitals increased from 15,000 in 
1971 to 107,000 in 1985 and then declined substantially 
over the next 5 to 6 years. The decline was probably due 
to publications questioning the indications for the pro-
cedures and isolated reports citing excessively frequent 
rates of operative morbidity and mortality.

In 1992, a marked increase in the number of carotid 
endarterectomies occurred after the results of two large-
scale, prospective randomized trials were published. The 
North American Symptomatic Carotid Endarterectomy 
Trial (NASCET) and the European Carotid Surgery Trial 
both reported definitive results for symptomatic patients 
with high-grade carotid stenosis (70% to 99%).136,138 In 
NASCET, follow-up at 2 years showed a stroke rate for sur-
gical patients of 9% versus 26% for medical patients. This 
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benefit of carotid endarterectomy has persisted at 8 years 
of follow-up.139 In the European Carotid Surgery Trial, 
the long-term stroke rate was 2.8% for surgical patients, 
excluding a perioperative stroke and death rate of 7.5%, 
and 16.8% for medically managed patients.

The efficacy of carotid endarterectomy in asymptom-
atic patients with carotid stenosis has been evaluated in 
five randomized trials.137,140-143 The Carotid Artery Surgery 
Asymptomatic Narrowing Operation Versus Aspirin trial, 
the first to publish its results, concluded that carotid end-
arterectomy was not indicated for asymptomatic patients 
with 50% to 90% carotid stenosis.140 Unfortunately, this 
study was seriously flawed and the results questioned. 
The Mayo Asymptomatic Carotid Endarterectomy Study 
was terminated early because of a significantly increased 
number of MIs and transient cerebral ischemic events 
in the surgical group.141 Most of these events were not 
related to the surgery itself but rather to the absence of 
aspirin in the surgical group. The Department of Veter-
ans Affairs trial was designed to compare the effects of 
carotid endarterectomy plus aspirin versus medical treat-
ment (i.e., aspirin) in asymptomatic male patients with 
50% or greater carotid stenosis.142 This trial demonstrated 
a significant reduction in ipsilateral neurologic events in 
the surgical group (8%) versus the medical group (20.6%). 
However, the combined incidence of stroke and death 
was not different between study groups. The Asymptom-
atic Carotid Atherosclerosis Study (ACAS) demonstrated 
that patients with asymptomatic carotid stenosis (≥60%) 
who were treated with carotid endarterectomy and aspirin 
have a reduced 5-year risk for ipsilateral stroke compared 
with patients treated with aspirin alone (5.1% versus 
11.0%).137 These results reflect only a 5.9% absolute risk 
reduction in 5 years, which is just above 1% per year. Of 
note, improvement in outcome for patients randomized 
to undergo endarterectomy in this trial did not reach sig-
nificance until 3 years after surgery. The European Asymp-
tomatic Carotid Surgery Trial, the largest trial to date, 
largely replicated the results of ACAS, but in a somewhat 
more pragmatic setting.143 This trial demonstrated that 
patients with asymptomatic carotid stenosis (≈70%) on 
ultrasound who were treated by immediate carotid endar-
terectomy plus medical treatment have a reduced 5-year 
risk for stroke compared with patients treated with medi-
cal therapy alone (6.4% versus 11.8%). Of note, half of 
this 5-year benefit involved disabling or fatal strokes.

Although landmark randomized clinical trials have 
defined individuals who are likely to benefit from carotid 
endarterectomy (and set the standard for developing evi-
dence-based practice guidelines throughout the world), 
it has been suggested that the significant increase in the 
number of carotid endarterectomies performed over the 
last decade may be due in part to the extrapolation of trial 
results to patients and settings not directly supported by 
the trials. For example, both NASCET and ACAS restricted 
enrollment to patients younger than 80 years of age, and 
both trials carefully selected institutions and surgeons to 
optimize the results of surgery. Additionally, subgroup 
analysis of ACAS could not demonstrate a significant ben-
efit for women.137

With the advent of a second interventional treatment 
modality, percutaneous carotid angioplasty and stenting 
(discussed later), and the evolution of intensive medical 
therapy, this issue has become more complex.

PERIOPERATIVE MORBIDITY AND 
MORTALITY

Although the randomized trials just noted have demon-
strated a protective effect of carotid endarterectomy on 
ipsilateral stroke, the critical determinants of benefit for 
any given patient must include the overall perioperative 
event rate and expected long-term survival. Thus, the 
perioperative stroke and death rate for carotid endarter-
ectomy needs to be very low to maintain the beneficial 
effects of surgery over medical therapy alone. Further, to 
compensate for the perioperative risk associated with sur-
gery, the patient must have a reasonable life expectancy 
(12 to 18 months). The 30-day stroke and death rate of 
2.3% for asymptomatic patients in ACAS (1987 to 1993) 
and 5.0% for symptomatic patients in NASCET (1988 to 
1991) are often cited as benchmarks. More recent reports 
suggest a considerably less frequent event rate. For exam-
ple, a prospective database study of 13,316 carotid end-
arterectomies performed in 2007 and 2008 reported a 
30-day stroke and death rate of 1.3% in asymptomatic 
patients and 2.9% in symptomatic patients.144 The 30-day 
mortality was significantly more frequent in patients who 
developed a stroke than in those who did not (12.9% 
versus 0.6%). Patients with high-risk anatomy, such as 
restenosis and contralateral carotid arterial occlusion, 
have the highest risk for perioperative stroke and death. 
Neurologic deficits occur more commonly in patients 
with poorly controlled preoperative hypertension and in 
those with hypertension or hypotension postoperatively. 
The incidence of perioperative MI in patients under-
going carotid endarterectomy ranges from 0% to 5%. 
Recent reports suggest the incidence of MI is relatively 
low. The General Anesthesia versus Local Anesthesia 
for Carotid Surgery (GALA) trial (discussed later) results 
reported only 13 patients of 3526 (0.37%) had a periop-
erative MI.145 The four fatal perioperative MIs accounted 
for only 8.9% of the total 30-day mortality. Although the 
role of carotid endarterectomy in patients older than 80 
years of age remains a concern, recent reports suggest that 
carotid endarterectomy can be performed safely in the 
very elderly and those deemed high risk, with combined 
stroke or death rates being comparable to those found in 
randomized trials (NASCET and ACAS).

PREOPERATIVE ASSESSMENT

The optimal preoperative assessment for patients under-
going carotid endarterectomy continues to be debated 
(see also Chapter 38). Patients with recently symptom-
atic carotid disease present a particular challenge because 
strong evidence exists to support surgical intervention 
within 2 weeks after manifestation of symptoms, thus 
limiting the time available for evaluation and optimiza-
tion of relevant comorbidities as well as the initiation of 
new medications.146 The medical management of patients 
with asymptomatic carotid disease should be optimized 
and includes β-blockers, statins, and antiplatelet agents. 
Poorly controlled hypertension should be addressed with 
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the patient’s internist. The gradual decreasing of the arte-
rial blood pressure over several weeks before surgery will 
restore intravascular volume, reset cerebral autoregula-
tion to a more normal range, and improve perioperative 
management. Poorly controlled diabetes also warrants 
preoperative optimization, which may improve periop-
erative outcome.147

CAD is common in patients undergoing carotid end-
arterectomy and is a leading cause of both early and late 
mortality. Hertzer and co-workers148 performed coronary 
angiograms in 506 patients scheduled for carotid endar-
terectomy and found significant (>70%) stenosis in one 
or more coronary artery, CAD in 83% of patients sus-
pected of having CAD, and CAD in 40% thought to have 
no CAD. Despite the known frequent incidence of CAD 
in patients undergoing carotid endarterectomy, preop-
erative studies for the evaluation of myocardial function 
or ischemic potential are rarely undertaken. Exceptions 
to this practice are patients with unstable angina, recent 
MI with evidence of ongoing ischemia, decompensated 
congestive heart failure, and significant valvular disease. 
In general, specialized cardiac testing would be unlikely 
to result in cancellation of the procedure or alter peri-
operative management. Further, the relatively infre-
quent overall rates of perioperative nonfatal and fatal MI 
after carotid endarterectomy make aggressive strategies 
leading to prophylactic coronary revascularization less 
appealing.145 A recent clinical trial reported on the safety 
and efficacy of coronary angiography and revasculariza-
tion in preventing postoperative cardiac ischemic events 
after carotid endarterectomy. In a randomized fashion, 
426 patients with no history of CAD were randomized 
to either coronary angiography before carotid endarter-
ectomy (216 patients) or carotid endarterectomy without 
coronary angiography (210 patients). In the angiography 
group, 68 patients had a significant stenosis of the coro-
nary arteries and underwent revascularization with PCI 
(66 patients) or CABG (2 patients). PCI was performed 1 to 
8 days before surgery and always consisted of angioplasty 
and stenting. No patients in the angiography group had 
a postoperative cardiac ischemic event or complication 
related to PCI, whereas 9 patients in the group without 
angiography had an ischemic event (one fatal MI and 
eight ischemic events treated medically). Although all 
PCI patients received dual-antiplatelet therapy, no major 
bleeding or neck hematomas were observed. Long-term 
follow-up was not reported.

Patients with combined carotid stenosis and CAD 
requiring coronary revascularization represent somewhat 
of a management dilemma because it is often unclear 
which disease should be treated first.149 The severity of 
carotid and coronary disease must be evaluated in terms 
of clinical symptoms and anatomic lesions, and a deci-
sion must be made to perform a combined, staged (carotid 
endarterectomy first), or reverse-staged (CABG first) pro-
cedure. Carotid revascularization is recommended before 
CABG (staged procedure) in patients with symptomatic 
carotid disease and bilateral severe asymptomatic carotid 
stenosis. The optimal management of severe unilat-
eral asymptomatic carotid stenosis in patients undergo-
ing CABG is unclear. The only randomized clinical trial 
to date randomized 185 patients with severe unilateral 
asymptomatic carotid stenosis undergoing CABG to a 
staged or combined procedure (94 patients) or a reverse-
staged procedure (90 patients).150 Although the perioper-
ative mortality rates were equivalent (∼1.0%), the 90-day 
stroke and death rates were significantly lower in the 
staged and combined group (1.0% versus 8.8%). Given 
the overall paucity of high-quality evidence, manage-
ment of an individual patient should be guided by careful 
assessment of the relative severity of the coronary and 
carotid disease with particular emphasis on both surgeon-
specific and institution-specific results in these patient 
populations. Carotid artery angioplasty and stenting is 
widely being applied as an alternative revascularization 
modality before staged CABG. More recently, a combined 
procedure (carotid angioplasty/stenting and CABG) has 
been introduced. In a small feasibility and safety study 
(90 patients), carotid artery angioplasty and stenting 
under local anesthesia followed immediately by CABG 
reported a 30-day stroke and death rate of 2.2%.151

ANESTHETIC MANAGEMENT

Anesthetic management goals for carotid endarterectomy 
include protection of the heart and brain from isch-
emic injury, control of the heart rate and arterial blood 
pressure, and ablation of the surgical pain and stress 
responses. These goals must be achieved with another 
important goal in mind—to have an awake patient at the 
end of surgery for the purpose of neurologic examination.

The preoperative visit is particularly important in 
patients undergoing carotid surgery. During this visit, a 
series of arterial blood pressure and heart rate measure-
ments are obtained from which acceptable ranges for 
perioperative management can be determined. Patients 
are instructed to continue all long-term cardiac medica-
tions up to and including the morning of surgery. Aspirin 
therapy should be continued throughout the periopera-
tive period. As noted earlier, discontinuation of aspirin 
therapy may be related to an increased rate of MI and 
transient ischemic events in patients undergoing carotid 
endarterectomy. When patients arrive at the hospital on 
the day of surgery, they are queried regarding any new 
cardiovascular or cerebrovascular symptoms. Long-term 
cardiovascular medications not taken at home should be 
administered in the preoperative holding area whenever 
possible. Patient reassurance is particularly important at 
this time because anxiety is associated with increases in 
heart rate, systemic vascular resistance, and myocardial 
O2 consumption, which in this patient population could 
precipitate myocardial ischemia.

ECG monitoring should include continuous leads 
II and V5 for detection of rhythm disturbances and ST-
segment changes. Online ST-segment analysis can be par-
ticularly helpful. An intraarterial catheter for beat-to-beat 
blood pressure monitoring should be considered routine. 
Noninvasive arterial blood pressure measurement in the 
contralateral arm is recommended. Central venous and 
pulmonary artery catheters are rarely indicated for carotid 
surgery. The rare patient with uncompensated heart fail-
ure or recent MI with ongoing ischemia requiring emer-
gent surgery is a possible exception. If such monitors are 
used, the subclavian or femoral insertion sites are most 
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practical because inadvertent carotid puncture could 
compromise blood flow as a result of hematoma. In my 
experience, the most common reason for central access 
is difficult or inadequate peripheral access. IV access 
for fluid and drug administration can be accomplished 
with a single, secure, medium-bore (16-gauge) catheter. 
Because both arms will be tucked to the patient’s sides, 
the IV catheter must run well after patient positioning.

General Anesthesia
Any of the drugs commonly used to induce anesthesia, 
maintenance anesthetics, and nondepolarizing muscle 
relaxants can be used safely during carotid endarterec-
tomy, given that stable hemodynamics are maintained 
and the patient is awake at the end of the procedure. A con-
ventional technique is as follows. Sedative premedication 
(e.g., midazolam) has the potential to compromise early 
neurologic assessment and is universally avoided. After 
placement of routine monitors and administration of O2 
by facemask, small doses of opioid (e.g., fentanyl 0.5 to 
1  μg/kg) are administered during arterial line placement. 
Induction of anesthesia is accomplished with incremental 
dosages of propofol supplemented with additional opioid 
(total fentanyl dose 2 to 4  μg/kg). Etomidate also may 
be used and is preferred in patients with limited cardiac 
reserve. Neuromuscular relaxation with a short-acting 
to intermediate-acting nondepolarizing muscle relaxant 
such as vecuronium facilitates tracheal intubation. Esmo-
lol is particularly effective in blunting the increases in 
heart rate and blood pressure during laryngoscopy and 
endotracheal intubation and is used liberally during the 
induction period. Arterial blood pressure responses dur-
ing and after endotracheal intubation are unpredictable 
in this patient population, and the clinician must be pre-
pared for immediate treatment of extremes in blood pres-
sure. My preference is to use short-acting drugs, such as 
phenylephrine 50 to 100 μg for hypotension and sodium 
nitroprusside 5 to 25 μg for hypertension. Patients with 
poorly controlled hypertension (diastolic blood pressure 
>100 mm Hg) require special care. These patients are often 
intravascularly volume depleted and may have signifi-
cant hypotension with induction of anesthesia. Adminis-
tration of fluids intravenously (5 mL/kg), careful titration 
of anesthetics, and immediate treatment of hypotension 
are especially important.

Anesthesia is maintained with 50% N2O in O2 and 
low-dose (i.e., less than half the minimum alveolar con-
centration [MAC]) inhaled volatile anesthetics. Isoflurane 
is often preferred because fewer ischemic electroencepha-
lographic (EEG) changes occur during carotid occlusion 
than with halothane or enflurane. Studies using EEG and 
regional cerebral blood flow (rCBF) measurements suggest 
that the critical rCBF (the rCBF below which EEG changes 
of cerebral ischemia occur) is lower for isoflurane than for 
halothane or enflurane. Sevoflurane is a good alternative 
because its critical rCBF in patients undergoing endarter-
ectomy is similar to that determined with isoflurane152 
and it may facilitate more rapid emergence.153 Additional 
opioid is rarely administered after skin incision. I do not 
use a cervical plexus block or request local anesthetic 
infiltration for skin incisions because the surgical stimu-
lation is minimal and arterial blood pressure needs to be 
frequently supported. A combined remifentanil and pro-
pofol anesthetic technique has been reported but offered 
little advantage over inhaled anesthetics.154

Despite only modest surgical stimulation, hemody-
namic fluctuations are common during carotid endar-
terectomy. Arterial blood pressure and heart rate are 
controlled within predetermined and individualized 
ranges during the surgical procedure with short-acting 
drugs whenever possible (esmolol, phenylephrine, nitro-
glycerin, and sodium nitroprusside). Arterial blood pres-
sure should be maintained in the high-normal range 
throughout the procedure and particularly during the 
period of carotid clamping in an attempt to increase col-
lateral flow and prevent cerebral ischemia. In patients 
with contralateral internal carotid artery occlusion or 
severe stenosis, induced hypertension to approximately 
10% to 20% above baseline is advocated during the 
period of carotid clamping when neurophysiologic moni-
toring is not used. Arterial blood pressure preservation or 
augmentation can be accomplished by maintaining light 
levels of general anesthesia or by administering sympa-
thomimetic drugs such as phenylephrine and ephedrine. 
Some caution must be exercised when using vasopressors 
to augment blood pressure during carotid endarterectomy 
because the increases in blood pressure and heart rate 
may increase myocardial O2 requirements, as well as the 
risk for myocardial ischemia155 or infarction. The restric-
tive use of vasopressors for specific instances of cerebral 
ischemia has been advocated.156 In one report, induced 
hypertension during the period of carotid occlusion was 
not associated with myocardial ischemia.157

Surgical manipulation of the carotid sinus with acti-
vation of the baroreceptor reflexes can cause abrupt 
bradycardia and hypotension. Cessation of surgical 
manipulation promptly restores the hemodynamics, and 
infiltration of the carotid bifurcation with 1% lidocaine 
usually prevents further episodes. Infiltration may, how-
ever, increase the incidence of both intraoperative and 
postoperative hypertension. I do not advocate routine 
infiltration of the carotid bifurcation.158

With closure of the deep fascial layers in the neck, 
isoflurane is discontinued, N2O is increased to 70%, and 
ventilation is controlled manually. On application of 
the surgical dressings, drugs used to reverse neuromus-
cular blockade (i.e., neostigmine) are administered, and 
O2 is increased to 100%. At this time external stimuli to 
the patient are decreased by quieting the room, turning 
off the overhead surgical lights, and placing the patient 
in a head-up recumbent position. Ventilation is gently 
assisted until the patient exhibits spontaneous eye open-
ing or movement. With rare exceptions, all tracheas are 
extubated after neurologic integrity is established. Neu-
rologic deficits on emergence require immediate discus-
sion with the surgeon about the need for angiography, 
reoperation, or both. The period of emergence and extu-
bation may be associated with marked hypertension and 
tachycardia, which may require aggressive pharmaco-
logic intervention. Tight hemodynamic control during 
this period is likely to be more demanding than during 
induction. Greater hemodynamic stability and decreased 
pharmacologic intervention during emergence have been 
reported in patients undergoing carotid endarterectomy 



with propofol versus isoflurane. In addition, a signifi-
cantly less frequent incidence of myocardial ischemia on 
emergence was found in the propofol group than in the 
isoflurane group (1 of 14 versus 6 of 13). Of particular 
note, all patients with myocardial ischemia on emergence 
had systolic blood pressure higher than 200 mm Hg.

Regional and Local Anesthesia
Regional and local anesthetic techniques for carotid end-
arterectomy have been in use for more than 50 years, 
and many centers consider them to be the techniques of 
choice. Regional anesthesia is accomplished by blocking 
the C2 to C4 dermatomes by use of a superficial, interme-
diate, deep, or combined cervical plexus block (see also 
Chapter 57). Adequate anesthesia can be obtained with an 
isolated superficial or intermediate cervical plexus block, 
likely as a result of spread of local anesthetic to the cervical 
nerve roots.159 Local infiltration of the incisional site and 
surgical field can also provide the necessary sensory block-
ade. A recent systematic review including over 10,000 
cervical plexus blocks for carotid endarterectomy found 
that the deep (or combined) block was associated with 
a higher serious complication rate rated to the injecting 
needle compared with a superficial (or intermediate) block 
(0.25% versus 0%).160 The conversion rate to general anes-
thesia was also higher with the deep block (2.1% versus 
0.4%). No difference was found in the incidence of serious 
systemic complications between the blocks. Although the 
incidence of serious complications from a cervical plexus 
block is infrequent, near-toxic levels of local anesthetic 
occurs in almost half of patients after superficial and deep 
cervical plexus block.161 Although no major complica-
tions related to local anesthetic toxicity occurred, some 
caution should be exercised when requesting the surgeon 
to supplement with additional local anesthetic.

Regional and local anesthesia allows continuous neu-
rologic assessment of the awake patient, which is widely 
considered to be the most sensitive method for detect-
ing inadequate cerebral perfusion and function. Awake 
monitoring reduces the need for shunting and avoids the 
expense associated with indirect monitors of cerebral per-
fusion. Other advantages that have been reported include 
greater stability of blood pressure and decreased vasopres-
sor requirements, reduced operative site bleeding, and 
reduced hospital costs. Potential disadvantages of local 
or regional anesthesia include an inability to use phar-
macologic cerebral protection with anesthetics, patient 
panic or loss of cooperation, seizure or loss of conscious-
ness with carotid clamping, and inadequate access to the 
airway should conversion to general anesthesia be neces-
sary. The reported incidence of intraoperative neurologic 
changes during carotid endarterectomy under local or 
regional anesthesia varies widely (2.4% to 24%). Rates of 
conversion from regional anesthesia to general anesthesia 
of approximately 2% to 6% have been reported. Phrenic 
nerve paresis is common after cervical plexus block and 
is of little clinical consequence except in patients with 
severe COPD or contralateral diaphragmatic dysfunction.

Regional and local anesthesia requires significant patient 
cooperation throughout the procedure and is best main-
tained with constant communication and gentle handling 
of tissues. Supplemental infiltration of local anesthetic by 
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the surgeon, especially at the lower border and ramus of 
the mandible, is frequently helpful. Sedation, if used at all, 
must be kept to a minimum to allow continuous neurologic 
assessment. The surgical drapes are “tented” over the head 
and face area to minimize claustrophobic anxiety. Levels 
of consciousness, speech, and contralateral handgrip are 
assessed throughout the procedure. If both arms are tucked 
to the patient’s side, handgrip can be assessed with the use 
of a squeaky toy. Blood pressure is augmented with phen-
ylephrine when patients exhibit neurologic changes dur-
ing carotid artery test clamping or after shunt placement. A 
2- to 3-minute test clamp in awake patients allows prompt 
identification of those who would benefit from shunt place-
ment. Patient acceptance of regional anesthesia is frequent 
and common, as evidenced by a 92% preference for repeat 
cervical plexus block for future carotid endarterectomy. 
Perhaps, no absolute contradiction to regional anesthesia 
for carotid endarterectomy exists. I avoid regional anesthe-
sia under the following circumstances: strong preference 
for general anesthesia expressed by the patient (i.e., claus-
trophobia), language barriers that make communication 
difficult, and difficult vascular anatomy. Difficult anatomy 
is usually manifested by a patient with a short neck and a 
high (more cephalad) bifurcation and may require vigorous 
submandibular surgical retraction.

Regional Versus General Anesthesia
For decades, the impact of anesthetic technique on out-
come for carotid endarterectomy has been debated and 
studied. Until recently, nonrandomized studies domi-
nated and largely supported that regional anesthesia was 
associated with significant reductions in the risk for peri-
operative death, stroke, MI, and pulmonary complica-
tions.162 The lack of randomized data was addressed with 
the landmark GALA trial.145 This multicenter, randomized 
controlled trial included 3526 patients with symptomatic 
or asymptomatic internal carotid stenosis from 95 medical 
centers in 24 countries. Patients were randomly assigned 
to carotid endarterectomy under general anesthesia (1753 
patients) or local anesthesia (1773 patients) between 1999 
and 2007. The primary outcome was a composite of peri-
operative death, MI, and stroke (including retinal infarc-
tion). The main finding was that anesthetic technique was 
not associated with a significant difference in the com-
posite end point (4.8% for general versus 4.5% for local). 
Anesthetic technique was not associated with a significant 
difference in secondary outcomes, including duration of 
surgery, duration of ICU stay, length of hospital stay, or 
quality of life at 1 month after surgery. Other outcomes, 
including cranial nerve injury (10.5% versus 12.0%), 
wound hematoma (8.3% versus 8.5%), wound hematoma 
requiring reoperation (2.6% versus 2.3%), and chest infec-
tion, (2.0% versus 1.9%) were similar between patients 
receiving general anesthesia and local anesthesia, respec-
tively. Of note, 4.4% of patients under local anesthesia 
(93% received a cervical plexus block) had complications 
that lead to cancellation of surgery or conversion to gen-
eral anesthesia. Important limitations of the GALA trial 
include lack of standardization, absence of blinding, and 
possible investigator bias. Using patient-level data from 
the GALA trial, a recent report found that local anesthesia 
had a cost-effectiveness benefit over general anesthesia.163
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Although randomized clinical trials, such as GALA, are 
considered to be the gold standard in clinical research, 
the conclusions are not always generalizable and there-
fore may not reflect actual practice in treating unselected 
patients. A recent report from a large international vas-
cular registry, including 20,141 carotid endarterectomies 
performed in 10 countries between 2003 and 2007, found 
that anesthetic technique had no effect on perioperative 
mortality (0.5% overall) or stroke rate (1.5% overall).164 
These real-world results complement the data from the 
GALA trial. Thus, using major perioperative complica-
tions as a guide, there is no reason to routinely prefer one 
anesthetic technique over the other for carotid endarter-
ectomy. The ultimate decision to use general anesthesia 
or regional anesthesia should be based on surgeon and 
the anesthesiologist experience and patient preference.

CARBON DIOXIDE AND GLUCOSE 
MANAGEMENT

Cerebrovascular CO2 reactivity is part of the com-
plex autoregulatory system to control cerebral blood 
flow. Normal cerebral autoregulation responds to acute 
changes in Paco2 by decreasing cerebral blood flow (i.e., 
vasoconstriction) with hypocapnia and increasing cere-
bral blood flow (i.e., vasodilatation) with hypercapnia. In 
patients with carotid artery stenosis or occlusion, ipsilat-
eral cerebral blood flow may be impaired because of poor 
intracerebral collateral blood flow. In the setting of poor 
collateralization and resultant cerebral hypoperfusion, 
cerebral resistance vessels in the hypoperfused territories 
will dilate in an effort to maintain cerebral blood flow. 
These chronically dilated resistance vessels may demon-
strate a diminished or absent (i.e., vasomotor paralysis) 
cerebral blood flow response to CO2. Impaired cerebro-
vascular reactivity to hypercapnia may play a role in the 
development of stroke ipsilateral to carotid stenosis or 
occlusion. Although one might expect that impaired CO2 
reactivity would increase the risk for cerebral ischemia 
after carotid artery clamping, the results of intraoperative 
cerebral monitoring suggest that no such relationship 
exists. Impaired cerebrovascular reactivity to CO2 will sig-
nificantly improve after carotid endarterectomy.

Control of ventilation and CO2e during general anes-
thesia is a matter of some controversy. Hypercapnia may 
cause a “steal” phenomenon (i.e., shunting of blood away 
from hypoperfused territories with dilated vasculature) and 
is generally avoided. Hypocapnia, with its associated cere-
bral vasoconstriction, has been advocated to promote a 
reversal of this steal phenomenon. However, little clinical 
evidence exists for this “reverse” steal effect. Additionally, 
experimental data do not support the use of hypocapnia as 
a therapeutic maneuver to produce a favorable redistribu-
tion of blood flow during focal cerebral ischemia. Indeed, 
in this animal model of focal cerebral ischemia, hypocap-
nia (Paco2 of 23 mm Hg) actually increased the size of the 
region at risk for ischemia. It is therefore common prac-
tice to maintain normocapnia or mild hypocapnia during 
carotid endarterectomy.

Evidence demonstrates increased ischemic injury to 
neural tissue when ischemia occurs in the presence of 
hyperglycemia. Data from The Johns Hopkins Hospital 
found that operative-day glucose greater than 200 mg/
dL at the time of carotid endarterectomy was associated 
with an increased risk for perioperative stroke or transient 
ischemic attack, MI, and death.147 Thus, until additional 
data become available, it may be beneficial to main-
tain a blood glucose level below 200 mg/dL in patients 
undergoing carotid endarterectomy. If hyperglycemia is 
treated with insulin preoperatively or intraoperatively, 
the blood glucose level should be carefully monitored, 
especially during general anesthesia, to avoid the dangers 
of hypoglycemia.

NEUROLOGIC MONITORING AND 
CEREBRAL PERFUSION

Intraoperative monitoring for cerebral ischemia or hypo-
perfusion and, more recently, for cerebral emboli during 
carotid endarterectomy is controversial (see also Chapter 
49). Monitoring techniques include internal carotid artery 
stump pressure determinations, rCBF measurements, EEG 
monitoring, SSEP monitoring, transcranial Doppler ultra-
sonography (TCD), and cerebral oximetry monitoring. 
The rationale for the use of such monitoring is based on 
the need to prevent intraoperative strokes. The primary 
clinical utility of cerebral monitoring is to identify patients 
who may benefit from shunting during the period of arte-
rial clamping. Secondarily, cerebral monitoring is used to 
identify patients who may benefit from blood pressure 
augmentation or change in surgical technique. Despite a 
tremendous amount of investigative effort, only limited 
data support the assumption that cerebral monitoring 
actually improves patient outcome after carotid endar-
terectomy. To further complicate the issue, several large 
series have reported excellent results from carotid endar-
terectomy with routine shunting, routine no shunting, 
and selective shunting using one or more of the methods 
discussed later. In a review, the mean reported stroke rate 
with routine shunting was 1.4% and for routine no shunt-
ing was 2%.165 The mean perioperative stroke rates for 
selective shunting were 1.6% using stump pressure, 1.6% 
using EEG, 1.8% using SSEP, and 4.8% using TCD.165

Carotid Artery Stump Pressure
The internal carotid artery stump pressure represents the 
back-pressure resulting from collateral flow through the 
circle of Willis via the contralateral carotid artery and the 
vertebrobasilar system. The advantages of monitoring 
carotid stump pressure are that it is inexpensive, relatively 
easy to obtain, and continuously available during carotid 
clamping (dynamic stump pressure). Despite these advan-
tages, few centers use stump pressure monitoring. A recent 
single center report of 1135 consecutive carotid endarter-
ectomies under general anesthesia used a stump pressure 
of below 45 mm Hg as a guide for selective shunting.166 
The 30-day stroke rate was 3% for patients selectively 
shunted (21%), 0.5% for patients not shunted (79%), and 
1% overall. The overall 30-day mortality was 0.5%. Of 
note, no patient had a stroke caused by global intraop-
erative cerebral hypoperfusion. A recent prospective ran-
domized trial comparing routine shunting versus selective 
shunting based on stump pressure below 40 mm Hg in 
200 patients undergoing carotid endarterectomy under 
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general anesthesia found both methods were associated 
with an infrequent perioperative stroke rate (0% versus 
2%).167 The two strokes in the selective shunting cohort 
were related to carotid artery thrombosis. No patients died 
perioperatively. Although an old method, stump pressure 
monitoring appears to have survived the test of time.

Regional Cerebral Blood Flow
rCBF measurements during carotid endarterectomy are 
obtained by IV or ipsilateral carotid artery injection of 
radioactive xenon and analysis of decay curves obtained 
from detectors placed over the area of the ipsilateral cor-
tex supplied by the middle cerebral artery. Measurements 
are typically obtained before, during, and immediately 
after carotid clamping. This technology, combined with 
the EEG monitoring, has provided important insight into 
the relationship between rCBF and EEG evidence of cere-
bral ischemia and the critical rCBF associated with vari-
ous anesthetics.168,169 The critical rCBF varies depending 
on the volatile anesthetic used. In patients receiving N2O 
plus a volatile anesthetic, rCBF is approximately 20, 15, 
10, and 10 mL/100 g of brain tissue per minute for halo-
thane, enflurane, isoflurane, and sevoflurane, respec-
tively.152,168,169 The expense and the expertise required to 
make and interpret these blood flow measurements have 
limited the use of this technology to only a few centers.

Electroencephalography
Many centers advocate intraoperative use of EEG moni-
toring for the detection of cerebral ischemia and subse-
quent selective shunting (see also Chapter 49). The full 
16-channel strip-chart EEG and the processed (com-
pressed spectral array) EEG monitor are used for this pur-
pose. Although the processed EEG monitor is more easily 
interpreted, it is less sensitive than the raw EEG monitor. 
Significant ischemic EEG changes occur in 7.5% to 20% 
of monitored patients during carotid clamping under 
general anesthesia. Significant EEG changes occur more 
frequently in patients with contralateral carotid disease 
than in those without (14.3% versus 5.1%). The presence 
of a contralateral carotid occlusion may increase the rate 
of significant ischemic EEG changes to nearly 50% dur-
ing carotid clamping. Because contralateral occlusion is 
highly predictive of ischemic EEG changes with carotid 
clamping, it has been recommended that EEG monitor-
ing be eliminated in this circumstance. Ischemic EEG 
changes may also be seen with shunt malfunction, hypo-
tension, or cerebral emboli.

When the electroencephalogram is used for cerebral 
ischemia monitoring during carotid endarterectomy, a 
stable physiologic and anesthetic milieu is mandatory. Iso-
flurane, desflurane, and sevoflurane produce similar ECG 
changes at equipotent levels and, when used at 0.5 MAC, 
allow for reliable ECG cerebral ischemia monitoring.

The clinical usefulness of intraoperative EEG monitoring 
for ischemia during carotid endarterectomy is limited by 
several factors. First, it may not detect subcortical or small 
cortical infarcts. Second, false-negative results (i.e., neu-
rologic deficit with no ischemic EEG changes intraopera-
tively) are not uncommon. Patients with preexisting stroke 
or reversible neurologic deficits may have a particularly 
high incidence of such results. Third, EEG monitoring is 
not specific for ischemia and may be affected by changes in 
temperature, blood pressure, and anesthesia depth. Fourth, 
false-positive results (i.e., no perioperative neurologic defi-
cit with significant ischemic EEG changes intraoperatively) 
occur because not all cerebral ischemia uniformly proceeds 
to infarction. Finally, intraoperative EEG monitoring is 
inherently limited because most intraoperative strokes are 
thought to be thromboembolic and most perioperative 
strokes occur postoperatively. At present, no consistent 
data demonstrate that EEG monitoring is clearly superior 
to other methods of intraoperative cerebral monitoring or 
that the use of EEG monitoring improves outcome.

Somatosensory Evoked Potentials
SSEP monitoring is based on the response of the sensory 
cortex to electrical impulses from peripheral sensory 
nerve stimulation. The sensory cortex, being primarily 
supplied by the middle cerebral artery, is at risk during 
carotid artery clamping. SSEP monitoring, unlike EEG 
monitoring, is able to detect subcortical sensory path-
way ischemia. Characteristic SSEP tracings (i.e., decrease 
in amplitude, increase in latency, or both) occur with 
decreased rCBF and are abolished in primates when flow 
decreases to less than 12 mL/100 g of brain tissue per 
minute. No specific reduction in amplitude or increase 
in latency has been established as a physiologic marker 
of impaired rCBF under operative conditions in humans. 
Anesthetics, hypothermia, and blood pressure may affect 
SSEPs significantly, and false-negative results have been 
reported. The validity of SSEPs as an intraoperative moni-
tor of cerebral ischemia during carotid endarterectomy 
has not been definitively established.

Transcranial Doppler Ultrasonography
TCD allows continuous measurement of mean blood 
flow velocity and detection of microembolic events in 
the middle cerebral artery (see also Chapter 49). These 
parameters have important clinical implications because 
most perioperative neurologic deficits are thought to 
be thromboembolic in origin. With TCD, intraopera-
tive embolization has been detected in more than 90% 
of patients undergoing carotid endarterectomy. Most 
intraoperative emboli are characteristic of air and are not 
associated with adverse neurologic outcomes. TCD may 
provide useful information regarding shunt function, 
malfunction, and the incidence of emboli during shunt 
insertion. Embolization during carotid artery dissection 
may indicate plaque instability and the need for early 
carotid artery clamping. Embolization during dissection 
and wound closure is associated with operative stroke. 
One center has reported that combined TCD monitoring 
and completion angiography resulted in a reduction in 
the intraoperative stroke rate from 4% to 0%. Early post-
operative embolization has been detected in more than 
70% of patients after carotid endarterectomy and is exclu-
sively particulate in nature. Most TCD-detected emboli 
occur in the first 2 to 3 hours after surgery. Persistent par-
ticulate embolization in the early postoperative period 
has been shown to predict thrombosis and the develop-
ment of a major neurologic deficit. Frequent early postop-
erative TCD embolic signals have been demonstrated to 
be highly predictive of early postoperative ipsilateral focal 
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cerebral ischemia. Intervention with dextran has been 
shown to reduce and ultimately stop sustained emboli-
zation after carotid endarterectomy. Perioperative micro-
embolization is more common in women and patients 
with symptomatic carotid disease. TCD monitoring has 
been reported to detect early asymptomatic carotid artery 
occlusion and hyperperfusion syndrome after carotid 
endarterectomy. Although TCD monitoring holds some 
promise, conclusive evidence demonstrating improved 
outcome has not been reported. Additionally, the high 
rate of technical failures significantly limits the clinical 
utility of this monitoring modality.170

Cerebral Oxygenation
Direct monitoring of cerebral oxygenation can be obtained 
with jugular bulb venous monitoring. Such monitor-
ing allows determination of the arterial–jugular venous 
O2 content difference and jugular venous O2 saturation 
and therefore provides information on global cerebral O2 
metabolism. Jugular venous samples are obtained from a 
catheter inserted into the jugular bulb ipsilateral to the sur-
gical site. Continuous fiberoptic jugular venous oximetry 
catheters are available as well. Significant technical and 
methodologic shortcomings have limited the clinical appli-
cation of this monitoring during carotid endarterectomy.

Near-infrared spectrophotometry is a noninvasive tech-
nique that allows continuous monitoring of regional cere-
bral O2 saturation through the scalp and skull. Similar to 
pulse oximetry, cerebral oximetry is based on the different 
absorption characteristics of the near-infrared spectrum 
of oxygenated and deoxygenated hemoglobin. However, 
unlike pulse oximeters, cerebral oximeters measure the O2 
saturation of hemoglobin in the entire tissue bed (i.e., brain 
tissue and arterial and venous blood), which is predomi-
nately venous blood, and therefore approximates venous 
blood O2 saturation. A commercially available cerebral 
oximetry sensor is applied to the forehead skin ipsilateral 
to the surgical site, and regional cerebral O2 saturation 
from a small sample of the frontal cortex below the sensor 
is provided. To date, wide patient-to-patient variability in 
baseline cerebral O2 saturation and the lack of a clinical 
threshold of a decrease in cerebral O2 saturation predictive 
of the need for shunt placement have impeded the wide-
spread use of this novel monitoring modality.

POSTOPERATIVE CONSIDERATIONS

Most neurologic complications (transient and perma-
nent) after carotid endarterectomy are explained by intra-
operative embolization, hypoperfusion during carotid 
clamping, and postoperative embolization or thrombo-
sis from the endarterectomy site. It is generally accepted 
that most neurologic complications are related to surgical 
technique. Thromboembolic (rather than hemodynamic) 
factors appear to be the major mechanism of periopera-
tive neurologic complications and most occur in the post-
operative period. Neurologic complications attributable 
to carotid artery thrombosis may occur with an incidence 
as frequent as 3.3% and are associated with a high rate of 
major stroke or death despite immediate operative inter-
vention. Other important, but less common neurologic 
complications include intracerebral hemorrhage and 
cerebral hyperperfusion. The reported incidence of intra-
cerebral hemorrhage after carotid endarterectomy ranges 
from 0.4% to 2.0%. Most intracerebral hemorrhages 
occur 1 to 5 days after the operation and are associated 
with significant morbidity and mortality.

Hypertension is common in the postoperative period 
after carotid endarterectomy. Not surprisingly, patients 
with poorly controlled preoperative hypertension often 
have severe hypertension postoperatively. The causes 
are not well understood, but surgical denervation of the 
carotid sinus baroreceptors is probably contributory. 
Regional anesthesia is associated with less hyperten-
sion. Other causes of postoperative hypertension, such as 
hypoxemia, hypercapnia, bladder distention, and pain, 
should be excluded or treated. Because neurologic and 
cardiac complications may be associated with postopera-
tive hypertension, blood pressure should be aggressively 
controlled to near preoperative values after surgery. Short-
acting drugs are the safest and most effective. Patients 
with persistent hypertension can be converted to longer-
acting IV or oral agents before discharge from the ICU.

Postoperative cerebral hyperperfusion syndrome is an 
abrupt increase in blood flow with loss of autoregulation 
in the surgically reperfused brain and is manifested as 
headache, seizure, focal neurologic signs, brain edema, 
and possibly intracerebral hemorrhage. Unfortunately, 
little is actually known about the cause and management 
of this syndrome. Typically, this syndrome does not occur 
until several days after carotid endarterectomy. Patients 
with severe postoperative hypertension and severe preop-
erative internal carotid artery stenosis are believed to be 
at increased risk for this syndrome. However, more recent 
data do not corroborate this common belief and suggest 
that recent contralateral carotid endarterectomy may be 
predictive of cerebral hyperperfusion.171

Postoperative hypotension occurs almost as frequently 
as hypertension after carotid endarterectomy. Carotid sinus 
baroreceptor hypersensitivity or reactivation probably 
plays an important role. Postoperative hypotension may be 
more common after regional anesthesia. To avoid cerebral 
and myocardial ischemia, hypotension should be corrected 
promptly. Cardiac output is frequently normal or elevated 
and systemic vascular resistance reduced in hypotensive 
patients after carotid endarterectomy. Intensive surveil-
lance for evidence of myocardial and cerebral ischemia and 
judicious use of fluids and vasopressors are recommended 
for postoperative hypotension. In most cases the hypoten-
sion resolves over a period of 12 to 24 hours.

Cranial and cervical nerve dysfunction after carotid 
endarterectomy is well documented in the literature. 
Although most injuries are transient, permanent inju-
ries can lead to significant disability. Patients should be 
examined for injury to the recurrent laryngeal, superior 
laryngeal, hypoglossal, and marginal mandibular nerves 
shortly after extubation. Unilateral recurrent laryngeal 
nerve injury may result in ipsilateral true vocal cord paral-
ysis in the paramedian position. Although most patients 
have hoarseness and an impaired cough mechanism, the 
injury is usually well tolerated. However, bilateral recur-
rent laryngeal nerve injury and resultant bilateral vocal 
cord paralysis can result in life-threatening upper air-
way obstruction. This situation must be anticipated in 
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patients who have previously undergone contralateral 
carotid endarterectomy or neck surgery.

Carotid body denervation may occur after carotid 
endarterectomy as a result of surgical manipulation. 
Unilateral loss of carotid body function may result in an 
impaired ventilatory response to mild hypoxemia and is 
rarely of clinical significance. Bilateral carotid endarter-
ectomy is associated with loss of the normal ventilatory 
and arterial pressure responses to acute hypoxia and an 
increased resting partial pressure of arterial CO2. In this 
situation, the central chemoreceptors are the primary 
sensors for maintaining ventilation, and serious respira-
tory depression may result from opioid administration. 
Fortunately, most patients require little more than acet-
aminophen or ketorolac for postoperative pain.

Wound hematoma probably occurs more frequently 
than reported in the literature. In the North American 
Symptomatic Carotid Endarterectomy Trial,136 5.5% of 
patients had wound hematomas. Most cases are the result 
of venous oozing and require little more than external 
compression for 5 to 10 minutes. Expanding hematomas 
require prompt evaluation at the bedside and immediate 
evacuation if airway compromise is evident. Aggressive 
postoperative blood pressure control may help reduce the 
incidence of hematoma.

Although some clinicians believe that intensive care 
monitoring is not routinely required after carotid surgery, 
a significant number of patients do require intensive mon-
itoring and active intervention. I think all patients should 
be monitored in an intensive care setting for at least 8 
hours after carotid endarterectomy, because most events 
requiring intervention occur within this timeframe.172,173

ENDOVASCULAR TREATMENT OF CAROTID 
DISEASE: CAROTID ARTERY STENTING

Endovascular treatment of carotid disease is an innovation 
in evolution for stroke prevention and currently involves 
percutaneous transluminal angioplasty and stenting. 
Significant procedural advancements include the use 
of dual antiplatelet therapy, self-expanding stents, and 
emboli protection devices. Over the last decade, major 
randomized clinical trials comparing carotid endarterec-
tomy with carotid artery stenting have been published. 
A recent systematic review of randomized trials (16 trials 
involving 7572 patients) found that endovascular treat-
ment (including balloon angioplasty or stenting) was 
associated with an increased risk for periprocedural stroke 
or death compared with endarterectomy.174 Of note, the 
increase in risk appeared to be limited to patients 70 years 
of age and older. Endovascular treatment was associated 
with lower risks for MI, cranial nerve palsy, and access 
site hematomas. The rate of ipsilateral stroke after the 
periprocedural period was not different between treat-
ment groups. Among patients unfit for surgery, the rate 
of death or stroke did not differ between endovascular 
treatment and medical care. Updated guidelines provide 
specific recommendations for revascularization of symp-
tomatic and asymptomatic patients.131

The carotid artery stenting procedure consists of the 
following steps: femoral access, aortic arch angiogram, 
selective cannulation of the common carotid artery 
origin and angiogram, guidewire advancement into the 
external carotid artery, carotid sheath placement and 
advancement into the common carotid artery, place-
ment of embolic protection device, balloon angioplasty 
of lesion, advancement of stent delivery catheter across 
dilated lesion, deployment of self-expanding stent, bal-
loon dilatation of stent, completion angiogram, and 
access site management. The femoral artery approach is 
considered standard, but brachial artery and high radial 
artery access have been reported with high procedural 
success. Embolic protection devices are considered man-
datory and include distal protection in the form of a filter 
or occlusion balloon and proximal protection in the form 
of flow interruption or flow reversal. Cardiologists and 
radiologists currently perform a large percentage of these 
procedures in specialized endovascular suites.

Most carotid artery stenting procedures are performed 
under local anesthesia with light or no sedation to facili-
tate patient cooperation and continuous neurologic 
assessment. In addition to routine monitors, an arterial 
line is placed for continuous blood pressure monitoring. 
Some degree of hemodynamic instability is common in 
patients during and after carotid artery stenting. Brady-
cardia and hypotension occur much more frequently 
after carotid artery stenting with balloon angioplasty 
than without angioplasty.175 A recent, large retrospective 
study reported asystole in 4.9% of patients after carotid 
stenting.176 Asystole was more likely to occur in patients 
undergoing a right-sided procedure, in those with signifi-
cant contralateral stenosis, and in those with a reduced 
left ventricular ejection fraction. The administration of 
prophylactic atropine before balloon inflation decreases 
the incidence of intraoperative bradycardia and cardiac 
morbidity in primary carotid stenting patients.177

POSTOPERATIVE MANAGEMENT OF 
VASCULAR SURGERY PATIENTS

Vascular surgery patients require special attention dur-
ing the postoperative period because most complications 
occur postoperatively and other problems may arise that 
require immediate attention. Conventional practice is to 
monitor all vascular surgery patients in an ICU setting 
after surgery. Some centers have set up specialized vascu-
lar step-down units in which lower risk patients can be 
evaluated frequently by specialized nursing staff. There 
are, however, no clinical trials to support this practice.

Myocardial ischemia and cardiac morbidity occur most 
frequently in the postoperative period. Patients should 
be carefully monitored for signs and symptoms of myo-
cardial ischemia, realizing that up to 90% of ischemic 
episodes are asymptomatic. Troponin surveillance may 
be beneficial in high-risk patients. The determinants of 
myocardial O2 supply and demand should be optimized 
for all patients (Fig. 69-18) to prevent ischemia before it 
develops. β-Blocker and statin therapy should be contin-
ued throughout the postoperative period. Dysrhythmias 
are common and may be secondary to ischemia or to 
sympathectomy associated with regional anesthesia.

Besides myocardial ischemia and cardiac morbidity, 
other problems include coagulopathy, from either residual 



PART V: Adult Subspecialty Management2156
heparin or dilutional coagulopathy after massive trans-
fusion. Even in the absence of coagulopathy, bleeding 
through fresh vascular anastomoses may occur when sig-
nificant postoperative hypertension is untreated. Hypovo-
lemia occurs after aortic surgery as a result of significant 
third-space fluid loss and bleeding. Hypovolemia may 
lead to hypotension and hypoperfusion of vital organs 
or lower extremity vascular grafts. Graft occlusion in the 
lower extremities occurs in 3% to 10% of patients after 
lower extremity or aortic surgery and should be recognized 
immediately and surgically corrected. Lower extremity 
pulses should be checked at hourly intervals. Some patients 
require the administration of heparin or dextran to pre-
vent thrombosis when the surgical repair is questionable or 
when patients have diffuse atherosclerotic disease.

Residual hypothermia in the early postoperative period 
is associated with an increased incidence of myocardial 
ischemia and cardiac morbidity; therefore, body tem-
perature should be carefully monitored and controlled 
in all vascular surgery patients. In the early postopera-
tive period, vascular surgery patients have a twofold to 
threefold greater incidence of myocardial ischemia when 
core temperature is less than 35° C.178 Even mild hypo-
thermia of approximately 35° C is associated with a 200% 
to 700% increase in norepinephrine levels,179,180 general-
ized vasoconstriction,181 and increased blood pressure in 
postoperative patients.179 Shivering occurs and increases 
total-body O2 consumption by approximately 40% in the 
typical elderly vascular patient.182 In a prospective ran-
domized trial, the relative risk for early postoperative car-
diac morbidity was reduced by 55% when normothermia 
was maintained by use of a forced-air warming system.183

The stress response needs to be controlled in the post-
operative period. This includes preventing the potential 
triggers for myocardial ischemia such as pain, anemia, 
hypothermia, hemodynamic extremes, and ventilatory 
insufficiency. In mechanically ventilated patients, the 
weaning period is especially stressful, and myocardial 
ischemia occurs frequently during this time. Careful 
sedation and expeditious weaning are desirable. When 
possible, extubation in the operating room is less stressful 
and is preferable for carotid and lower extremity vascular 
surgery patients. For more invasive surgical procedures 
(TAA and AAA), postoperative mechanical ventilation is 
usually necessary.
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Figure 69-18. Determinants of myocardial oxygen supply and 
demand that lead to myocardial ischemia. During the perioperative 
period, virtually every determinant is altered by factors such as fluid 
shifts, blood loss, pain, catecholamines, altered coagulability, and venti-
latory insufficiency. (Modified from Beattie C, Fleisher LA: Perioperative 
myocardial ischemia and infarction, Int Anesthesiol Clin 30:1-17, 1992.)
Vascular surgery continues to challenge the anesthe-
siologist, given the significant physiologic stress super-
imposed on a relatively elderly patient population with 
a high incidence of coexisting disease. Clinical studies 
and society guidelines provide insight into the preop-
erative assessment and optimization of cardiac risk, the 
implications of anesthetic technique, and the diagnosis, 
prevention, and treatment of myocardial ischemia in vas-
cular surgery patients. These studies and guidelines have 
improved our ability to care for vascular surgery patients 
with reduced morbidity and better overall outcome.
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Anesthesia for Neurologic Surgery
JOHN C. DRUMMOND • PIYUSH M. PATEL • BRIAN P. LEMKUIL

K e y  P o i n t s

 •  For the purposes of planning a strategy for controlling intracranial pressure (ICP), 
the clinician should consider the four subcompartments of the intracranial space: 
cells, interstitial and intracellular fluid, cerebrospinal fluid (CSF), and blood.

 •  The clinician should make a preoperative assessment of the probable intracranial 
compliance reserve as the basis for selection of appropriate anesthetic drugs and 
techniques.

 •  The venous side of the cerebral circulation is a largely passive compartment that 
is often the cause of increased ICP, or “tightness,” of the surgical field but is 
commonly overlooked by clinicians.

 •  Cerebral perfusion pressure (CPP) should be supported at or near waking normal 
levels in patients with recent cerebral injuries (e.g., traumatic brain injury [TBI], 
subarachnoid hemorrhage [SAH]), and spinal cord injury because of low resting 
cerebral blood flow and impaired autoregulation.

 •  When neurosurgical procedures are performed in the sitting position, blood 
pressure should be corrected to the level of the external auditory meatus, and mean 
arterial pressure (MAP) should be maintained at 60 mm Hg in normotensive adults.

 •  The minimal standard of care for monitoring to detect venous air embolism (VAE) 
in at-risk situations includes the precordial Doppler and end-tidal carbon dioxide 
analysis.

 •  Despite encouraging preclinical data, therapeutic mild hypothermia cannot 
currently be advocated in the care of head-injured patients in the intensive care 
unit (ICU) or during the operative management of patients with intracranial 
aneurysms because of negative human trial results for those patient groups.

 •  The most important consideration in the anesthetic management of patients 
undergoing clipping or coiling after acute SAH is the prevention of paroxysmal 
hypertension with its attendant risk of aneurysm rerupture. Nonetheless, adequate 
perfusion pressure is needed if temporary clips are used during management of 
cerebral vasospasm.

 •  Although induced hypotension is rarely used electively in aneurysm surgery, the 
clinician must be ready to reduce blood pressure immediately and accurately in 
the event of aneurysm rupture.

 •  Tracheal intubation of a head-injured patient with an undefined cervical spine 
injury can be accomplished using rapid-sequence induction with manual in-line 
stabilization (the occiput held rigidly to the backboard), with only a very small risk 
of injury to the spinal cord.

 •  CPP (CPP = MAP − ICP) should be supported at 60 mm Hg in the first 48 to 72 
hours after TBI in adults.

 •  Hypocapnia has the potential to cause cerebral ischemia, particularly in a recently 
injured brain and in a brain beneath retractors; it should be used only when 
absolutely necessary for the control of critically increased or uncertain ICP.
2158

This chapter provides guidelines for the management of 
common situations in neurosurgical anesthesia. Issues 
that arise in connection with a wide variety of neuro-
surgical procedures—those constituting a checklist that 
the practitioner should review before undertaking anes-
thesia for any neurosurgical procedure—are reviewed 
first, followed by procedure-specific discussions. This 
chapter assumes familiarity with the cerebral physiol-
ogy and effects of anesthetics as described in Chapter 17, 
and with neurologic monitoring as described in Chapter 
49. Carotid endarterectomy and carotid angioplasty and 
stenting are discussed in Chapter 69.
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RECURRENT ISSUES IN NEUROANESTHESIA

Several basic elements of neurosurgical and neuroanes-
thetic management are recurrent and, in the absence of 
an established understanding between surgeon and anes-
thesiologist, should be discussed and agreed upon at the 
outset of every neurosurgical procedure (Box 70-1). The 
list varies by procedure and may include the intended 
surgical position and requisite positioning aids; inten-
tions with respect to the use of steroids, osmotic agents/
diuretics, anticonvulsants, and antibiotics; the surgeon’s 
perception of the “tightness” of the intracranial space and 
the remaining intracranial compliance reserve; appropri-
ate objectives for the management of blood pressure, 
carbon dioxide tension, and body temperature; antici-
pated blood loss; the intended use of neurophysiologic 
monitoring (which may impose constraints on the use 
of anesthetics or muscle relaxants, or both); and, some-
times, the perceived risk of air embolization. The consid-
erations driving the decisions made about these issues are 
presented in this section. One additional recurrent issue, 
brain protection, is discussed briefly in the section on 
aneurysms and arteriovenous malformations (AVMs) and 
in detail in Chapter 17.

CONTROL OF INTRACRANIAL PRESSURE 
AND BRAIN RELAXATION

The necessity of preventing increases in intracranial 
pressure (ICP) or reducing ICP that is already increased 
is recurrent in neuroanesthesia. When the cranium is 
closed, the physician’s objectives are to maintain adequate 
cerebral perfusion pressure (CPP) (CPP = mean arterial 
pressure [MAP] − ICP) and prevent the herniation of brain 
tissue between intracranial compartments or through 
the foramen magnum (Fig. 70-1).1 When the cranium is 
open, the issue may be to provide relaxation of the intra-
cranial contents to facilitate surgical access or, in extreme 
circumstances, reverse ongoing brain herniation through 
craniotomy. The principles that apply are similar whether 
the cranium is open or closed.

The various clinical indicators of increased ICP include 
headache (particularly headache that awakens the patient 

 •  Control of intracranial pressure/brain relaxation
 •  Management of Paco2

 •  Management of arterial blood pressure
 •  Use of steroids
 •  Use of osmotherapy
 •  Use of diuretics
 •  Use of anticonvulsants
 •  Patient positioning
 •  Pneumocephalus
 •  Venous air embolism
 •  Monitoring
 •  Intravenous fluid management
 •  Hypothermia
 •  Glucose management
 •  Emergence from anesthesia  

BOX 70-1 Recurrent Issues in Neuroanesthesia
at night), nausea and vomiting, blurred vision, somno-
lence, and papilledema. Computed tomography (CT) 
findings suggestive of either increased ICP or reduced 
intracranial compliance reserve include midline shift, 
obliteration of the basal cisterns, loss of sulci, ventricular 
effacement (or enlarged ventricles in the event of hydro-
cephalus or ventricular trapping), and edema. Edema 
appears on a CT scan as a region of hypodensity. The basal 
cisterns appear on CT as a black (fluid) halo around the 
upper end of the brainstem (Fig. 70-2). They include the 
interpeduncular cistern, which lies between the two cere-
bral peduncles, the quadrigeminal cistern, which overlies 

1

2

3

4

Figure 70-1. Schematic representation of various herniation path-
ways: (1) sub-falcine, (2) uncal (transtentorial), (3) cerebellar, and (4) 
transcalvarial. (From Fishman RA: Brain edema, N Engl J Med 293:706-
711, 1975.)

Figure 70-2. Computed tomography (CT) scan depicting normal 
(left) and compressed (right) basal cisterns. The basal, or perimesence-
phalic, cerebrospinal fluid (CSF) space consists of the interpeduncular 
cistern (anterior), the ambient cisterns (lateral), and the quadrigeminal 
cisterns (posterior). In the right panel, the cisterns have been obliter-
ated in a patient with diffuse cerebral swelling (caused by sagittal sinus 
thrombosis). (Courtesy Ivan Petrovitch.)
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the four colliculi, and the ambient cisterns, which lie lat-
eral to the cerebral peduncles.

Figure 70-3 presents the pressure-volume relationship 
of the intracranial space. The plateau phase occurring at 
low volumes reveals that the intracranial space is not a 
completely closed one, and that there is some compensa-
tory latitude. Compensation is accomplished principally 
by the translocation of cerebrospinal fluid (CSF) and 
venous blood to the spinal CSF space and the extracranial 
veins, respectively. Ultimately, when the compensatory 
potential is exhausted, even tiny increments in volume 
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Figure 70-3. The intracranial pressure–volume relationship. The 
horizontal portion of the curve indicates that there is initially some 
latitude for compensation in the face of an expanding intracranial 
lesion. That compensation is accomplished largely by displacement 
of cerebrospinal fluid (CSF) and venous blood from intracranial to 
extracranial spaces. Once the compensatory latitudes are exhausted, 
small-volume increments result in large increases in intracranial pres-
sure with the associated hazards of herniation or of decreased cerebral 
perfusion pressure (CPP), resulting in ischemia.
of the intracranial contents can result in substantial 
increases in ICP. These increases have the potential to 
result in either herniation of brain tissue from one com-
partment to another (or into the surgical field) (see Fig. 
70-1), with resultant mechanical injury to brain tissue, 
or in reduction of perfusion pressure, leading to ischemic 
injury.

Several variables can interact to cause or aggravate 
intracranial hypertension (Fig. 70-4). For clinicians faced 
with the problem of managing increased ICP, the objec-
tive is, broadly speaking, to reduce the volume of the 
intracranial contents. For mnemonic purposes, the cli-
nician can divide the intracranial space into four sub-
compartments (Table 70-1): cells (including neurons, 
glia, tumors, and extravasated collections of blood), fluid 
(intracellular and extracellular), CSF, and blood.
  

 1.  The cellular compartment. This compartment is largely 
the province of the surgeon. However, it may be the 
anesthesiologist’s responsibility to pose a well-placed 
diagnostic question. When the brain is bulging into 
the surgical field at the conclusion of evacuation of 
an extradural hematoma, the clinician should ask 
whether a subdural or extradural hematoma is present 
on the contralateral side that warrants either immedi-
ate burr holes or immediate postprocedure radiologic 
evaluation.

 2.  The CSF compartment. There is no pharmacologic 
manipulation of the CSF space with a time course and 
magnitude that is relevant to the neurosurgical operat-
ing room. The only practical means of manipulating 
the size of this compartment is by drainage. A tight 
surgical field can sometimes be improved by passage 
of a brain needle by the surgeon into a lateral ven-
tricle to drain CSF. Lumbar CSF drainage can be used 
to improve surgical exposure in situations with no 
substantial hazard of uncal or transforamen magnum 
herniation.
Figure 70-4. The pathophysiology 
of intracranial hypertension. The 
figure depicts the manner in which 
increases in the volumes of any or all 
of the four intracranial compartments, 
blood, cerebrospinal fluid (CSF), 
fluid (interstitial or intracellular), and 
cells, result in intracranial pressure 
(ICP) increases and eventual neuro-
logic damage. The elements that are 
most readily under the control of the 
anesthesiologist are indicated with 
asterisks (*). (Control of CSF volume 
requires the presence of a ventriculos-
tomy catheter.) BP, Blood pressure.
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 3.  The fluid compartment. This compartment can be 
addressed with steroids and osmotic/diuretic agents. 
The use of these agents is discussed later.

 4.  The blood compartment. This compartment receives the 
anesthesiologist’s greatest attention because it is the 
most amenable to rapid alteration. The blood compart-
ment should be viewed as having two separate compo-
nents: venous and arterial.

  

With respect to the blood compartment, the venous 
side of the circulation should initially be considered. It 
is largely a passive compartment and often overlooked. 
Despite this passivity, engorgement of this compartment 
is a common cause of increased ICP or poor conditions in 
the surgical field (Fig. 70-5). A head-up posture to ensure 
good venous drainage is the standard in neurosurgical 
anesthesia and critical care. Obstruction of cerebral venous 
drainage by extremes of head position or circumferential 
pressure (cervical collars, endotracheal tube ties) should 
be avoided. Anything that causes increased intrathoracic 
pressure can also result in obstruction of cerebral venous 
drainage. Relevant phenomena include kinking or partial 
obstruction of endotracheal tubes, tension pneumotho-
rax, coughing or straining against the endotracheal tube, 
or gas trapping as a result of bronchospasm. Neuromus-
cular blockade (see Chapter 34) is usually induced during 
craniotomies unless a contraindication is present. Such a 

TABLE 70-1 INTRACRANIAL COMPARTMENTS 
AND TECHNIQUES FOR MANIPULATION OF THEIR 
VOLUME

Compartment Volume Control Methods

1. Cells (including neurons, 
glia, tumors, and 
extravasated blood)

Surgical removal

2. Fluid (intracellular and 
extracellular)

Diuretics
Steroids (principally tumors)

3. CSF Drainage
4. Blood

Arterial side Decrease cerebral blood flow
Venous side Improve cerebral venous drainage
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blockade would prevent a sudden cough that can cause 
a dramatic herniation of cerebral structures through the 
craniotomy.

Thereafter, the arterial side of the circulation should 
be considered. Attention to the effect of anesthetic drugs 
and techniques on cerebral blood flow (CBF) (see Chap-
ter 17) is an established part of neuroanesthesia because, 
in general, increases in CBF are associated with increases 
in cerebral blood volume (CBV).2-4 The notable excep-
tion to this rule occurs in the context of cerebral isch-
emia caused by hypotension or vessel occlusion, at which 
times CBV may increase as the cerebral vasculature dilates 
in response to a sudden reduction in CBF. However, the 
relationship generally applies, and attention to the con-
trol of CBF is relevant in situations in which intracra-
nial volume compensation mechanisms are exhausted 
or ICP is already increased. The general approach is to 
select anesthetics and to control physiologic variables in 
a manner that avoids unnecessary increases in CBF. The 
variables that influence CBF are listed in Box 70-2 and are 
discussed in Chapter 17.

SELECTION OF ANESTHETICS

The question of which anesthetics are appropriate, espe-
cially in the context of unstable ICP, arises frequently. 
Chapter 17 provides relevant information in detail, and 
only broad generalizations are described.

In general, intravenous anesthetic, analgesic, and seda-
tive drugs are associated with parallel reductions in CBF 
and cerebral metabolic rate (CMR) and consequently 
will not have adverse effects on ICP. Ketamine, given in 
large doses to patients with a generally normal level of 
consciousness before anesthesia, is the exception. Auto-
regulation and carbon dioxide (CO2) responsiveness is 
generally preserved during the administration of intrave-
nous anesthetics (see Chapter 17).

By contrast, all of the volatile anesthetics can be, depend-
ing on physiologic and pharmacologic circumstances, 
dose-dependent cerebral vasodilators. The order of vaso-
dilating potency is approximately halothane → enflurane 
→ desflurane → isoflurane → sevoflurane. As noted in Chap-
ter 17, the CBF differences among desflurane, isoflurane, 
Figure 70-5. The effect of cerebral venous 
outflow obstruction on intracranial pressure 
(ICP) in a patient with an intracerebral hema-
toma. Bilateral jugular compression was applied 
briefly to verify the function of a newly placed 
ventriculostomy. The ICP response illustrates the 
importance of maintaining unobstructed cerebral 
venous drainage.
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and sevoflurane are most likely not clinically significant. 
The net CBF effect of a volatile anesthetic depends on 
the interaction of several factors: the concentration of 
the anesthetic, the extent of previous CMR depression, 
simultaneous blood pressure changes acting in conjunc-
tion with previous or anesthetic-induced autoregulation 
abnormalities, and simultaneous changes in partial pres-
sure of carbon dioxide in the arterial blood (Paco2) acting 
in conjunction with any disease-related impairment in 
CO2 responsiveness.

Nitrous oxide (N2O) can also be a cerebral vasodilator. 
The CBF effect of N2O is greatest when it is administered 
as a sole anesthetic; least when it is administered against 
a background of narcotics, propofol, or benzodiazepines; 
and intermediate when it is administered in conjunction 
with volatile anesthetics (see Chapter 17).

Despite the vasodilatory potential of both N2O and 
volatile anesthetics, experience dictates that the latter, 
usually in concentrations less than the minimum alveo-
lar concentration (MAC), when administered as compo-
nents of a balanced anesthetic technique in combination 
with opioids, can be used in most elective and many 
emergency neurosurgical procedures. However, there are 
infrequent exceptions. Because both N2O and volatile 
anesthetics can be vasodilators in some circumstances, 
when the compensatory latitude of the intracranial space 
has been exhausted and physiology is abnormal, omitting 
them on a just-in-case basis may be prudent. In a somno-
lent, vomiting patient with papilledema, a large tumor 
mass, and compressed basal cisterns; or in a traumatic 
brain injury (TBI) victim with an expanding mass lesion 
or obliterated cisterns and sulci on CT, a predominantly 
intravenous technique should be used until the cranium 
and dura are open and the effect of the anesthetic tech-
nique can be assessed by direct observation of the surgical 
field. Although inhaled anesthetics are entirely accept-
able components of most anesthetics for neurosurgery, 
in circumstances in which ICP is persistently increased 
or the surgical field is persistently “tight,” N2O and vol-
atile anesthetics5,6 should be replaced by intravenous 
anesthetics.

 •  Pao2

 •  Paco2

 •  Cerebral metabolic rate
 •  Arousal/pain
 •  Seizures
 •  Temperature
 •  Anesthetics
 •  Blood pressure/status of autoregulation
 •  Vasoactive agents
 •  Anesthetics
 •  Pressors
 •  Inotropes
 •  Vasodilators
 •  Blood viscosity
 •  Neurogenic pathways (intra- and extra-axial)  

BOX 70-2 Factors That Influence Cerebral 
Blood Flow

See Regulation of Cerebral Blood Flow and Effects of Anesthetics on Cerebral Blood 
Flow and Cerebral Metabolic Rate in Chapter 17 for detailed discussion.
Older neuromuscular blockers (d-tubocurarine, meto-
curine, mivacurium, atracurium) can release histamine 
and should be given in small, divided doses. Although 
succinylcholine can increase ICP, the increases are small 
and transient. Moreover, the increases can be blocked by 
a preceding dose of metocurine 0.03 mg/kg (and probably 
other nondepolarizer neuromuscular blocking drugs) and, 
in at least some instances, are not evident in patients with 
common emergency neurosurgical conditions (TBI, sub-
arachnoid hemorrhage [SAH]).7,8 Succinylcholine in con-
junction with proper management of the airway and MAP 
can be used when rapid endotracheal intubation is needed.

From the material just presented and from the discus-
sion of cerebral physiology in Chapter 17, a systematic 
clinical approach should easily follow. A schema for 
approaching the problem of an acute increase in ICP or 
acute deterioration in conditions in the surgical field is 
presented in Box 70-3.

If the problem has not resolved satisfactorily after 
following the approach in Box 70-3, Box 70-4 pres-
ents options for resolution. CSF drainage was discussed 

 1.  Are the relevant pressures controlled?
 a.  Jugular venous pressure
 i.  Extreme head rotation or neck flexion?
 ii.  Direct jugular compression?
 iii.  Head-up posture?
 b.  Airway pressure
 i.  Airway obstruction?
 ii.  Bronchospasm?
 iii.  Straining, coughing; adequately relaxed?
 iv.  Pneumothorax?
 v.  Excessive PEEP or APR ventilation?
 c.  Partial pressure of CO2 and O2 (Paco2, PaO2)
 d.  Arterial pressure
 2.  Is the metabolic rate controlled?
 a.  Pain/arousal?
 b.  Seizures?
 c.  Febrile?
 3.  Are any potential vasodilators in use?
 a.  N2O, volatile agents, nitroprusside, calcium channel 

blockers?
 4.  Are there any unrecognized mass lesions?
 a.  Hematoma
 b.  Air ± N2O
 c.  CSF (clamped ventricular drain)  

BOX 70-3 High Intracranial Pressure  
(“Tight Brain”) Checklist

APR, Airway pressure release; CSF, cerebrospinal fluid; PEEP, positive end-expiratory 
pressure.

 •  Further reduction of Paco2 (to not <23-25 mm Hg)
 •  CSF drainage (ventriculostomy, brain needle)
 •  Diuresis (usually mannitol)
 •  CMR suppression (barbiturates, propofol)
 •  MAP reduction (if dysautoregulation)
 •  Surgical control (i.e., lobectomy or removal of bone flap)  

BOX 70-4 Methods for Rapid Reduction of 
Intracranial Pressure and Brain Volume  
(After Review of the Checklist in Box 70-3)



earlier. Hyperosmolar solutions are frequently used (see 
the subsequent section “Osmotherapy and Diuretics”). 
Barbiturates have long been the most widely used drugs 
for inducing reduction in CMR, with the objective of 
causing a coupled reduction in CBF and CBV. Propofol 
has gained popularity for this application. However, 
although the use of barbiturates is supported by inten-
sive care unit (ICU) experience, demonstrating efficacy 
in ICP control9 (if not outcome), no such experience 
has been accumulated for propofol. Furthermore, a 
frequently fatal syndrome of metabolic acidosis and 
rhabdomyolysis has been recognized in patients who 
have received prolonged propofol infusions in the  
ICU setting.10,11

MANAGEMENT OF Paco2

The anesthesiologist and the surgeon should agree on the 
objectives with respect to Paco2. Induction of hypocapnia 
was once a routine part of the management of intracra-
nial neurosurgical procedures. The rationale is principally 
that the concomitant reduction in CBF (see Chapter 17, 
Fig. 17-7) and CBV will result in a reduction in ICP, or 
“brain relaxation.” The rationale is valid.12 However, 
two considerations should influence the clinician’s use 
of hyperventilation. First, the vasoconstrictive effect of 
hypocapnia can cause ischemia in certain situations. 
Second, the CBF-lowering and ICP-lowering effect is not 
sustained.13

Hypocapnia-Induced Cerebral Ischemia
A normal brain is unlikely to be damaged by the typical 
clinical use of hyperventilation. However, this may not 
be the case in certain pathologic conditions.

Normal BraiN. Current data14-18 indicate that in normal 
subjects, ischemia will not occur at a Paco2 greater than  
20 mm Hg. However, in one investigation,17 electro-
encephalogram (EEG) abnormalities and paresthesia 
occurred in volunteers hyperventilating to Paco2 values 
less than 20 mm Hg, and these effects were reversed by 
hyperbaric oxygenation, suggesting that they may truly 
have been caused by ischemia. Accordingly, given that a 
Paco2 of less than 20 to 25 mm Hg offers very little addi-
tional benefit in terms of improvement in intracranial 
compliance, acute reduction of Paco2 should be no more 
than 22 to 25 mm Hg in previously normocapnic persons.

iNjured BraiN. Preventing herniation, maintaining ICP 
less than 20 mm Hg, minimizing retractor pressure, and 
facilitating surgical access remain priorities that may jus-
tify hypocapnia. Yet hyperventilation is potentially del-
eterious and should not be overused. Hyperventilation 
can result in ischemia,19-29 especially when baseline CBF 
is low,30 as is commonly the case in the first 24 hours after 
injury.31-37 An increased frequency of brain regions with 
very low CBF has been demonstrated in head-injured 
patients who were acutely hyperventilated.19,28,29 In 
addition, low levels of jugular venous oxygen saturation 
(SjvO2) can be increased and lactate levels in the jugular 
venous effluent can be decreased by reducing the degree 
of hyperventilation.21,30,38
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The deleterious effect of hyperventilation is diffi-
cult to prove. Muizelaar and colleagues22 performed a 
study that included a near normocapnic group in which 
Paco2 was maintained at approximately 35 mm Hg, and 
a hypocapnic group in which Paco2 was maintained in 
the vicinity of 25 mm Hg. Outcomes at 3 and 6 months 
after injury were not different. However, in a subset of 
patients with the best initial motor scores, outcome was 
better in the normocapnic group. These patients with 
good motor scores probably represented a subgroup in 
which the severity of injury was such that, although they 
needed tracheal intubation, their clinical condition may 
have been such that hyperventilation was not necessarily 
required for control of ICP and who therefore had little to 
gain from hyperventilation. Thus “prophylactic” hyper-
ventilation seemed inadvisable. That conclusion has been 
extrapolated far beyond the circumstances of relatively 
mild TBI.

Hyperventilation should not be an automatic com-
ponent of every “neuroanesthetic.” There should be an 
indication for its institution (usually increased or uncer-
tain ICP or the need to improve conditions in the surgi-
cal field, or both). Hyperventilation has the potential to 
cause an adverse effect and should be withdrawn as the 
indication for it subsides. The concern regarding the haz-
ards of hypocapnia, which evolved in the context of TBI, 
has influenced all of neurosurgery. In particular, it is now 
widely avoided in the management of SAH because of the 
low CBF state that is known to occur.39 In addition, brain 
tissue beneath retractors can have a similarly reduced 
CBF.24,40 However, hyperventilation, used as briefly as 
possible, is still very much a component of “rescue ther-
apy,” when herniation is imminent or in progress, or 
when conditions in the surgical field are too difficult to 
allow surgery to proceed.

Duration of Hypocapnia-Induced Reduction 
in Cerebral Blood Flow
The effect of hypocapnia on CBF is not sustained. Figure 
70-6 is a nonquantitative representation of changes in 
CBF and CSF pH occurring in association with a sustained 
period of hyperventilation. With the onset of hyperven-
tilation, the pH of both CSF and the brain’s extracellular 
fluid space increases, and CBF decreases abruptly. How-
ever, the cerebral alkalosis is not sustained. By alterations 
in function of the enzyme carbonic anhydrase, the con-
centration of bicarbonate in CSF and the brain’s extracel-
lular fluid space is reduced, and in a time course of 8 to 12 
hours, the pH of these compartments returns to normal.41 
Simultaneously, CBF returns toward normal levels.41,42 
The implications are twofold. First, patients should be 
hyperventilated for only as long as a reduction in brain 
volume is required. Prolonged but unnecessary hyperven-
tilation can lead to a circumstance wherein subsequent 
clinical events call for additional maneuvers to reduce 
the volume of the intracranial contents and incremental 
hyperventilation is not feasible. If, after adaptation, Paco2 
is already in the 23 to 25 mm Hg range, additional hyper-
ventilation may risk pulmonary barotrauma. Second, in 
a patient who has been hyperventilated for a sustained 
period (e.g., 2 days in an ICU setting), restoration of Paco2 
from values in the vicinity of 25 mm Hg to typical normal 
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values (e.g., 40 mm Hg) should ideally be accomplished 
slowly. A sudden increase in Paco2 from 25 to 40 mm 
Hg in a patient who has been chronically hyperventilated 
will have the same physiologic effect that a rapid change 
from 40 to 55 mm Hg would have in a previously normo-
capnic patient.

If hypocapnia has been required as an adjunct to 
brain relaxation during craniotomy, Paco2 should also 
be allowed to increase once the retractors are removed 
(if dural closure requirements permit) to minimize the 
residual intracranial pneumatocele (see the section on 
Pneumocephalus).

MANAGEMENT OF ARTERIAL BLOOD 
PRESSURE

Acceptable arterial blood pressure limits should similarly 
be agreed on at the beginning of a neurosurgical proce-
dure. One of the prominent themes of contemporary 
neurosurgery is that CPP should be maintained at normal 
or even high-normal levels after acute central nervous 
system insults and during most intracranial neurosurgi-
cal procedures. This concept has evolved from the grow-
ing appreciation that CBF is frequently very low in some 
brain regions after acute neurologic insults, in particu-
lar TBI and SAH. Two additional factors should be con-
sidered. The first is that the autoregulatory response to 
decreasing blood pressure may not be intact throughout 
the brain. Figure 70-7 depicts the ischemic hazard that 
attends the circumstance of a low resting CBF and absent 
autoregulation even at blood pressure levels considered 
safe when autoregulation is intact. In addition, mainte-
nance of arterial pressure is also relevant to brain com-
pressed under retractors24 because the effective perfusion 
pressure is lowered by increased local tissue pressure.

Although the only supportive data are anecdotal, we 
nonetheless believe that an aggressive attitude toward 
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Figure 70-6. Partial pressure of carbon dioxide in the arterial 
blood (Paco2), cerebral blood flow (CBF), and cerebrospinal fluid 
(CSF) pH changes with prolonged hyperventilation. Although the 
decreased arterial Paco2 (and the systemic alkalosis) persists for the 
duration of the period of hyperventilation, the pH of the brain and CBF 
return toward normal over 8 to 12 hours.
 arterial blood pressure support should also be given to 

patients who have sustained a recent spinal cord injury, 
to a spinal cord that is under compression or at risk for 
compression or vascular compromise because of a disease 
process (most commonly cervical spinal stenosis with or 
without ossification of the posterior longitudinal ligament) 
or an intended surgical procedure, and to those patients 
undergoing surgery involving retraction of the spinal cord. 
We believe that arterial blood pressure during anesthesia in 
these patients should be maintained as closely as possible 
to, and certainly within, 10% of average awake values.

STEROIDS

The administration of steroids for the purpose of reducing 
or limiting the formation of edema has a well-established 
place in neurosurgery. The efficacy of steroids in reduc-
ing the edema and increased blood-brain barrier (BBB) 
permeability associated with tumors (and only tumors) 
is well confirmed.43-46 Although the time course of this 
effect is relatively rapid, it is too slow for the management 
of acute intraoperative events. However, administration 
beginning 48 hours before an elective surgical procedure 
has the potential to reduce edema formation and improve 
the clinical condition by the time of craniotomy.43,47,48 
Although clinical improvement occurs within 24 hours,47 
a reduction in ICP may not occur for 48 to 72 hours after 
the initiation of therapy.47 Steroids somehow improve 
the viscoelastic properties of the intracranial space before 
a reduction in edema occurs, although the mechanism 
remains undefined.48 The practice of administering ste-
roids to patients with TBI has been abandoned as a result 
of controlled trials that demonstrated either no benefit or 
deleterious effects.49

OSMOTHERAPY AND DIURETICS

Hyperosmolar agents and diuretics are used widely in 
neurosurgery and neurocritical care to reduce the vol-
ume of the brain’s intracellular and extracellular fluid 
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Figure 70-7. Normal and absent autoregulation curves. The 
“absent” curve indicates a pressure-passive condition in which cerebral 
blood flow (CBF) varies in proportion to cerebral perfusion pressure 
(CPP). This curve is drawn to indicate subnormal CBF values during 
normotension, as have been shown to occur immediately after head 
injury21 and subarachnoid hemorrhage.39 The potential for modest 
hypotension to cause ischemia is apparent. MAP, Mean arterial pressure.
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compartments. Both osmotic and loop diuretics have 
been used. Although loop diuretics can be effective,50 
hyperosmolar agents are more widely used.

Mannitol
Mannitol is used most commonly intraoperatively 
because of its long history of rapid and effective reduc-
tion of brain volume. The doses vary from 0.25 g/kg to 
100 g “for all comers”; 1.0 g/kg is the most common dose. 
However, a systematic study in TBI demonstrated that an 
equivalent initial ICP-reducing effect can be achieved 
with 0.25 g/kg, although that effect cannot be as sus-
tained as when larger doses are used.51 Others use doses 
greater than 1.0 g/kg.52 Mannitol should be administered 
by infusion (e.g., over 10 to 15 minutes). Sudden expo-
sure of the cerebral circulation to extreme hyperosmo-
larity can have a vasodilatory effect, which can produce 
brain engorgement and increased ICP, both of which do 
not occur with slower administration.

Mannitol enters the brain and, over a reasonably short 
time course, appears in the CSF space.53 The possibility 
that the mannitol that gains access to the parenchyma 
aggravates swelling has resulted in varying degrees of 
reluctance among clinicians to administer mannitol.54 
Most clinicians nonetheless find it to be a mainstay of 
ICP management. Is it only effective when some degree 
of BBB integrity is preserved in a significant portion of 
the brain? Clinicians respond to this concern by mak-
ing empirical use of this agent; that is, if it is effective 
in reducing ICP or improving conditions in the surgical 
field, repeated doses are administered. The use of hyperos-
molar agents is theoretically limited by an upper accept-
able osmolarity limit of approximately 320 mOsm/L 
(although the data supporting the validity of that limit is 
“soft”55). However, in life-threatening situations, the use 
is frequently empirical, and incremental doses (e.g., 12.5 
g of mannitol) are administered until a clinical response 
is no longer observed.

Hypertonic Saline
In the critical care environment (see Chapter 105), the use 
of hypertonic saline (HTS) in place of mannitol is increas-
ing.56 Although the initial ICP effects of equiosmolar 
doses of mannitol and HTS are very similar,57-60 HTS may 
have some advantages in the ICU, where repeated admin-
istration makes the adverse effects (e.g., diuresis, renal 
injury) more likely to have clinical significance. In addi-
tion, there are anecdotal reports of HTS being effective in 
patients who were refractory to mannitol.61,62 Although 
there is enthusiasm for HTS,61,63,64 supporting data are 
limited.65 Furthermore, because of the variations in HTS 
concentrations (3%, 7.5%, 15%, 23.4%) and osmolar 
loads in the various studies, it is difficult to make specific 
recommendations.

Diuretic Combinations
The combination of a loop diuretic (usually furosemide) 
and an osmotic diuretic is sometimes used. The superfi-
cial rationale is that mannitol establishes an osmotic gra-
dient that draws fluid out of brain parenchyma and that 
the furosemide, by hastening excretion of water from the 
intravascular space, facilitates the maintenance of that 
gradient. A second mechanism may add additional justi-
fication for the practice of combining the two diuretics. 
Neurons and glia have homeostatic mechanisms to ensure 
regulation of cell volume. Neurons and glia that shrink in 
response to an increased osmolarity in the external envi-
ronment recover their volume rapidly as a consequence 
of the accumulation of so-called idiogenic osmoles, which 
serve to minimize the gradient between the internal and 
external environments. One of those idiogenic osmoles 
is chloride. Loop diuretics inhibit the chloride channel 
through which this ion must pass and thereby retard the 
normal volume-restoring mechanism.66,67 These diuretic 
combinations may cause hypovolemia and electrolyte 
disturbances.

The normal volume regulatory mechanisms of neu-
rons and glia may also be relevant to the phenomenon 
of rebound swelling. Rebound is commonly attributed to 
the prior use of mannitol and assumed to be a function of 
the accumulation of mannitol in cerebral tissue. Although 
possible, the rebound may in fact be hypertonic rebound 
rather than mannitol rebound. After a sustained period 
of hyperosmolarity of any etiology, rebound swelling 
of neurons and glia (which have accumulated idiogenic 
osmoles) may occur in the event that systemic osmolarity 
decreases rapidly toward normal levels. Rebound cerebral 
swelling can certainly occur after an episode of extreme 
increase in blood glucose concentration. The use of HTS 
rather than mannitol will not obviate this phenomenon.

ANTICONVULSANTS

The general principle is that any acute irritation of the 
cortical surface has the potential to result in seizures. 
This includes acute neurologic events such as TBI and 
SAH.68,69 Cortical incisions and brain surface irritation by 
retractors may similarly be potential foci. Given the rela-
tively benign nature of contemporary anticonvulsants 
(e.g., levetiracetam), routine administration to patients 
undergoing most supratentorial craniotomies, as well as 
to patients who have sustained a significant recent TBI68 
or a SAH, seems appropriate in the absence of a contra-
indication. There is no necessity for rapid administration 
because the intention is to prevent seizures during the 
postoperative period.

POSITIONING

The intended surgical position and the necessary posi-
tioning aids should be agreed upon at the outset. The 
commonly used positions and positioning aids and sup-
ports are listed in Box 70-5 (see Chapter 41).

General Considerations
The prolonged duration of many neurosurgical procedures 
should be taken into account in all positions. Pressure 
points should be identified and padded carefully. Pressure 
and traction on nerves must be avoided. Given the high 
risk of thromboembolic complications in neurosurgical 
patients, precautions including support hose and sequen-
tial compression devices are warranted. For cranial proce-
dures, some component of head-up posturing (e.g., 15 to 
20 degrees) is used to ensure optimal venous drainage. 



PART V: Adult Subspecialty Management2166

The conspicuous exception occurs with evacuation of a 
chronic subdural hemorrhage, after which patients are 
usually nursed flat to discourage reaccumulation of fluid. 
Patients are occasionally also maintained flat after CSF 
shunting to avoid overly rapid collapse of the ventricles.

Supine
The supine position is used with the head neutral or 
rotated for frontal, temporal, or parietal access. Extremes 
of head rotation can obstruct the jugular venous drainage, 
and a shoulder roll can attenuate this problem. The head 
is usually in a neutral position for bifrontal craniotomies 
and transsphenoidal approaches to the pituitary. The 
head-up posture is best accomplished by adjusting the 
operating table to a chaise longue (lawn chair) position 
(flexion, pillows under the knees, slight reverse Tren-
delenburg). This orientation, in addition to promoting 
cerebral venous drainage, decreases back strain.

Semilateral
The semilateral position, also known as the Jannetta posi-
tion, named after the neurosurgeon who popularized its 
use for microvascular decompression of the fifth cranial 
nerve, is used for retromastoid access. It is achieved by 
lateral tilting of the table 10 to 20 degrees combined with 
a generous shoulder roll. Again, extreme head rotation, 
sufficient to cause compression of the contralateral jugu-
lar vein by the chin, should be avoided.

Lateral
The lateral position can be used for access to the posterior 
parietal and occipital lobes and the lateral posterior fossa 
including tumors at the cerebellopontine angle and aneu-
rysms of the vertebral and basilar arteries. An axillary roll 
is important for preventing brachial plexus injury.

Prone
The prone position is used for spinal cord, occipital lobe, 
craniosynostosis, and posterior fossa procedures. The 
prone position has also been aptly referred to as the Con-
corde position, because for cervical spine and posterior 
fossa procedures, the final position commonly entails 

Positions

 •  Supine
 •  Lateral (park bench)
 •  Semi-lateral (Jannetta)
 •  Prone
 •  Sitting

Positioning Aids/suPPorts

 •  Pin (“Mayfield”) head holder
 •  Radiolucent pin head holder
 •  Horseshoe head rest
 •  Foam head support (e.g., Voss, O.S.I., Prone-View)
 •  Vacuum mattress (“bean bag”)
 •  Wilson-type frame
 •  Andrews (“hinder binder”)-type frame
 •  Relton-Hall (four-poster) frame  

BOX 70-5 Common Neurosurgical Positions 
and Positioning Aids
neck flexion, reverse Trendelenburg, and elevation of the 
legs. This orientation serves to bring the surgical field to a 
horizontal position. There should be a plan for detaching 
and reattaching monitors in an orderly manner to pre-
vent an excessive monitoring “window.” Awake tracheal 
intubation and prone positioning may be warranted in 
patients with an unstable cervical spine in whom an 
unchanged neurologic status should be confirmed before 
induction of anesthesia in the final surgical position. This 
approach is also sometimes performed in obese patients.

The head can be secured in a pin head holder (applied 
before the turn) or positioned on a disposable foam head 
rest or, less frequently, a horseshoe head rest. A complica-
tion of the prone position, which requires constant atten-
tion, is retinal ischemia and blindness caused by orbital 
compression causing central retinal vessel occlusion. It 
must be intermittently confirmed (i.e., every 15 minutes) 
and after any surgery-related head or neck movement that 
pressure has not come to bear on the eye. However, not 
all postoperative vision loss (POVL) is a result of direct 
orbital compression (see Chapter 100). Ischemic optic 
neuropathy actually appears to be a more frequent cause 
of POVL than pressure-causing occlusion of central reti-
nal vessels. The cause-and-effect relationships associated 
with ischemic optic neuropathy are uncertain, but low 
arterial pressure, low hematocrit level, lengthy surgical 
procedures, and large intravascular volume fluid admin-
istration are statistically associated with the phenom-
enon.70 POVL is discussed extensively in Chapter 100.

Direct pressure can also result in various degrees of 
pressure necrosis of the forehead, maxillae, and chin, 
especially with prolonged spinal procedures. Pressure 
should be distributed as evenly as possible over facial 
structures. Other pressure points to check include the axil-
lae, breasts, iliac crests, femoral canals, genitalia, knees, 
and heels. When the arms are placed in the “stick ‘em up” 
position, traction on the brachial plexus must be avoided. 
That can usually be accomplished by not exceeding a 
“90-90” position (arms abducted not >90 degrees; elbows 
extended not >90 degrees) with care taken to ensure that 
the elbow is anterior to the shoulder to prevent wrapping 
of the brachial plexus around the head of the humerus. 
An antisialagogue (e.g., glycopyrrolate) and an adhesive 
(e.g., benzoin) may help reduce loosening of the tape 
used to secure the endotracheal tube.

An objective during prone positioning, especially for 
lumbar spine surgery, is the avoidance of compression of 
the inferior vena cava. Impairment of vena cava return 
diverts blood to the epidural plexus and increases the 
potential for bleeding during spinal surgery. Minimizing 
vena cava pressure is an objective of all spinal surgery 
frames and is accomplished effectively by the Wilson, 
Andrews, and Jackson variants. However, this does intro-
duce a risk of air embolism,71,72 although severe clinical 
occurrences have been very infrequent.73

There should be attention to preventing injury to the 
tongue in the prone position. With both cervical and 
posterior fossa procedures, it is frequently necessary to 
flex the neck substantially to facilitate surgical access. 
This reduces the anterior-posterior dimension of the oro-
pharynx, and compression ischemia of the base of the 
tongue (as well as the soft palate and posterior wall of 
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the pharynx) can occur in the presence of foreign bodies 
(endotracheal tube, esophageal stethoscope, oral airway). 
The consequence can be macroglossia, caused by accumu-
lation of edema after reperfusion of the ischemic tissue 
causing airway obstruction of rapid onset after extuba-
tion (discussed later). Accordingly, placing unnecessary 
paraphernalia in the oral cavity and pharynx should 
be avoided. Omitting the oral airway entirely is unwise 
because the tongue may then protrude between and be 
trapped by the teeth as progressive swelling of facial struc-
tures occurs during a prolonged prone procedure. A rolled 
gauze bite block prevents this problem without adding 
bulk to the oropharynx.

Sitting
There have been several reviews of large experiences with 
the sitting position.74-78 All concluded that the sitting 
position can be used with acceptable rates of morbidity 
and mortality. However, these reports were prepared by 
groups that perform 50 to 100 or more of these proce-
dures per year, and the hazards of the sitting position may 
be more frequent for teams who have fewer occasions to 
use it. The sitting position can be avoided by using one of 
its alternatives (prone, semilateral, lateral). However, this 
position will continue to be used because even surgeons 
who are inclined to use alternative positions may opt for 
it when access to midline structures (e.g., the quadrigemi-
nal plate, the floor of the fourth ventricle, the pontomed-
ullary junction, and the vermis) is required. Nonetheless, 
alternative positions for posterior fossa surgery are avail-
able and should be considered when contraindications to 
the sitting position exist.

achieviNg the SittiNg PoSitioN. The properly positioned 
patient is more commonly in a modified recumbent posi-
tion as shown in Figure 70-8 rather than truly sitting. The 
legs should be kept as high as possible (usually with pil-
lows under the knees) to promote venous return. Ideally, 
the head holder should be attached to the back portion 
of the table (see Fig. 70-8, A) rather than to the portions 
under thighs or legs79 (see Fig. 70-8, B). This permits low-
ering of the head and closed chest massage if necessary, 
without the necessity of first taking the patient out of the 
head holder.

When procedures are performed in the sitting posi-
tion, the clinician should think in terms of measuring 
and maintaining perfusion pressure at the level of the 
surgical field. This is best accomplished by referencing 
transducers to the level of the external auditory canal. If 
a manual blood pressure cuff on the arm is used, a correc-
tion* to allow for the hydrostatic difference between the 
arm and the operative field should be applied.

A series of hazards are associated with the sitting posi-
tion. Circulatory instability, macroglossia, and quadri-
plegia are discussed in this section. Pneumocephalus is 
discussed in its own section. Venous air embolism (VAE) 
and paradoxical air embolism (PAE) are discussed in 
Venous Air Embolism. Several of these hazards are also rel-
evant when cervical spine and posterior fossa procedures 

* A column of blood 32 cm high exerts a pressure of 25 mm Hg.
are performed in nonsitting positions but occur with 
greater frequency in the sitting position.

cardiovaScular effectS of the SittiNg PoSitioN. Hypo-
tension should be avoided. Prepositioning hydration; 
compressive stockings; and slow, incremental adjustment 
of table position are appropriate. Intravenous vasopressor 
administration may be required in some patients. However, 
in most healthy subjects the hemodynamic changes are of 
a nonthreatening magnitude. In a study of healthy anes-
thetized adult subjects ages 22 to 64 years old,  Marshall80 
observed relatively modest changes. Mean arterial blood 
pressure was relatively unaffected, whereas wedge pres-
sure, stroke volume, and cardiac index decreased—the 
latter by approximately 15%—although there was some 
variation with the anesthetics used. The combination of 
an unchanged MAP (which in general requires the use of 
a light, high sympathetic tone anesthetic) and a reduced 
cardiac index implies that systemic vascular resistance 
(SVR) increased. Their calculations and the observations 
of other investigators81 reveal significant increases in SVR. 
For patients in whom an abrupt increase in SVR may be 
poorly tolerated, the sitting position may represent a phys-
iologic threat and alternative positions should be consid-
ered. A pulmonary artery catheter may be warranted only 
when there is clinical or historical evidence of antecedent 
coronary artery or valvular heart disease.

During procedures performed in the sitting position, 
MAP should be transduced at or corrected to head level 
to provide a meaningful index of CPP. Specifically, CPP 
(MAP − Estimated ICP) should be maintained at a mini-
mum value of 60 mm Hg in healthy patients in whom 
it is reasonable to assume a normal cerebral vasculature. 

B

A

Figure 70-8. The sitting position. The patient is typically semire-
cumbent rather than sitting. A, The head-holder support is correctly 
positioned so that the head can be lowered without the necessity to 
first detach the head holder. B, This configuration, with the support 
attached to the thigh portion of the table, should be avoided. (From 
Martin JT: Positioning in anesthesia and surgery, Philadelphia, 1988, 
Saunders, with permission.)
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The safe lower limit should be raised for elderly patients, 
for those with hypertension or known cerebral vascu-
lar disease, or for those with degenerative disease of the 
cervical spine or cervical spinal stenosis who may be at 
risk for decreased spinal cord perfusion, and in the event 
that substantial or sustained retractor pressure must be 
applied to brain or spinal cord tissue.

macrogloSSia. There have been sporadic reports of upper 
airway obstruction after posterior fossa procedures in 
which swelling of pharyngeal structures, including the 
soft palate, posterior pharyngeal wall, and base of the 
tongue, has been observed.46,82 These episodes have been 
attributed to edema formation at the time of reperfu-
sion after trauma or prolonged ischemia, occurring as 
the result of foreign bodies (usually oral airways) caus-
ing pressure on these structures in the circumstances of 
lengthy procedures with sustained neck flexion (which 
is usually required to improve access to posterior struc-
tures). It is customary to maintain at least two finger-
breadths between the chin/mandible and the sternum/
clavicle to prevent excessive reduction of the anterior-
posterior diameter of the oropharynx. In addition, it is 
our practice to position patients with the oral airway in 
place and then, once the final head position is achieved, 
withdraw it and replace it with a gauze roll between the 
teeth. Consideration of the macroglossia phenomenon 
may also be relevant as clinicians contemplate the use 
of transesophageal echocardiography (TEE) in the neuro-
surgery suite. The centers that routinely use TEE in neu-
rosurgery mostly use pediatric diameter probes to avoid 
trauma to pharyngeal and perilaryngeal structures.

QuadriPlegia. The sitting position has been implicated 
as a cause of rare instances of unexplained postoperative 
quadriplegia. It has been hypothesized83 that the neck 
flexion that is a common concomitant of the seated 
position may result in stretching or compression of the 
cervical spinal cord. This possibility may represent a 
relative contraindication to the use of this position in 
patients with significant degenerative disease of the cer-
vical spine, especially when there is evidence of associ-
ated cerebral vascular disease. The arterial blood pressure 
management implications are mentioned in the preced-
ing section on cardiovascular effects. It may also repre-
sent a justification for somatosensory evoked response 
monitoring during the positioning phase of a sitting 
procedure for patients perceived to be at high risk. (Also 
see Chapter 49.)

PNEUMOCEPHALUS

The issue of pneumocephalus arises most often in con-
nection with posterior fossa craniotomies performed 
with a head-up posture.84,85 During these procedures, air 
may enter the supratentorial space, much as air enters an 
inverted pop bottle. Depending on the relationship of the 
brainstem and temporal lobes to the incisura, the pressure 
in the air collection may or may not be able to equili-
brate with atmospheric pressure. This phenomenon has 
relevance to the use of N2O because any N2O that enters a 
trapped gas space augments the volume of that space. In 
those (probably uncommon) intraoperative circumstances 
where there is, in fact, a completely closed intracranial gas 
space, the use of N2O may result in an effect comparable 
with that of an expanding mass lesion. We do not view 
N2O as absolutely contraindicated because, before dural 
closure, intracranial gas is probably only rarely trapped. 
Nonetheless, attention to this possibility is important 
when one is presented with the problem of an increasingly 
“tight” brain during a posterior fossa craniotomy.86,87

During a posterior fossa procedure done in a head-up 
posture, when surgical closure has reached a stage such 
that the intracranial space has been completely sealed 
from the atmosphere, N2O should be omitted because 
of the possibility of contributing to a tension pneumo-
cephalus. Note that the use of N2O up to the point of 
dural closure may actually represent a clinical advan-
tage88 because the gas pocket can be expected to shrink 
more rapidly because of the presence of N2O (because 
N2O diffuses much more quickly than nitrogen). Tension 
pneumocephalus is often naively viewed as exclusively a 
function of the use of N2O. However, tension pneumo-
cephalus can most certainly occur as a complication of 
intracranial neurosurgery entirely unrelated to the use of 
N2O.89 It is one of the causes of delayed awakening or 
nonawakening after both posterior fossa and supratento-
rial procedures (Fig. 70-9).89,90 It occurs because air enters 
the cranium when the patient is in a head-up position at 
a time when the volume of the intracranial contents has 
been reduced because of some combination of hypocap-
nia, good venous drainage, osmotic diuresis, and CSF loss 
from the operative field. When the cranium is closed and 
the patient is returned to the near supine position, CSF, 

Figure 70-9. Postoperative computed tomographic scan demon-
strating a large pneumocephalus after a subfrontal approach to a 
suprasellar glioma. Immediately postoperatively, the patient was con-
fused and agitated, and he complained of a severe headache.



venous blood volume, and extracellular fluid return or 
reaccumulate and the air pocket becomes an unyielding 
mass lesion (because of the very slow diffusion of nitro-
gen). It may cause delayed recovery of consciousness or 
severe headache. Among supratentorial craniotomies, the 
largest residual air spaces occur after frontal skull base pro-
cedures in which energetic brain relaxation measures are 
used to facilitate subfrontal access (see Fig. 70-9). At the 
end of these procedures, typically done in a supine/brow-
up position, the intracranial dead space cannot be filled 
with normal saline as is commonly done with smaller 
craniotomy defects, and there may be a large residual 
pneumatocele. We doubt that the possible occurrence of 
this phenomenon represents a contraindication to N2O. 
However, withdrawal of N2O may be appropriate at the 
time of scalp closure. The diagnosis of pneumocephalus 
is established by a brow-up lateral radiography or, more 
commonly, a CT scan. The treatment is a twist-drill hole 
followed by needle puncture of the dura.

Residual intracranial air should be considered at the 
time of repeat anesthesia, both neurosurgical and non-
neurosurgical. Air frequently remains evident on CT scan 
for more than 7 days after a craniotomy.91 Pneumocepha-
lus can also develop de novo in the postoperative period 
in patients who have a residual dural defect and a com-
munication between the nasal sinuses and the intracra-
nial space.92

VENOUS AIR EMBOLISM

The rate of occurrence of VAE varies according to the 
procedure, the intraoperative position, and the detec-
tion method used. During posterior fossa procedures 
performed in the sitting position, VAE is detectable by 
precordial Doppler in approximately 40% of patients and 
by TEE in as much as 76%.93-96 The incidence of VAE dur-
ing posterior fossa procedures performed in nonsitting 
positions is much less (12% using precordial Doppler in 
the report of Black and colleagues76), and it is probable 
but unproven that the average volume of air entrained 
per event is also smaller. The rate of VAE is apparently 
lower with cervical laminectomy (25% using TEE in the 
sitting position versus 76% for posterior fossa proce-
dures95). Although VAE is principally a hazard of poste-
rior fossa and upper cervical spine procedures, especially 
when they are performed in the sitting position, it can 
occur with supratentorial procedures. The most common 
situations involve tumors, most often parasagittal or fal-
cine meningiomas, that encroach on the posterior half of 
the sagittal sinus (Fig. 70-10) and craniosynostosis proce-
dures, typically performed in children.97,98 Pin sites can 
also serve as VAE access sites. Accordingly, pin head hold-
ers should be removed after the patient has been taken 
out of significant degrees of the head-up positioning. 
Spontaneous ventilation (with the attendant intermit-
tent negative intrathoracic pressure) will increase the risk 
of air entrainment. A 6% incidence of Doppler-detectable 
VAE was reported in a recent series of deep-brain stimu-
lator placement procedures performed in spontaneously 
breathing patients.99

The common sources of critical VAE are the major 
cerebral venous sinuses, in particular the transverse, the 
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sigmoid, and the posterior half of the sagittal sinus, all 
of which may be noncollapsible because of their dural 
attachments. Air entry may also occur via emissary veins, 
particularly from suboccipital musculature, via the diploic 
space of the skull (which can be violated by both the 
craniotomy and pin fixation) and the cervical epidural 
veins. It is believed (but not confirmed by systematic 
study) that the VAE risk associated with cervical laminec-
tomy is more likely when the exposure requires dissec-
tion of suboccipital muscle with the potential to open 
emissary veins to the atmosphere at their point of entry 
into occipital bone. There is also anecdotal evidence100 
that air under pressure in the ventricles or subdural space 
can occasionally enter the venous system, perhaps along 
the normal egress route of the CSF.

Detection of Venous Air Embolism
The monitors used for the detection of VAE should pro-
vide (1) a high level of sensitivity, (2) a high level of 
specificity, (3) a rapid response, (4) a quantitative mea-
sure of the VAE event, and (5) an indication of the course 
of recovery from the VAE event. The combination of a 
precordial Doppler and expired CO2 monitoring meets 
these criteria and is the current standard of care. Doppler 
placement in a left or right parasternal location between 
the second and third or third and fourth ribs has a very 
high detection rate for gas embolization,101 and when 
good heart tones are heard, maneuvers to confirm ade-
quate placement appear to be unnecessary. The TEE is 

Figure 70-10. Axial (top) and coronal (bottom) magnetic resonance 
images of a parasagittal meningioma. Resection of meningiomas 
arising from the dural reflection overlying the sagittal sinus or from the 
dura of the adjacent convexity or falx often entails a risk of venous air 
embolism because of the proximity of the sagittal sinus (the triangular 
structure at the superior end of the interhemispheric fissure in the bot-
tom panel).
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more sensitive than the precordial Doppler (Fig. 70-11) to 
VAE102 and offers the advantage of also identifying right-
to-left shunting of air. However, its safety during pro-
longed use (especially with pronounced neck flexion) is 
not well established. Expired nitrogen analysis is theoreti-
cally attractive. However, the expired nitrogen concentra-
tions involved in anything less than catastrophic VAE are 
very small and push the available instrumentation to the 
limits of its sensitivity.103

Figure 70-12 presents the physiologic and monitor 
response to an air embolic event, and Box 70-6 offers an 
appropriate management response to such an event.
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Figure 70-11. The relative sensitivity of various monitoring techniques  
to the occurrence of venous air embolism. BP, Blood pressure; CO,  
cardiac output; CVP, central venous pressure; ECG, electrocardiogram; 
ET-CO2, end-tidal carbon dioxide; PAP, pulmonary artery pressure; 
Stetho, esophageal stethoscope; T-echo, transesophageal echo.
Which Patients Should Have a Right  
Heart Catheter?
Essentially, all patients who undergo sitting posterior 
fossa procedures should have a right heart catheter placed. 
Although life-threatening, VAE is relatively uncommon, 
a catheter that permits immediate evacuation of an  
air-filled heart is occasionally the sine qua non for resus-
citation. The latitudes are much wider with the nonsit-
ting positions, and it is frequently appropriate, after 
a documented discussion with the surgeon, to omit 
the right heart catheter. The perceived risks of VAE asso-
ciated with the intended procedure, and the patient’s 
physiologic reserve are the variables that contribute to 
the decision. Microvascular decompression of the fifth 
cranial nerve for tic doloureux or the seventh cranial 
nerve for hemifacial spasm are examples of procedures 

 1.  Prevent further air entry
 •  Notify surgeon (flood or pack surgical field)
 •  Jugular compression
 •  Lower the head
 2.  Treat the intravascular air
 •  Aspirate right heart catheter
 •  Discontinue N2O
 •  Fio2: 1.0
 •  Pressors, inotropes
 •  Chest compression  

BOX 70-6 Management of an Acute Air 
Embolic Event
Figure 70-12. The responses of the 
electrocardiogram (ECG), arterial pres-
sure, pulmonary artery pressure (PAP), 
pan-tidal CO2 concentration, a precor-
dial Doppler and central venous pressure 
(CVP) to the intravenous administration 
of 10 mL of air over 30 seconds to an 
11-kg dog. 30sec.
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for which the right heart catheter is usually omitted. 
The essentially horizontal semilateral position and the 
very limited retromastoid craniectomy that is required 
have resulted (at our institution) in a very low inci-
dence of Doppler-detectable VAE. One should know 
the local surgical practices, particularly with respect to 
the degree of head-up posture, before becoming casual 
about omitting the right atrial catheter. With regard to 
the Jannetta procedure, the necessary retromastoid cra-
niectomy is performed in the angle between the trans-
verse and sigmoid sinuses, and venous sinusoids and 
emissary veins in the suboccipital bone are common. If 
this procedure is performed with any degree of head-up 
posturing, the risk of VAE may still be substantial.

Which Vein Should Be Used for Right  
Heart Access?
Although some surgeons may ask that neck veins not be 
used, a skillfully placed jugular catheter is usually accept-
able. In a very limited number of patients, high ICP may 
make the head-down posture undesirable. In others, 
unfavorable anatomy with an increased likelihood of a 
difficult cannulation and hematoma formation may also 
encourage the use of alternate access sites.

Positioning the Right Heart Catheter
The investigation of Bunegin and colleagues suggested 
that a multi-orificed catheter should be located with the 
tip 2 cm below the superior vena caval–atrial junction 
and a single orificed catheter with the tip 3 cm above 
the superior vena caval–atrial junction.104 Although 
these small distinctions in location may be relevant for 
optimal recovery of small volumes of air when cardiac 
output is well maintained, for the recovery of massive 
volumes of air in the face of cardiovascular collapse, 
anywhere in the right atrium should suffice. Confirma-
tion of right heart placement can be accomplished by 
(1) radiography or (2) intravascular electrocardiography 
(ECG).105 Although there is no literature to support the 
practice, with catheter access via the right internal jugu-
lar vein, a measured placement to the level of the sec-
ond or third right intercostal space should suffice when 
the catheter passes readily. The intravascular electrocar-
diography technique makes use of the fact that an ECG 
“electrode” placed in the middle of the right atrium will 
initially “see” an increasing positivity as the develop-
ing P-wave vector approaches it (Fig. 70-13), and then 
an increasing negativity as the wave of atrial depolar-
ization passes and moves away from it. The resultant 
biphasic P wave is characteristic of an intraatrial elec-
trode position. The technique requires that the CVP 
catheter become an exploring ECG electrode. This is 
accomplished by filling the catheter with an electrolyte 
solution (bicarbonate is best) and attaching an ECG 
lead (the leg lead if lead II is selected) to the hub of 
the CVP catheter. Commercial CVP kits with an ECG 
adapter are available. The ECG configurations that will 
be observed at various intravascular locations are shown 
in Figure 70-13. To minimize the microshock hazard, a 
battery-operated ECG unit is preferable, and any unnec-
essary electrical apparatus should be detached from the 
patient during catheter placement.
Paradoxical Air Embolism
The possibility of the passage of air across the inter-
atrial septum via a patent foramen ovale (PFO), which 
is known to be present in approximately 25% of adults, 
is a concern.106 The risk is major cerebral and coro-
nary morbidity. However, the precise definition of the 
morbidity that can actually be attributed to PAE is 
not clear. Although the minimal pressure required to 
open a probe patent foramen ovale is not known with 
certainty, the necessary gradient may be as much as  
5 mm Hg. In a clinical investigation, Mammoto and col-
leagues observed that PAE occurred only in the context 
of major air embolic events, suggesting that significant 
increases in right heart pressures are an important pre-
disposing factor of the occurrence of PAE.107 Several 
clinical investigations have examined factors that influ-
ence the right atrial pressure (RAP) to left atrial pressure 
(LAP) gradient. The use of PEEP increases the incidence 
of a positive RAP to pulmonary wedge pressure gradi-
ent108 and generous fluid administration (e.g., 2800 mL/
patient versus 1220 mL/control patient109) reduces it. 
As a result, the use of positive end-expiratory pressure 

Bi-phasic P

P

Figure 70-13. Electrocardiogram (ECG) configurations observed 
at various locations when a central venous catheter is used as an 
intravascular ECG electrode. The configurations in the figure will 
be observed when Lead II is monitored and the positive electrode 
(the leg electrode) is connected to the catheter. P indicates the sino-
atrial node. The black arrow indicates the P-wave vector. Note the 
equi-biphasic P wave when the catheter tip is in the mid–right atrial 
position.105
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(PEEP), which was once advocated as a means of pre-
venting air entrainment, was abandoned. Subsequently, 
the practice of more generous fluid administration for 
patients undergoing posterior fossa procedures evolved. 
However, even when mean LAP exceeds mean RAP, PAE 
can still occur because transient reversal of the inter-
atrial pressure gradient can occur during each cardiac 
cycle.110

Some centers have advocated performing bubble 
studies preoperatively with either precordial ECG96 or 
transcranial Doppler (TCD)111 or prepositioning using 
TEE112 to identify patients with a PFO with a view to 
using alternatives to the sitting position in this sub-
population.95,113 Some centers thereafter advocate the 
use TEE to identify paradoxical embolization intraop-
eratively95,114 (see Chapter 46). However, none of these 
practices has become a community-wide standard of 
care.78 Furthermore, because the morbid events attrib-
utable to PAE have been relatively infrequent, surgeons 
who are convinced that the sitting position is optimal 
for a given procedure78 are loath to be dissuaded from 
using it on the basis of what may seem like the very 
minor possibility of an injury to the patient occurring 
by this mechanism.

Transpulmonary Passage of Air
Air can sometimes traverse the pulmonary vascular bed 
to reach the systemic circulation.115-117 Transpulmonary 
passage is more likely to occur when large volumes of 
air are presented to the pulmonary vascular filter.118,119 
In addition, pulmonary vasodilators, including volatile 
anesthetics, may decrease the threshold for transpulmo-
nary passage.118-120 The magnitude of differences among 
anesthetics does not appear to mandate any related “tai-
loring” of anesthetic techniques. However, N2O should 
be discontinued promptly after even apparently minor 
VAE events because of the possibility that air may reach 
the left-sided circulation either via a PFO or the pulmo-
nary vascular bed.

Box 70-6 presents an approach for responding to an 
acute VAE event. It includes raising venous pressure by 
direct compression of the jugular veins. PEEP and the 
Valsalva maneuver were once advocated. However, both 
PEEP108 and the release of a Valsalva maneuver increase 
the risk of PAE, and the relative superiority of jugular 
venous compression in raising cerebral venous pressures 
has been confirmed.121,122 Furthermore, the impairment 
of systemic venous return caused by the sudden applica-
tion of substantial PEEP may be undesirable in the face 
of the cardiovascular dysfunction already caused by the 
VAE event.

It has been recommended that a patient who has sus-
tained a hemodynamically significant VAE should be 
placed in a lateral position with the right side up. The 
rationale is that air will remain in the right atrium, where 
it will not contribute to an air lock in the right ventricle 
and where it will remain amenable to recovery via a right 
atrial catheter. The first difficulty is that this repositioning 
is all but impossible with a patient in a pin head holder. 
In addition, the only systematic attempt to examine the 
efficacy of this maneuver, albeit performed in dogs, failed 
to identify any hemodynamic benefit.123
Nitrous Oxide
Nitrous oxide diffuses into air bubbles trapped in the vas-
cular tree and, accordingly, N2O should be eliminated 
after a clinical VAE event to avoid aggravating the cardio-
vascular impact. As noted earlier, the PAE phenomenon 
adds an additional reason for eliminating N2O after the 
occurrence of VAE. When major VAE occurs, no matter 
how the RAP-LAP gradient was manipulated before the 
event, RAP increases abruptly with respect to LAP,124 and 
major VAE results in an acutely increased risk of PAE in 
patients with a PFO.107 Should N2O be used in patients 
at risk for VAE? Some clinicians may decide that it is the 
“path of least resistance” to simply avoid it and to avoid 
having to worry about the considerations it creates. How-
ever, N2O can be used with the knowledge that it nei-
ther increases the incidence of VAE125 nor aggravates the 
hemodynamic response to VAE provided that it is elimi-
nated when VAE occurs.126

MONITORING

Neurologic monitoring techniques are discussed in Chap-
ter 49. Invasive monitoring is frequently appropriate in 
neurosurgery. Some of the numerous indications for an 
arterial catheter are listed in Box 70-7.

Patients with increased ICP may be intolerant of the 
vascular engorgement associated with sudden hyper-
tension occurring as a consequence of light anesthesia. 
Surgical relief of increased ICP may be associated with 
sudden hypotension as brainstem compression is relieved. 

 •  Elevated intracranial pressure
 •  Ischemia or incipient ischemia of neural tissue
 •  Recent subarachnoid hemorrhage
 •  Recent head injury
 •  Recent spinal cord injury
 •  Intended or possible temporary vessel occlusion
 •  Circulatory instability
 •  Trauma
 •  Spinal cord injury (spinal shock)
 •  Sitting position
 •  Possible barbiturate coma
 •  Possibility of induced hypotension
 •  Possibility of induced hypertension
 •  Anticipated or potential major blood loss
 •  Aneurysm clipping
 •  Arteriovenous malformations
 •  Vascular tumors
 •  Tumors involving or adjacent to major venous sinuses
 •  Craniofacial reconstruction
 •  Extensive craniosynostosis procedures
 •  Anticipated light anesthesia without paralysis
 •  Brainstem manipulation, compression, dissection
 •  Anticipated cranial nerve (CN) manipulation (especially CN V)
 •  Advantageous for postoperative intensive care
 •  Hypervolemic therapy
 •  Head injury
 •  Diabetes insipidus
 •  Incidental cardiac disease  

BOX 70-7 Relative Indications for Intraarterial 
Pressure Monitoring
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Beat-by-beat arterial pressure monitoring also serves as an 
important depth of anesthesia monitoring and as a neu-
rologic injury early warning system. Much of the brain 
is insensate. As a consequence, the intracranial portion 
of many neurosurgical procedures is not very stimulat-
ing and, to achieve circulatory stability, relatively light 
anesthesia is often necessary. There should be constant 
attention to the possibility of sudden arousal (most often 
associated with cranial nerve traction or irritation). This 
is especially important when paralysis is precluded by the 
use of electromyographic recording from facial muscles to 
monitor cranial nerve integrity. Blood pressure responses 
may reveal imminent arousal; they may also serve to 
warn a surgeon of excessive or unrecognized irritation, 
traction, or compression of neurologic tissue. These occur 
most often with posterior fossa procedures involving 
brainstem or cranial nerves, and abrupt changes should 
be reported to the surgeon immediately.

The use of right heart catheters for air retrieval is 
discussed in the section Venous Air Embolism. In the 
absence of VAE risk and in the presence of good periph-
eral venous access, we rarely place right heart catheters 
for neurosurgical procedures. Antecedent cardiac disease 
may justify a pulmonary arterial catheter. The use of the 
precordial Doppler is also described in the section Venous 
Air Embolism.

INTRAVENOUS FLUID MANAGEMENT

The general principles of fluid management for neurosur-
gical anesthesia are (1) maintain normovolemia and (2) 
avoid reduction of serum osmolarity. The first principle 
is a derivative of the concept presented in the section 
“Management of Arterial Blood Pressure,” which is that 
it is generally ideal to maintain a normal MAP in patients 
undergoing most neurosurgical procedures and neurosur-
gical critical care. Maintaining normovolemia is simply 
one element of maintaining a normal MAP. The second 
principle is a derivative of the observation that lowering 
serum osmolarity results in edema of both normal and 
abnormal brain.127,128 Administering fluids that provide 
free water (i.e., fluids that do not have sufficient non-
glucose solutes to render them iso-osmolar with respect 
to blood) lowers serum osmolarity if the amount of free 
water administered is in excess of that required to main-
tain ongoing free water loss. Normal saline and lactated 
Ringer solution are the fluids most often used intraopera-
tively. At 308 mOsm/L, normal saline is slightly hyperos-
molar with respect to plasma (295 mOsm/L). It has the 
disadvantage that large volumes can cause hyperchlore-
mic metabolic acidosis.129 The physiologic significance of 
this acidosis, which involves the extracellular but not the 
intracellular fluid space, is unclear. At a minimum, it has 
the potential to confuse the diagnostic picture when aci-
dosis is present. As a result, many clinicians use predomi-
nately lactated Ringer solution. Although lactated Ringer 
solution (273 mOsm/L) is in theory not ideal for replace-
ment of blood and third space loss or insensible losses, it 
serves as an entirely reasonable compromise for meeting 
both needs simultaneously and is very suitable in most 
instances. It is a hypo-osmolar fluid, and in a healthy 
experimental animal, it is possible to reduce serum 
osmolarity and produce cerebral edema with a large vol-
ume of lactated Ringer solution.128 In the setting of large-
volume fluid administration (e.g., significant blood loss, 
multiple trauma), it is the authors’ practice to alternate, 
liter by liter, lactated Ringer solution, and normal saline.

The crystalloid versus colloid discussion is a recur-
rent one. It arises most commonly in the context of the 
patient with TBI. Although there are numerous fervent 
beliefs regarding this issue, there has in fact been only 
a single demonstration that the reduction of colloid 
oncotic pressure (COP) in the absence of a change of 
osmolarity can actually contribute to an augmentation 
of cerebral edema in the setting of experimental head 
injury.130 The transcapillary membrane pressure gradi-
ents that can be produced by reduction of COP are in 
fact very small by comparison of those created by changes 
in serum osmolarity. Nonetheless, it appears that those 
small gradients, probably in the setting of an experimen-
tal BBB injury of intermediate severity, have the poten-
tial to augment edema. A fluid administration pattern 
should be selected that, in addition to maintaining nor-
mal serum osmolarity, prevents substantial reductions 
in COP. For the majority of elective craniotomies, which 
entail only modest fluid administration, this does not 
require the administration of colloid solutions. However, 
in situations requiring substantial volume administration 
(e.g., multiple trauma, aneurysm rupture, cerebral venous 
sinus laceration, filling pressure support during barbitu-
rate coma), a combination of isotonic crystalloid and col-
loid may be appropriate.

Which Colloid Solutions Should Be Used?
Colloid administration has created increasing concern 
about not only its efficacy but its safety (as discussed in 
Chapter 61). Based on empirical local experience, we view 
albumin to be a reasonable choice. However, there are con-
flicting opinions and cross-currents in the literature (espe-
cially noted in Chapter 61). An analysis of the subset of 
patients in the SAFE (Saline versus Albumin Fluid Evalu-
ation) trial with severe TBI (Glasgow Coma Scale [GCS] 
score, 3 to 8) revealed increased mortality among those 
who received albumin.131 However, there are several rea-
sons to be suspicious of that conclusion. First, SAFE trial 
patients were not originally randomized on the basis of 
TBI characteristics and, by chance, there were imbalances 
in TBI-related characteristics that appear to have placed 
the albumin group at greater risk.132 Second, the 4% albu-
min solution used was hypo-osmolar (274 mOsm/L) and 
might have been expected to aggravate edema.133 Fur-
thermore, there is no compelling physiologic explanation 
for an albumin-specific hazard. The formation of cerebral 
edema that is more difficult to clear is an inevitable sus-
picion.134 However, if valid, that should be a class effect 
relevant to all colloids (including fresh frozen plasma and 
starches) rather than being albumin specific. Furthermore, 
albumin has been used in TBI by others with no evidence 
of adverse effects.135,136 In addition, in contrast to alleged 
adverse effects in the context of TBI are suspected benefi-
cial effects in two other cerebral injury conditions, SAH and 
stroke, both of which are the subject of ongoing phase III 
clinical trials.137,138 At best, the existing literature may jus-
tify consideration of limiting albumin volumes in patients 
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with severe head injury. The indications and concerns for 
colloids, and especially albumin administration, have been 
recently expressed (see Chapter 61).

The various starch-containing solutions should be 
used cautiously in neurosurgery because, in addition to a 
dilutional reduction of coagulation factors, they interfere 
directly with both platelets and the factor VIII complex.139 
The coagulation effects are proportional to the average 
molecular weight and the hydroxyethyl group substitution 
ratio of the starch preparation (also see Chapters 61 and 
62). There have been several reported instances of bleed-
ing in neurosurgical patients that were attributed to hetas-
tarch administration. However, all of those have involved 
circumstances in which the manufacturer’s recommended 
dosage limit was exceeded140 or in which the starch was 
administered up to the recommended limit on successive 
days, probably resulting in an accumulation effect.141 The 
latitudes are wider with the more recently available small 
molecule/lower substitution ratio preparations. These prep-
arations have a record of safety when used in the operating 
room in general142 and have been administered unevent-
fully to patients with severe TBI.143 The decision about 
whether to use these products is frequently a matter of local 
bias. Although hetastarch solutions can be used in neuro-
anesthesia, the clinician should respect the manufacturers’ 
recommended dose restrictions and should use additional 
restraint in situations where there are other reasons for 
impairment of the coagulation mechanism. Recent con-
cern about adverse effects on renal function in patients who 
have received starches in critical care situations have made 
some reluctant to use these compounds in any setting. The 
dextran-containing solutions are generally avoided because 
of their effects on platelet function.

There is longstanding interest in the use of hypertonic 
fluids for the resuscitation of polytrauma victims in gen-
eral, and of patients with TBI in particular. However, there 
has yet to be a scientifically convincing demonstration of 
improvement in outcome in either group in association 
with hypertonic solutions.144

GLUCOSE MANAGEMENT

There is a widespread notion that increased plasma glu-
cose aggravates a cerebral ischemic insult. This may be 
true for an acute ischemic event in a previously normal 
brain, but that should not be extrapolated to the idea that 
all “neuro patients” should be submitted to very tight gly-
cemic control. The potential benefits of a lower plasma 
glucose concentration in the event of an acute ischemic 
episode (which have not been well confirmed in humans) 
should be outweighed by the very clear demonstrations 
that the injured brain (e.g., TBI, SAH) becomes “hypogly-
cemic” and suffers metabolic distress at plasma glucose 
levels that are satisfactory for normal brain.145-148 This 
may be because injury can produce a state of hyperglycoly-
sis.146,149 Although severe hyperglycemia should be treated 
to reduce infection rates, patients with acute injuries (e.g., 
TBI, SAH) should not be submitted to very tight control. 
As one reviewer said, “extra sweetness [is] required”150 by 
the injured brain. The authors’ intraoperative interven-
tion threshold is 250 mg/dL, the objective being to reduce 
plasma glucose to less than 200/dL. A recently published 
guideline recommends an ICU objective of less than 180 
mg/dL in patients with cerebral injuries but cautions that 
plasma glucose not be allowed to decrease to less than 100 
mg/dL.151 The NICE-Sugar study’s control group range of 
140 to 180 mg/dL152 is probably also a reasonable target. 
However, control should only be undertaken when pro-
cesses to prevent hypoglycemia are firmly in place, and 
the lower the targets, the more comprehensive the hypo-
glycemia prevention processes must be (see Chapter 39).

HYPOTHERMIA

The effects of hypothermia on cerebral physiology and its 
potential cerebral protective mechanisms are presented in 
Chapter 17. There have been numerous laboratory dem-
onstrations on the efficacy of mild hypothermia (32° C to 
34° C) in reducing the neurologic injury occurring after 
standardized cerebral and spinal cord ischemic insults. On 
that basis, the use of induced hypothermia in the man-
agement of cerebral vascular procedures, in particular 
aneurysms and sometimes AVMs, became widespread. 
However, an international multicenter trial of mild hypo-
thermia in 1001 relatively good-grade patients undergoing 
aneurysm surgery revealed no improvement in neurologic 
outcome.153 The routine use of intraoperative hypothermia 
will probably diminish.

Because ischemia is recognized to make a postinsult 
contribution to neuronal injury after TBI,21,154 hypother-
mia was also studied in laboratory models of TBI.155 It was 
effective and resulted in a prospective multicenter trial in 
which hypothermia (33°C) was induced within 8 hours 
of injury and was maintained for 48 hours. No outcome 
benefit was evident.156 Post hoc subgroup analysis indi-
cated that patients younger than 45 years old who arrived 
at the tertiary care facility with a temperature less than 
35°C who were randomly assigned to the cooling limb of 
the trial did have an improved outcome. A second trial in 
which more rapid induction of hypothermia was accom-
plished (35°C by 2.6 hours, 33°C by 4.4 hours) was under-
taken. However, the results were similarly negative.157

Based on a lack of demonstrated efficacy in humans, 
routine use of hypothermia in neurosurgery cannot be 
advocated in a standard text such as “Anesthesia.” The 
decision to use it, usually in the context of aneurysm sur-
gery, is local. The authors continue to use mild hypother-
mia selectively, most commonly in patients perceived to 
be at an especially high risk of intraoperative ischemia. If 
hypothermia is used, cardiac dysrhythmia and coagula-
tion dysfunction can occur if body temperatures become 
too low. Patients should be rewarmed adequately before 
emergence to avoid shivering and hypertension.

By contrast with clinical neurosurgery, the use of hypo-
thermia after cardiac arrest is now practiced widely. Two 
multicenter trials demonstrated improved neurologic out-
come among survivors of witnessed cardiac arrest cooled to 
32° C to 34° C within 4 hours and maintained at that tem-
perature for 12 to 24 hours.158,159 Widespread clinical appli-
cation has been advocated by an international task force.160

Although mild hypothermia is perceived to convey 
the hazard of coagulation dysfunction and dysrhyth-
mia, neither has been evident in elective neurosurgery in 
the temperature ranges typically used (32° C to 34° C). 



The issue of where body temperature should be recorded 
to best reflect brain temperature has been addressed.161 
It appears that esophageal, tympanic membrane, pul-
monary arterial, and jugular bulb temperature are all 
very similar and provide a reasonable reflection of deep 
brain temperature, whereas bladder temperature does 
not. During craniotomies, superficial layers of cortex 
may be substantially cooler than deep brain and central 
temperatures.

EMERGENCE FROM ANESTHESIA

Most practitioners of neuroanesthesia feel that there is a 
premium on a “smooth” emergence: one free of cough-
ing, straining, and arterial hypertension. The avoid-
ance of arterial hypertension is desired because arterial 
hypertension can contribute to intracranial bleeding 
and increased edema formation.162-167 In the face of a 
poorly autoregulating cerebral vasculature, hyperten-
sion also has the potential, through vascular engorge-
ment, to contribute to an increase in ICP. Much of the 
concern with coughing and straining has a similar basis. 
The sudden increases in intrathoracic pressure are trans-
mitted to both arteries and veins, producing transient 
increases in both cerebral arterial and venous pressure, 
with the same potential consequences: edema forma-
tion, bleeding, and elevation of ICP. Coughing is a spe-
cific concern with certain individual procedures. In the 
circumstances of transsphenoidal pituitary surgery in 
which a surgeon has opened, and subsequently taken 
pains to close, the arachnoid membrane to prevent CSF 
leakage, there is a belief that coughing has the potential 
to disrupt this closure because of the sudden and sub-
stantial increases in CSF pressure. Opening a pathway 
from the intracranial space to the nasal cavity conveys 
a substantial risk of postoperative meningitis. In other 
procedures, notably those that have violated the floor 
of the anterior fossa, air can be driven into the cranium 
and, in the event of a flap-valve mechanism, cause a ten-
sion pneumocephalus. This latter event can only hap-
pen when coughing occurs after the endotracheal tube 
has been removed.

There is a paucity of systematically obtained clinical 
data to give a perspective to the actual magnitude of the 
risks associated with emergences that are not considered 
smooth. Two retrospective studies have revealed that 
increased postoperative arterial blood pressure was asso-
ciated with intracerebral bleeding after craniotomy.166,167 
However, whether hypertension occurring at emergence 
causes postoperative intracerebral bleeding is not clear. 
Also, the relationship between hypertensive transients at 
emergence and edema formation is unconfirmed. In anes-
thetized animals, sudden and very substantial increases 
in arterial pressure can result in a breach of the BBB with 
extravasation of tracers.163 However, there are no data to 
confirm that the pressure transients associated with the 
typical coughing episode or typical emergence hyperten-
sive transient are in fact associated with increased edema 
formation. Nonetheless, it seems reasonable to take mea-
sures, to the extent that these measures do not them-
selves add potential patient morbidity, to prevent these 
occurrences.
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A common method for the management of systemic 
hypertension during the last stages of a craniotomy is the 
expectant and/or reactive administration of lidocaine and 
vasoactive agents, most commonly labetalol and esmo-
lol.168 Other drugs, including hydralazine, enalapril, and 
diltiazem, have been used to good effect. Administration 
of dexmedetomidine during the procedure also reduces 
the hypertensive response to emergence169 and hyperten-
sion in the postanesthesia care unit.170

There are also many approaches to the prevention of 
coughing and straining. The authors have several biases. 
We encourage trainees to include in their anesthetic 
technique “as much narcotic as is consistent with spon-
taneous ventilation at the conclusion of the procedure.” 
That practice is based on the same physiologic effect that 
justifies the administration of codeine and related com-
pounds as antitussive medication (i.e., the depression of 
airway reflexes by narcotics). We also have the bias that 
patients emerge more rapidly and smoothly when the last 
inhaled anesthetic to be withdrawn is nitrous oxide and 
that clinicians should seek to avoid the “neither here nor 
there” phase of anesthesia that occurs in patients who are 
stimulated in the face of residual exhaled concentrations 
of volatile anesthetic on the order of 0.2 to 0.3 MAC.  
A common practice among neuroanesthetists near the 
conclusion of a craniotomy is the relatively early discon-
tinuation of the volatile anesthetic with supplementation, 
if necessary, of residual nitrous oxide with propofol by 
either bolus increments or infusion at rates in the range 
of 12.5 to 25 μg/kg/hr.

An additional principle relevant to the emergence 
from neurosurgical procedures is that emergence should 
be timed to coincide not with the final suture but rather 
with the conclusion of the application of the head dress-
ing. Many a good anesthetic for neurosurgery has been 
spoiled by severe coughing and straining that occurs in 
association with endotracheal tube motion during the 
application of the head dressing. Another nuance of our 
practice has been to withhold administration of neuro-
muscular antagonists, such as neostigmine, as long as 
possible as a “hedge” against misjudgment while light-
ening a patient in the later stages of the procedure. The 
administration of lidocaine is another apparently effec-
tive technique for reducing airway responsiveness and 
the likelihood of coughing/straining as the depth of anes-
thesia is reduced in anticipation of emergence. We com-
monly administer 1.5 mg/kg of intravenous lidocaine just 
before the head movement associated with applying the 
dressing.

Because of the premium placed on minimizing cough-
ing and straining and hypertension, there may be a 
temptation to extubate from the trachea before com-
plete recovery of consciousness. This may be acceptable 
in some circumstances. However, it should be under-
taken with caution when the circumstances of the sur-
gical procedure make it possible that neurologic events 
have occurred that will delay recovery of consciousness, 
or when there may be less cranial nerve dysfunction. In 
these circumstances, it would, in general, be best to wait 
until the likelihood of the patient’s recovery of conscious-
ness is confirmed or until patient cooperation and airway 
reflexes are likely to have recovered.
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SPECIFIC PROCEDURES

Many of the considerations relevant to individual neu-
rosurgical procedures are generic ones that have already 
been presented in the preceding section on Recurrent 
Issues. The descriptions that follow will highlight only 
procedure-specific issues (Box 70-8).

SUPRATENTORIAL TUMORS

Craniotomies for excision or biopsy, or both, of supra-
tentorial tumors are among the most common neu-
rosurgical procedures. Gliomas and meningiomas are 
among the most frequent tumors. The relevant preoper-
ative considerations include the patient’s ICP status and 
the location and size of the tumor. Location and size of 
the tumor give the anesthesiologist an indication of the 
surgical position, the potential for blood loss, and will 
sometimes reveal a risk of air embolism. The VAE risk 
is infrequent for the majority of supratentorial tumors. 
However, lesions (usually convexity meningiomas) that 
encroach upon the sagittal sinus may convey a substan-
tial risk of VAE. Full VAE precautions, including a right 
atrial catheter, are usually reserved for only the supra-
tentorial tumors that lie near the posterior half of the 
superior sagittal sinus.

Excision of craniopharyngiomas and pituitary 
tumors with suprasellar extension may entail dissec-
tion in and around the hypothalamus (see Fig. 70-17). 
Irritation of the hypothalamus can elicit sympathetic 
responses including hypertension. Damage to the 
hypothalamus can result in a spectrum of physiologic 
disturbances, notably water balance. Diabetes insipidus 
is the most likely, although the cerebral salt-wasting 
syndrome can potentially occur. The latter has been 
very infrequent. The various disturbances of water bal-
ance typically have a delayed onset, beginning 12 to 
24 hours postoperatively, rather than in the operating 
room. Postoperative temperature homeostasis may also 
be disturbed.

Patients who undergo a craniotomy involving a sub-
frontal approach sometimes manifest a disturbance of 
consciousness in the immediate postoperative period. 
Retraction and irritation of the inferior surfaces of the 
frontal lobes can result in a patient who is lethargic 
and does not awaken “cleanly” and may exhibit either 

 •  Supratentorial tumors
 •  Aneurysms and arteriovenous malformations
 •  Traumatic brain injury
 •  Posterior fossa procedures
 •  Transsphenoidal surgery
 •  Awake craniotomy/seizure surgery
 •  Stereotactic procedures
 •  Neuroendoscopic procedures
 •  Neuroradiologic procedures
 •  Cerebrospinal fluid shunting procedures
 •  Pediatric neurosurgery
 •  Spinal surgery  

BOX 70-8 Specific Procedures
delayed emergence or some degree of disinhibition, or 
both. Patients exhibiting this phenomenon are some-
times referred to as “frontal lobey.” The phenomenon 
is more likely to be evident when there has been bilat-
eral subfrontal retraction than when it occurs only uni-
laterally. The anesthetic implication is that the clinician 
should be more inclined to confirm return of conscious-
ness before extubating the patient rather than to extu-
bate expectantly. A further implication taken by these 
authors (though not confirmed by any systematic study) 
is that a less liberal use of fixed anesthetics (narcotics, 
propofol infusions) may be appropriate when there is to 
be bilateral subfrontal retraction. This is based on the 
rationale that low residual concentrations of these anes-
thetics that are compatible with reasonable recovery of 
consciousness in the majority of patients may be less well 
tolerated in this population. Subfrontal approaches are 
most commonly used in patients with olfactory groove 
meningiomas and patients with suprasellar tumors 
including craniopharyngiomas and pituitary tumors 
with suprasellar extension.

Preoperative Preparation
Patients with a significant tumor-related mass effect, 
especially if there is tumor-related edema, should receive 
preoperative steroids. If the patient is not receiving ste-
roids, it is the anesthesiologist’s responsibility to find 
out why. A 48-hour course is ideal (see the previous dis-
cussion of steroids), although 24 hours is sufficient for a 
clinical effect to be evident. Dexamethasone is the most 
commonly used agent. A regimen such as 10 mg intra-
venously or orally followed by 10 mg every 6 hours is 
typical. Because of the concern about producing CO2 
retention in a patient whose intracranial compliance is 
already abnormal, patients with any substantial mass 
effect are usually not premedicated outside of the oper-
ating room with anything beyond full-dose reassurance 
(see Chapter 38).

Monitoring
Institutional practices vary; however, we almost invari-
ably place arterial catheters for craniotomies under general 
anesthesia. Preinduction placement may be appropriate 
in patients with severe mass effect and little residual com-
pensatory latitude. At a minimum, we achieve intraarte-
rial monitoring before pin placement. It is the period of 
induction and pinning during which hypertension, with 
its attendant risks in a patient with impaired compliance 
and autoregulation, is most likely to occur. Arterial lines 
also facilitate careful management of blood pressure dur-
ing emergence. Procedures with a substantial blood loss 
potential (e.g., tumors encroaching on the sagittal sinus, 
large vascular tumors) may also justify central venous 
catheters when peripheral venous access is limited. If not 
already present for other indications, is ICP monitoring 
ever warranted for intraoperative management? In our 
opinion, the answer is no. We have sufficient understand-
ing of the potential impact of anesthetics and techniques 
that we should be able to manage induction of anesthesia 
blindly. Once the cranium is open, observation of condi-
tions in the surgical field provides equivalent information 
(see also Chapter 49.)



Management of Anesthesia
The principles governing the choice of anesthetic drugs 
are presented in the previous section Control of Intracra-
nial Pressure and Brain Relaxation.

ANEURYSMS AND ARTERIOVENOUS 
MALFORMATIONS

Contemporary management of intracranial aneurysms 
calls for early intervention after SAH, ideally within 24 
hours and certainly within 48 hours.171 That intervention 
may entail either operative clipping or an endovascular 
approach.171 The latter is discussed in the subsequent sec-
tion Interventional Neuroradiology (see Chapter 90).

Early intervention was originally undertaken only in 
patients in the better neurologic grades—that is, grades 
I-III and perhaps IV of the World Federation of Neuro-
surgeons classification (Table 70-2) or grades I-III of the 
Hunt-Hess classification (Table 70-3)—but is now recom-
mended for the majority of patients.171 If early interven-
tion is not feasible and a surgical approach is intended, 
surgery is usually delayed for 10 to 14 days to be safely 
beyond the period of maximal vasospasm risk (i.e., days 
4 to 10 post-SAH).

The rationale for early intervention is several-fold. 
The sooner the aneurysm is clipped or obliterated, the 
less the likelihood of rebleeding (and rebleeding is the 
principal cause of death for patients hospitalized after 
SAH172). Second, the management of the ischemia caused 
by vasospasm involves volume loading and induced 

TABLE 70-2 WORLD FEDERATION OF  
NEUROSURGEONS SUBARACHNOID 
 HEMORRHAGE SCALE

WFNS Grade GCS Score Motor Deficit

I 15 Absent
II 14-13 Absent
III 14-13 Present
IV 12-7 Present or absent
V 6-3 Present or absent

WFNS, World Federation of Neurosurgeons; GCS, Glasgow Coma Scale.

TABLE 70-3 HUNT-HESS CLASSIFICATION OF 
NEUROLOGIC STATUS AFTER SUBARACHNOID 
HEMORRHAGE

Category Criteria*

Grade I Asymptomatic, or minimal headache and slight 
nuchal rigidity

Grade II Moderate to severe headache, nuchal rigidity, 
no deficit other than cranial nerve palsy

Grade III Drowsiness, confusion, or mild focal deficit
Grade IV Stupor, moderate to severe hemiparesis, possibly 

early decerebrate rigidity and vegetative 
disturbances

Grade V Deep coma, decerebrate rigidity, moribund 
appearance

* Serious systemic disease, such as hypertension, diabetes, severe arte-
riosclerosis, chronic pulmonary disease, and severe vasospasm seen 
on arteriography, results in placement of the patient in the next less 
favorable category.
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hypertension. Early occlusion of the aneurysm eliminates 
the risk of rebleeding associated with this therapy. Prior 
surgical practices entailed maintaining the patient on 
bed rest until approximately day 14 when the period of 
spasm risk had passed. Early aneurysm clipping reduces 
the period of hospitalization and reduces the incidence 
of the medical complications (i.e., deep vein thrombosis, 
atelectasis, pneumonia) associated with a lengthy period 
of enforced bed rest.

Early intervention makes the surgeon’s task more dif-
ficult. The brain in the early post-SAH period is likely 
to be more edematous than after a 2-week delay. Fur-
thermore, some degree of hydrocephalus is very com-
mon after blood contaminates the subarachnoid space. 
In fact, 10% or more of SAH victims eventually require 
permanent CSF diversion.171 Early intervention may also 
somewhat enhance the risk of intraoperative aneurysmal 
rupture because of the lesser period of time for a clot to 
organize over the site of the initial bleed. All of this places 
a substantial premium on techniques designed to reduce 
the volume of the intracranial contents (see Control of 
Intracranial Pressure and Brain Relaxation earlier in this 
chapter) to facilitate exposure and minimize retraction 
pressures.

Preoperative Evaluation
Many patients scheduled for intracranial aneurysm clip-
ping will come directly from the ICU, and elements of 
their management while there may influence their imme-
diate preoperative status.

iNtraveNouS fluid maNagemeNt. Some patients develop 
the syndrome of inappropriate secretion of antidiuretic 
hormone (SIADH) after SAH and are appropriately man-
aged with fluid restriction. However, hyponatremia after 
SAH is likely to be the result of the cerebral salt-wasting 
syndrome that probably occurs as a result of the release 
of a natriuretic peptide by the brain.173,174 Cerebral salt-
wasting syndrome is characterized by the triad of hypo-
natremia, volume contraction, and high urine sodium 
concentrations (>50 mmol/L), and its occurrence is corre-
lated with the occurrence of symptomatic vasospasm.175 
The distinction between cerebral salt-wasting syndrome 
and SIADH is important. SIADH, which is characterized 
by normovolemia or mild hypervolemia, is treated by 
volume restriction. Cerebral salt-wasting syndrome is 
associated with a contracted intravascular volume. Fluid 
restriction and further volume contraction may be espe-
cially deleterious in the post-SAH patient and should be 
avoided.176-178 Although the clinical distinction between 
these two causes of hyponatremia (SIADH and cerebral 
salt-wasting syndrome) may be difficult, management of 
both is relatively simple: administration of isotonic fluids 
using intravascular normovolemia as the end point (see 
also Chapter 59).

vaSoSPaSm. The anesthesiologist should determine 
whether vasospasm has occurred and what, if any, thera-
pies for it have been undertaken. Vasospasm is thought 
to be caused by the breakdown products of the hemoglo-
bin that has accumulated around the vessels of the circle 
of Willis after SAH. A specific mechanism/mediator has 
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not been identified. Calcium channels are thought to be 
involved, and there is also suspicion that the nitric oxide 
and endothelin systems may be contributory.178,179

When there is a clinical suspicion of vasospasm (typi-
cally because of a change in sensorium or new neurologic 
deficit), surgery is usually deferred and TCD, angiography, 
or other imaging is performed. Confirmed vasospasm is 
commonly treated with the “Triple H” therapy described 
subsequently and sometimes by balloon angioplasty or 
intraarterial vasodilators.180

For patients proceeding to surgery, hypotension should 
be avoided171 and CPP should usually be maintained 
intraoperatively at values near the waking normal range. 
The association of hypotension with poor outcome,181 
and the potential for hypotension to cause or aggravate 
cerebral ischemia in the patient with some degree of 
vasospasm is now recognized.182-184 This concern should 
extend even to patients classified as World Federation 
of Neurosurgeons grade I who may have regions of cere-
bral ischemia39 that are subclinical when the patient is 
normotensive.

In the ICU (see also Chapter 105), the regimens used 
to treat vasospasm usually involve some combination of 
hypervolemia, hemodilution, and hypertension. The sci-
ence behind hypervolemic-hypertensive therapy is soft 
and the efficacy of neither Triple H therapy nor volume 
expansion in isolation has been proved by prospective 
study.185-187 The relative importance of the rheologic and 
blood pressure effects is undefined, although there is evi-
dence for the relevance of blood pressure elevation in iso-
lation.187-190 Phenylephrine and dopamine are the most 
commonly used pressors; exact pressor choice should be 
primarily governed by systemic cardiovascular consider-
ations. The end point for pressor administration varies. 
Most commonly, the objective is an increase in MAP of 
approximately 20 to 30 mm Hg above baseline systolic 
pressure. However, it has been reported that augmentation 
of cardiac output with dobutamine, without simultaneous 
MAP increase, augments CBF in vasospastic territories.187 
It is also believed that the hematocrit should be reduced 
to the low 30s, but this should not be a primary clinical 
objective. Commonly, hematocrit reduction occurs sec-
ondarily as a result of attempts to produce hypervolemia 
as a part of the effort to increase blood pressure.

calcium-chaNNel BlockerS. Calcium-channel blockers are 
an established part of the management of SAH. Adminis-
tration of nimodipine decreases the incidence of morbid-
ity caused by cerebral ischemia after SAH,191 although it 
was not associated with any reduction in the incidence 
of vasospasm as detected by angiography.192 Patients pre-
senting to the operating room after SAH should already 
be receiving nimodipine. Because nimodipine must be 
administered orally in North America, nicardipine has 
been evaluated as an intravenous alternative. The multi-
center nicardipine trial193,194 revealed a reduced incidence 
of symptomatic vasospasm but no improvement in out-
come. As a consequence, nimodipine remains the standard. 
Calcium-channel blockers (i.e., verapamil, nicardipine, 
nimodipine195-198) are also used intraarterially as a primary 
treatment for medically-refractory vasospasm. Milrinone 
and papaverine are similarly administered. 197,199
other Pharmacologic theraPieS. Several other agents/
drug classes have been considered for the prevention of 
vasospasm and delayed ischemic deficits. None of them 
is approaching the status of standard therapy. A recent 
study of the endothelin antagonist clazosentan revealed 
improved mortality without improvement in the out-
come of survivors. After several small trials suggested a 
beneficial effect of magnesium, a recent larger random-
ized, placebo-controlled trial reported no improvement 
in outcome among patients in whom magnesium was 
initiated within 4 days of SAH.200 Several small trials 
have examined the post-SAH administration of statins. 
Meta- analysis revealed only nonsignificant trends 
toward reduced incidence of delayed cerebral ischemia 
and death.201 Although some centers have already 
implemented statin therapy as part of the local routine, 
widespread adoption will probably have to await the 
completion of larger trials. Recently (January 2013), the 
phosphodiesterase inhibitor cilostazol, administered 
orally post clipping, was reported to reduce vasospasm 
and delayed cerebral infarctions  substantially.202 That 
trial was nonblinded, and cilostazol is a platelet inhibi-
tor as well as a vasodilator. Although the results were 
promising, verification of both safety and efficacy will 
probably be required before wide application.

aNtifiBriNolyticS. Antifibrinolytics have been adminis-
tered in an attempt to reduce the incidence of rebleeding. 
Although they accomplish this end, long courses do so at 
the cost of an increased incidence of ischemic symptoms 
and hydrocephalus, with an overall adverse effect on out-
come. However, early, brief courses of antifibrinolytics 
continued until the aneurysm is secured may have a net 
favorable effect on outcome.171

SuBarachNoid hemorrhage–aSSociated myocardial 
dySfuNctioN. SAH can result in a largely reversible, 
“stunning”-like myocardial injury. The severity of the 
dysfunction correlates best with the severity of the neu-
rologic injury203 and is sometimes sufficient to require 
pressor support.204 The mechanism is uncertain but is 
thought to be catecholamine mediated.205 Troponin 
elevation occurs commonly, though typically reaching 
levels less than the diagnostic threshold for myocardial 
infarction.206 Peak troponin levels correlate with the 
severity of both neurologic injury and echocardiographic 
myocardial dysfunction.204,207

ECG abnormalities are common after SAH200 (see also 
Chapter 47). In addition to the classic canyon T waves 
(Fig. 70-14), nonspecific T-wave changes, Q-T prolon-
gation, ST-segment depression, and U waves have been 
described. There is typically no relationship between 
the ECG changes and echocardiographic myocardial 
dysfunction.206 ECG abnormalities do not herald evolv-
ing or impending cardiac disease.208 Accordingly, when 
ventricular function is adequate and ECG patterns other 
than those that are typical of myocardial ischemia are 
observed, no specific interventions or modifications of 
patient management are warranted, other than atten-
tion to the possibility of dysrhythmias. In particular, 
an increased Q-T interval (>550 msec) occurs frequently 
after SAH, especially in patients with more severe SAH,207 



Chapter 70: Anesthesia for Neurologic Surgery 2179

Figure 70-14. Electrocardiogram abnormalities associated 
with subarachnoid hemorrhage. The canyon T waves that may 
be seen after subarachnoid hemorrhage are evident.
and has been associated with an increased incidence of 
malignant ventricular rhythms including torsades de 
pointes.209

Anesthetic Technique
Important considerations include the following:
  

 1.  Absolute avoidance of acute hypertension with its 
attendant risk of rerupture.

 2.  Achievement of intraoperative brain relaxation to 
facilitate surgical access to the aneurysm.

 3.  Maintenance of a high-normal MAP to prevent critical 
reduction of CBF in recently insulted and now mar-
ginally perfused areas of brain, or in regions critically 
dependent on collateral pathways.

 4.  Preparedness to perform precise manipulations of MAP 
as the surgeon attempts to clip the aneurysm or to 
control bleeding from a ruptured aneurysm or during 
periods of temporary vascular occlusion.

Monitoring
An arterial line is invariably appropriate. A central venous 
catheter may be appropriate if peripheral access is inad-
equate (see also Chapter 49).
aNeSthetic SelectioN. Any technique that permits proper 
control of MAP is acceptable. However, in the face of 
increased ICP or a tight surgical field, an inhaled anes-
thetic technique may be less suitable. The prevention of 
paroxysmal hypertension is the only absolute requirement 
in patients undergoing aneurysm clipping. Rebleeding 
kills172 and the poorly organized clot over the aneurysms 
of patients undergoing early post-SAH clipping makes 
them particularly prone to rebleeding. A rebleed at induc-
tion is frequently fatal. The escaping arterial blood is more 
likely to penetrate brain substance because it cannot dis-
sect through the CSF space (filled with clot), and the ICP 
increase is extreme because of the poor compliance of the 
intracranial space (swollen brain, hydrocephalus).

iNduced hyPoteNSioN. The routine use of induced hypo-
tension has essentially vanished (see previous section 
Management of Arterial Blood Pressure). Nonetheless, the 
anesthesiologist should be prepared to reduce blood pres-
sure immediately and precisely if called upon to do so. 
Preparation must occur before the episode of bleeding. 
We prepare a sodium nitroprusside infusion before induc-
tion. It is placed in line at a Y-injection port at the hub of 
an intravenous catheter. A carrier drip flows steadily such 
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that any change in nitroprusside infusion rate is reflected 
as rapidly as possible in the central compartment. There 
are theoretical pros and cons for various hypotensive 
agents. However, the choice should ultimately be made 
on the basis of which regimen, in the hands of the indi-
vidual practitioner, results in the most precise control 
of MAP. There are rare occasions when the anesthesiol-
ogist is asked to control MAP in the range of 40 to 50 
mm Hg, in the face of active arterial bleeding. This can 
be extremely difficult in a patient who is hypovolemic at 
the beginning of the bleeding episode. It is our practice to 
maintain normovolemia.

iNduced hyPerteNSioN. Relative hypertension may be 
requested during periods of temporary arterial occlu-
sion (see the later section Temporary Clipping) to aug-
ment collateral CBF. In addition, after clipping of the 
aneurysm, some surgeons will puncture the dome of the 
aneurysm to confirm adequate clip placement and may 
request transient elevation of the systolic pressure to 150 
mm Hg. Phenylephrine is suitable in either instance.

hyPocaPNia. Hypocapnia has traditionally been used as 
an adjunct to brain relaxation. However, the practice has 
been questioned on the basis of the concern that it will 
aggravate ischemia (see the earlier section Management 
of Paco2). It is now generally avoided unless ICP/brain 
relaxation circumstances demand it.

lumBar cereBroSPiNal fluid draiNage. Cerebrospinal 
fluid drainage has been used to facilitate exposure. How-
ever, its use appears to be diminishing because surgeons 
have appreciated that the same brain relaxing effect can 
be achieved by release of CSF from the basal cisterns. If 
a lumbar CSF drain is placed, it is appropriate to avoid 
excessive loss of CSF. A sudden reduction in the trans-
mural pressure gradient across the dome of the aneu-
rysm (by sudden reduction of ICP consequent upon 
substantial CSF drainage) should be avoided because of 
the theoretical concern that this decompression might 
encourage rebleeding. Having verified the patency of 
the drainage system, it is usual to leave it closed until 
the surgeon is opening the dura. The drain is then 
opened and allowed to drain freely to floor level. Drain-
age should be discontinued promptly after final with-
drawal of the retractors to allow CSF to reaccumulate 
and to thereby reduce the size of the potential pneu-
mocephalus. The drain is usually removed immediately 
postoperatively.

maNNitol. Some surgeons use mannitol relatively aggres-
sively (e.g., 2 g/kg). In part, it is used to facilitate exposure 
and reduce retractor pressures, but there is evidence that 
it may have additional benefits. Specifically, there are 
data derived in both animals and man that indicate that 
mannitol may have a CBF-enhancing effect in regions 
of moderate CBF reduction.210-213 The mechanism is not 
defined. Reduction of interstitial tissue pressure around 
capillaries and/or an alteration of blood rheology have 
been proposed as contributors. Typically, mannitol is 
administered in a dose of 1 g/kg just before dural open-
ing. Surgeons who believe in its CBF-enhancing effect 
may request a second 1 g/kg approximately 15 minutes 
before an anticipated temporary occlusion.

temPorary cliPPiNg. Many surgeons limit inflow to 
an aneurysm during application of the permanent clip 
by placing a temporary clip proximally on the feeding 
vessel. It is occasionally necessary to trap the aneurysm 
(i.e., to temporarily occlude the vessel on both sides of 
the aneurysm) to complete the dissection of the neck and 
apply the clip. This is more common with larger aneu-
rysms. With giant aneurysms in the vicinity of the carotid 
siphon, the inferior occlusion may be performed at the 
level of the internal carotid artery via a separate incision 
in the neck. A clinical survey by Samson and colleagues of 
the neurologic outcome after temporary occlusion in nor-
mothermic, normotensive adults revealed that occlusions 
of fewer than 14 minutes were invariably tolerated. The 
likelihood of an ischemic injury increased with longer 
occlusions and reached 100% with occlusions in excess 
of 31 minutes.214 In another institution, the threshold for 
ischemic injury was 20 minutes of occlusion.215 An infor-
mal 7-minute rule is sometimes applied to individual 
periods of temporary occlusion. Typically, MAP should be 
sustained at high-normal levels during periods of occlu-
sion to facilitate collateral CBF.

BraiN ProtectioN. We do not select anesthetic drugs on 
the basis of putative brain-protective effects. Maintenance 
of MAP to ensure collateral flow and perfusion under 
retractors, efficient brain relaxation to facilitate surgical 
access and reduce retractor pressures, limitation of the 
duration of episodes of temporary occlusion, and perhaps 
mild hypothermia are the important brain protection 
techniques. Specific anesthetic drugs have been promoted 
as brain protectants (see the discussion in Chapter 17). 
Propofol and etomidate are au courant. However, there 
have been no convincing laboratory demonstrations that 
propofol provides any greater tolerance to a standard-
ized ischemic insult than does anesthesia with a vola-
tile anesthetic. Attempts to demonstrate protection by 
etomidate in an animal model of focal ischemia actually 
demonstrated an adverse effect of etomidate.216 Further-
more, a clinical investigation during aneurysm clipping 
revealed decreases in brain tissue PO2 in association with 
administration of etomidate, which contrasted with the 
brain PO2 increases that occurred with the introduction 
of desflurane. During subsequent temporary vessel occlu-
sion, tissue pH decreased alarmingly in patients receiv-
ing etomidate and was unchanged with desflurane.217 
Etomidate probably should not be used because of a lack 
of sufficient data regarding its efficacy. With respect to 
the volatile anesthetics, attempts in the laboratory to 
confirm the once proclaimed protective efficacy of iso-
flurane have demonstrated that there are no differences 
among the various volatile anesthetics in terms of their 
influence on outcome after focal or global ischemia in 
the laboratory.216,218-220 Nor has there been any demon-
stration of greater protective efficacy with concentrations 
of volatile anesthetics sufficient to cause EEG suppression 
as opposed to more modest (e.g., 1.0 MAC) levels.220,221 
Nonetheless, these animal investigations suggest that 
a standardized experimental ischemic insult is better  
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tolerated, relative to the awake state, by animals receiving 
a volatile anesthetic.219,220,222 In addition, data derived 
in animals also suggest that there may also be a rela-
tive protective advantage to an anesthetic that includes 
a volatile anesthetic compared with a strict N2O-nar-
cotic technique.220,222 The magnitude of the differences 
among anesthetics and the absence of proof of relevance 
in patients precludes advocacy of a particular anesthetic 
regimen in a standard text. The important anesthetic 
objectives are precise hemodynamic control and timely 
wake-up, and those two constraints should dictate the 
choice of the anesthetic regimen for the majority of aneu-
rysm procedures. Among anesthetics, it is only the barbi-
turates for which additional protective efficacy has been 
demonstrated convincingly (see Chapter 17). Because of 
their potentially adverse effects on hemodynamics and 
wake-up, they are not ideal for routine use. They should 
probably be reserved for situations in which a prolonged 
vessel occlusion is unavoidable, and in that circumstance, 
it would be ideal that the ischemic hazard be first con-
firmed by observation of the EEG response to a temporary 
occlusion.223

The patient with or at substantial risk for vasospasm 
probably benefits from a minimum hemoglobin greater 
than that which is commonly accepted in stable ICU 
patients (i.e., >7 g/dL). The best available information 
suggests a minimal hemoglobin value of 9 g/dL.190,224

hyPothermia. As noted in the section Hypothermia, a 
prospective trial of mild hypothermia in patients under-
going aneurysm surgery revealed no improvement in 
neurologic outcome.153 Nonetheless, some neurosurgical 
teams that were already using mild hypothermia (32° C to 
34° C) are continuing its use for procedures in which tem-
porary vessel occlusion may occur. The institutions that 
use the lower temperatures are those in which the team is 
willing to accept a delay in emergence from anesthesia to 
achieve sufficient rewarming to avoid the extreme hyper-
tension that can occur when a patient is awakened at low 
body temperatures.

NeuroPhySiologic moNitoriNg. Evoked responses and 
EEG have been used for monitoring,223,225 although 
neither technique has been used widely. EEG monitor-
ing can be used as a guide to management during the 
period of flow interruption or to guide the administra-
tion of CMR-reducing anesthetic agents given before 
occlusion.223 At some institutions, the surgeon places an 
electrode strip over the region of cortex at risk during the 
intended occlusion. However, the more commonly used 
skin surface frontal-mastoid derivation is probably suf-
ficient to reveal a major ischemic event. In most circum-
stances, if occlusion is deemed necessary, a temporary 
occlusion is performed and the EEG is observed. If the 
EEG shows significant slowing, the common practice is to 
release the clip, raise the MAP, and proceed with as brief 
as possible a period of occlusion or intermittent episodes 
of temporary occlusion. If the necessity for a sustained 
period of occlusion seems likely, it may be appropriate 
to administer barbiturates (discussed earlier) to produce 
burst suppression. These events are very infrequent (see 
also Chapter 49).
iNtraoPerative aNgiograPhy. Intraoperative angiogra-
phy is an increasingly common component of the man-
agement of intracranial aneurysms. It does not have 
substantial implications for the anesthesiologist. How-
ever, any apparatus around the patient’s head must be 
organized to allow C-arm access without snagging airway 
and monitoring equipment.

Special Considerations for Specific 
Aneurysms
The most common procedures are performed for aneu-
rysms arising in or close to the circle of Willis. The ves-
sels of origin may be the anterior communicating artery; 
the middle cerebral artery; the anterior cerebral artery; 
the ophthalmic artery; the tip of the basilar artery; the 
posterior communicating artery; and, less frequently, the 
posterior cerebral artery. These procedures are relatively 
similar for the anesthesiologist and typically require a 
supine position with the head turned slightly away from 
the operative side.

oPhthalmic artery aNeurySmS. Access to the origin of the 
ophthalmic artery, which is the first intradural branch of 
the carotid artery, is made difficult by the anterior clinoid 
process and the optic nerve. As a result, these aneurysms 
frequently require temporary vascular occlusion. The sur-
geon commonly first exposes the carotid artery in the neck. 
When the surgeon reaches the stage of seeking definitive 
access to the neck of the aneurysm, he or she will occlude 
first the carotid artery in the neck and then the intracranial 
portion of the carotid artery immediately proximal to the 
origin of the posterior communicating artery. A catheter is 
placed in the excluded segment and put to suction. Blood 
loss, which is usually minimal, should be monitored.

verteBroBaSilar aNeurySmS. These procedures are typi-
cally performed in the lateral position. The exposure may 
involve a combined middle and posterior fossa approach, 
with some attendant, although minor, risk of venous air 
embolism. Cortical or skin surface EEG monitoring is of 
less relevance with vertebral-basilar aneurysms. Auditory 
and or somatosensory evoked responses have been used.226 
As with any other procedure involving the potential for 
mechanical or vascular injury to the brainstem, cardiovas-
cular responses should be monitored and sudden changes 
in response to surgical manipulation should prompt 
immediate notification to the surgeon. Spontaneous 
ventilation may be appropriate for procedures involving 
surgical manipulation of the vertebral arteries, the verte-
brobasilar junction, and the middle portion of the basilar 
artery. Apnea, gasping, or other sudden changes in ventila-
tory pattern during manipulation of the vasculature pro-
vide important, though somewhat nonspecific, warning 
of compromise of the vascular supply of the brainstem.227 
Now largely supplanted by endovascular approaches, man-
agement of these aneurysms sometimes requires cardiopul-
monary bypass and deep hypothermic circulatory arrest.228

veiN of galeN aNeurySmS. These “aneurysms” are con-
genital dural arteriovenous fistulas, usually treated in the 
neonate using endovascular methods, and share consid-
erations relevant to AVMs. These include anticipation of 
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the possibility of the cerebral dysautoregulation phenom-
enon and are considered subsequently.

Arteriovenous Malformations
For the majority of intracranial AVMs, the general consid-
erations are similar to those appropriate to aneurysm sur-
gery: avoidance of acute hypertension and the capability to 
accurately manipulate arterial blood pressure in the event 
of bleeding. A problem specific to AVMs is the phenom-
enon of perfusion pressure breakthrough, or cerebral dys-
autoregulation.229,230 It is characterized by an often sudden 
engorgement and swelling of the brain, sometimes with 
a relentless cauliflowerlike protrusion from the cranium. 
It tends to occur in the advanced stages of lengthy proce-
dures on large AVMs, or it may be the cause of otherwise 
unexplained postoperative swelling and hemorrhage. The 
phenomenon is not entirely understood. An AVM provides 
a high-volume, low-resistance pathway that chronically 
diverts blood from adjacent and therefore marginally per-
fused vascular territories. Perhaps these tissues have long 
been maximally vasodilated and are incapable of vaso-
constricting when exposed to a higher-pressure head after 
acute obliteration of the AVM. Although this explanation 
superficially fits the clinical occurrence, experimental data 
are not entirely consistent with this mechanism.229-232 At 
least some component of the hyperemia is not passive, and 
neurogenic or paracrine mechanisms may be involved.

aNeSthetic techNiQue. The management constraints 
are essentially the same as those relevant to aneurysm 
surgery, although the risk of intraoperative rupture is 
much less. Institutional practices will vary. We do not 
use induced hypotension unless it is necessitated by 
bleeding. We reason that the effects on the surrounding 
brain of devascularizing the AVM would be best appreci-
ated if the devascularization occurs at normal pressures. 
If refractory brain swelling occurs, tight blood pressure 
control is essential, and reducing MAP may be of use to 
control swelling. The latter is based on the notion that 
CBF through the involved area is pressure-passive and will 
decrease as MAP is reduced. With severe episodes of swell-
ing, we have used (in addition to hypotension, which we 
use cautiously because of the associated ischemia risk) 
hypocapnia, hypothermia, and barbiturates. The latter 
three techniques probably serve to reduce the bulk of only 
normal brain tissue, hypocapnia via a direct effect on CBF 
and barbiturates and hypothermia via the coupled effects 
of reduction of CMR on CBF. Induced hypothermia is also 
an adjunct to minimizing the barbiturate doses. In all of 
neurosurgery, we seek to prevent postoperative hyper-
tension; however, in AVM surgery this should be accom-
plished with the greatest care because of the concern that 
the dysautoregulating brain adjacent to the resected AVM 
will develop edema or hemorrhage if hypertension occurs.

HEAD INJURY

Intubating the Trachea of a Head-Injured 
Patient
The anesthesiologist’s first interface with the patient who 
has sustained a TBI may come as a result of a request for 
assistance with airway management. Patients with GCS 
scores of 7 to 8 (Table 70-4) or less require intubation 
and controlled ventilation for ICP or airway control, or 
both. Patients with less severe TBI may also require intu-
bation because of trauma-related cardiopulmonary dys-
function or, when uncooperative, to facilitate diagnostic 
procedures. The anesthesiologist, in choosing the intuba-
tion technique, may encounter a number of conflicting 
constraints (Box 70-9). These include: (1) elevated ICP; 
(2) a full stomach; (3) uncertain cervical spine status; (4) 
uncertain airway status (e.g., presence of blood, possible 
laryngeal-tracheal injury, possible skull base fracture); 
(5) an uncertain volume status; (6) an uncooperative or 
combative patient; and (7) hypoxemia. There is no cor-
rect technique, and the best approach is determined by 
the relative weight of these various factors along with 
the degree of urgency. The anesthesiologist must not 
be distracted by placing an excessive initial emphasis 
on ICP. The anesthesiologist needs to keep sight of the 
ABCs of resuscitation: securing the airway, guaranteeing 
gas exchange, and stabilizing the circulation are higher 
initial priorities than ICP. Do not risk losing the airway 
or causing severe hypotension for the sake of prevent-
ing coughing on the tube or brief hypertension with 
intubation.

TABLE 70-4 THE GLASGOW COMA SCALE

Eyes opening
Never 1
To speech 2
To pain 3
Spontaneously 4

Best verbal responses
None 1
Garbled or incomprehensible sounds 2
Inappropriate words 3
Confused but conversant 4
Oriented 5

Best motor responses
None 1
Extension (decerebrate rigidity) 2
Abnormal flexion (decorticate rigidity) 3
Withdrawal 4
Localizes pain 5
Obeys commands 6

Score 3-15

 •  Full stomach
 •  Uncertain cervical spine stability
 •  Uncertain airway
 •  Blood
 •  Airway injury (larynx, crico-arytenoid cartilage)
 •  Skull-base fracture
 •  Uncertain volume status
 •  Uncooperative/combative
 •  Hypoxemia
 •  Increased intracranial pressure  

BOX 70-9 Factors That May Be Relevant 
During Intubation of the Head-Injured Patient



The Cervical Spine
The possibility of causing or aggravating an injury to the 
cervical spine is a relevant concern. Approximately 2% of 
blunt trauma victims who reach a hospital and 8% to 10% 
of TBI victims with GCS scores less than 8 have a frac-
ture of the cervical spine.233,234 Those incidences suggest 
that a hypnotic-relaxant-direct laryngoscopy approach 
for all patients with a closed head injury might convey 
a measurable risk of injuring the cervical cord. Nonethe-
less, although the literature contains contradictions, sev-
eral published series have concluded that rapid-sequence 
induction does not convey significant risk of neurologic 
injury.235-238 However, it is possible that the incidence of 
intubation-related neurologic injury is underreported. An 
informal survey reported by Criswell and associates239 
indicated that there have been more such events than 
one can infer from the published literature.240,241 None-
theless, the literature argues that we will “get away with 
it” most of the time, and the majority of patients with TBI 
requiring airway control are intubated using a hypnotic-
relaxant-direct laryngoscopy sequence. It is the (probably 
minority) opinion of these authors that the possibility 
of devastating spinal cord injury exists, probably most 
so with injuries in the atlanto-occipital region, which 
are also difficult to identify radiologically, and that the 
anesthesiologist should identify circumstances in which 
time latitudes allow more detailed examination or radio-
logic evaluation. When there is any uncertainty regard-
ing the airway or the cervical spine, direct laryngoscopy 
(with vigorous atlanto-occipital extension) should prob-
ably be avoided when the exigencies of the situation 
do not require an immediate rapid-sequence induction. 
The nasal route can be considered if the clinical context 
warrants, bearing in mind that risk of infection may be 
increased with skull base fracture and CSF leak. The anes-
thesiologist should use discretion (e.g., in the presence 
of an obvious facial smash, the nasal route should be 
avoided) and be sensitive to unusual resistance in passing 
the endotracheal tube.

When a hypnotic-relaxant sequence is used (and the 
exigencies of airway control will frequently demand it), 
the standard approach includes the use of cricoid pressure 
and in-line axial stabilization. In-line traction was once 
favored but has been supplanted by stabilization because 
of the perceived risk of over distraction and cord injury 
in the event of gross instability. The largest of the clinical 
series that concluded that oral intubation with anesthesia 
and relaxation is reasonable235 used in-line stabilization 
with the patient’s occiput held firmly on the backboard, 
limiting the amount of “sniff” that was feasible (Fig. 
70-15). There is no question that in-line stabilization, 
properly performed, makes laryngoscopy somewhat more 
difficult; however, it serves to decrease the amount of 
atlanto-occipital extension necessary to achieve visualiza-
tion of the glottis.242 This is probably because performing 
the laryngoscopy against the assistant’s counterpressure 
results in greater compression of the soft tissue structures 
of the tongue and floor of the mouth. Some recommend 
leaving the back half of the cervical collar in place dur-
ing laryngoscopy (see Fig. 70-15) because it functions as a 
strut between the shoulder and the occiput and serves to 
further limit atlanto-occipital extension.
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In a resuscitation situation, before initiating a hyp-
notic-relaxant sequence, the anesthesiologist should con-
firm the availability of cricothyrotomy equipment and of 
someone to make immediate, skilled use of it if necessary. 
The recently injured brain is very intolerant of hypoxia 
and hypotension.243 It is inevitable that there is some-
times failed tracheal intubation. In the extensive experi-
ence of the Cowley Shock-Trauma Center in Baltimore, 
the cricothyrotomy/tracheostomy rate is 0.3%.244 As is 
the case in many other situations, the laryngeal mask 
may be a very useful device for temporizing in the face of 
a failed intubation and may also provide access for intu-
bation as an alternative to cricothyrotomy.

As noted in Chapter 17, although succinylcholine can 
cause ICP increases, these increments are small and prob-
ably do not occur in patients with serious cerebral inju-
ries.8 Accordingly, succinylcholine should not be viewed 
as contraindicated in the TBI victim. If there is an urgent 
need to secure the airway (to guarantee oxygenation and 
control CO2 tension), and if succinylcholine is in other 
respects the appropriate drug to achieve that end, it 
should be used.

What should the anesthesiologist do with the patient 
whose cervical spine has not been cleared? That situation 
should arise with decreasing frequency. The once stan-
dard “three views” (with their inherent difficulties and 
substantial false-negative rates) have been supplanted by 
CT scanners that allow rapid, thin-slice evaluation, with 
sagittal reconstruction. A large meta-analysis concluded 
that “modern multislice helical CT alone is sufficient to 
rule out traumatic, unstable cervical spine injuries.”245 
However, some remain concerned that CT may fail to 
identify ligamentous injuries that would be evident on 
magnetic resonance imaging (MRI).246 With respect to 
a conscious patient who has not yet undergone com-
plete radiologic evaluation, several clinical surveys have 

Figure 70-15. Intubating the acute trauma patient with an uncer-
tain cervical spine. A hypnotic and a relaxant have been administered. 
One assistant maintains in-line axial stabilization with the occiput held 
firmly to the backboard; a second applies cricoid pressure. The pos-
terior portion of the cervical collar remains in place to limit atlanto-
axial extension. (Reproduced with permission from Stene JD: Anesthesia 
for the critically ill trauma patient. In Siegel JH, editor: Trauma: emer-
gency surgery and critical care, Melbourne, 1987, Churchill Livingstone,  
pp 843-862.)
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confirmed that patients who are alert, nonintoxicated, 
and free of significant distracting injuries invariably have 
pain, midline tenderness, limitation of voluntary move-
ment, or neurologic signs247-249 if they have a cervical 
spine fracture. Despite the frequency with which an anes-
thesiologist may encounter patients still wearing their 
cervical collars because their necks have not yet been 
cleared, no special precautions appear warranted in the 
asymptomatic, alert patient.

Anesthetic Technique
choice of aNeSthetic drugS. Craniotomies are most 
commonly performed for the evacuation of subdural, 
epidural, or intracerebral hematomas. The anesthetic 
approach is similar for all three techniques. The guiding 
principles have been discussed in the section Control of 
Intracranial Pressure and Brain Relaxation. In general, 
anesthetics that are known to be cerebral vasoconstrictors 
are preferable to those that have the potential to dilate 
the cerebral circulation. All of the intravenous anesthet-
ics, except perhaps ketamine, cause some cerebral vaso-
constriction and are reasonable choices, provided they 
are consistent with hemodynamic stability. All of the 
inhaled anesthetics (N2O and all of the volatile anesthet-
ics) have some cerebral vasodilatory effect. Although 
their administration frequently is consistent with accept-
able ICP levels and appropriate conditions in the surgical 
field, when the ICP is out of control (or unknown), or 
the surgical field is tight, eliminating the inhaled anes-
thetics in favor of fixed agents is appropriate. For patients 
who are likely to remain tracheally intubated postopera-
tively, an anesthetic based primarily on a narcotic, such 
as fentanyl, and a muscle relaxant usually serves well. 
Any muscle relaxant is acceptable with the proviso that 
those that can release histamine (now rarely used) should 
be titrated in small increments. When immediate tra-
cheal extubation is a possibility (e.g., the patient with an 
acute epidural hematoma who had a lucid interval before 
witnessed deterioration), the technique should be modi-
fied after the opening of the cranium. Introduction of 
inhaled anesthetics or the use of shorter-acting intrave-
nous agents can be undertaken as guided by observation 
of the surgical field. If N2O is contemplated at any time, 
the anesthesiologist must remember the possibility, in 
the setting of missile injury or compound skull fracture, 
of intracranial air.

moNitoriNg. The anesthesiologist should appreciate that 
the priority is to open the cranium as rapidly as possi-
ble.250 After achieving intravenous access, the risks and 
benefits of delaying craniotomy for line placement should 
be considered carefully. An arterial line, often placed after 
induction in urgent situations, is appropriate for essen-
tially all acute trauma craniotomies. Peripheral venous 
access is sufficient in the majority of situations. Sudden 
hypotension after dural opening with high ICP can occur 
as brainstem compression is relieved.251 Appropriate 
intravascular volume resuscitation should mitigate this 
occurrence. Infrequently, the management of a depressed 
skull fracture over the sagittal sinus justifies a precordial 
Doppler and, subject to the surgeon’s assessment of VAE 
risk, a right heart catheter.
arterial Blood PreSSure maNagemeNt. The concept that 
the injured brain is extremely vulnerable to what would 
otherwise be a minor insult (e.g., modest hypotension, 
moderate hypoxia), has been well confirmed in the labo-
ratory.252,253 Although clinically the cause-effect rela-
tionships are not absolutely confirmed, several surveys 
demonstrate the association of otherwise minor degrees 
of hypotension and hypoxia with poor outcome in both 
adult243,254-259 and pediatric patients with TBI.260 This vul-
nerability to hypotension probably arises because many 
patients have brain regions with precariously low CBF in 
the first 2 to 3 days after TBI21,31,36,261,262 and autoregu-
lation is frequently defective.35,263,264 The characteristic 
behavior of CBF after TBI is an initially low CBF followed 
by a gradual increase over 48 to 72 hours to normal, or 
sometimes even slightly hyperemic, levels.* There is con-
siderable evidence that low postinsult CBF values correlate 
with a poor eventual outcome,† and a large percentage of 
patients who die after TBI have pathologic changes con-
sistent with ischemia.154 These observations have resulted 
in a general emphasis among neurosurgeons, neuroin-
tensivists, and anesthesiologists on aggressive support of 
arterial blood pressure in the patient with TBI.

What constitutes an appropriate arterial blood pres-
sure? Systematic studies, in particular those conducted at 
the University of Edinburgh, revealed that indices of the 
adequacy of cerebral perfusion derived from SjvO2 and 
TCD data begin to deteriorate below a mean CPP (CPP 
= MAP − ICP) of 70 mm Hg,255,269,270 and many centers 
adopted 70 mm Hg as the CPP target. A clinical investi-
gation by Robertson and colleagues comparing the ICU 
management of patients with TBI at CPPs of 70 and 50 
mm Hg demonstrated that, although indices of cerebral 
well-being were improved by the former, there was no 
outcome advantage, apparently because of the cardio-
pulmonary morbidity associated with achieving a sus-
tained CPP of 70 mm Hg.271 As a result, many groups and 
authorities have adopted 60 mm Hg as the minimal CPP 
management objective.265,272-275 The Brain Trauma Foun-
dation’s most recent recommendations, however, give 
clinicians wide latitude in offering a recommendation of 
CPP targets “within the range of 50 to 70 mm Hg” in 
adults.68 Age-related CPP targets of 40 to 50 mm Hg have 
been recommended for children.276,277

“Maintain CPP at 60 mm Hg in the first 2 to 3 days 
after TBI” is probably reasonable general advice. How-
ever, clinicians may encounter other views, including 
the argument that a “one-size-fits-all” approach inevita-
bly denies the heterogeneity of pathophysiology among 
patients with TBI. It is certainly true that not all patients 
with TBI have low CBF and not all have absent auto-
regulation. Although an initially low post-injury CBF is 
probably the most common clinical occurrence, hyper-
emia does occur.33,37,266,278,279 It tends to occur in patients 
with mass lesions rather than contusions, although even 
those patients have an immediate post-injury period of 
low CBF, with delayed hyperemia peaking at 24 hours or 
later.32,33,266,267,279 Hyperemia may also be more common 
in children.280 (Also see Chapter 93.) There is evidence 

* References 21, 31, 35, 36, 261, 265, 266.
† References 21, 34, 255, 262, 267, 268.
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that not all patients with TBI benefit from increases in 
CPP. Patients with TBI and impaired autoregulation, low 
baseline flows, increased ICP, and low initial GCS score 
are most likely to benefit.281-284 Accordingly, “targeted” 
therapy has been advocated.285-291 However, techniques 
to discriminate the various flow states (serial CBF mea-
surement, TCD, SjvO2) are not universally available. 
Some institutions, which have the necessary data analysis  
capacity, take another approach to targeted therapy. 
They identify a nominal “optimal CPP” by examin-
ing the changes in ICP that occur in response to varia-
tions in MAP. The range of MAPs in which the smallest 
ΔICP/ΔMAP occurs is taken to be the range within which 
autoregulation functions most efficiently and is the target 
range for that individual patient.286,287 This approach is 
not feasible in most ICUs. As a result, and despite the 
theoretic attractiveness of targeted therapy, the CPP of 60 
as an objective is more common.

There are at least two alternative approaches to blood 
pressure management in patients with TBI (Fig. 70-16). 
The Lund concept is based on the premises that arte-
rial blood pressure causes hydrostatically driven edema 
accumulation, and that edema formation can be further 
aggravated by subnormal COP and crystalloid adminis-
tration.292-294 As originally described, the Lund approach 
in part entailed relative dehydration (furosemide, crystal-
loid restriction), albumin administration to maintain a 
normal COP, and the administration of metoprolol and 
clonidine to lower blood pressure to a CPP target of 50 
to 55 mm Hg. At its inception, the approach was contro-
versial because it ran counter to the perceptions of many 

75

50

25

0

0 50 100 150

C
B

F
 (

m
L/

10
0 

g/
m

in
)

MAP (mm Hg)

Lund

Endinburgh

Birmingham

Figure 70-16. The relationship of cerebral blood flow (CBF) to 
blood pressure after head injury. There are three cerebral perfusion 
pressure (CPP) management strategies (see text) driven by differing 
beliefs about common pathophysiologic derangements. The most 
commonly held strategy is Edinburgh (so named for the institution of 
the original proponents); it emphasizes low postinjury CBF, impaired 
autoregulation, and the necessity to support CPP (mean arterial pres-
sure [MAP] – intracranial pressure [ICP]) to 60 to 70 mm Hg. The Lund 
concept emphasizes the contribution of hyperemia to the occurrence 
of elevated ICP. That approach uses antihypertensive agents to reduce 
blood pressure while maintaining CPP greater than 50 mm Hg.292 
That CPP target has increased, in the most recent iteration, to 60 to 
70 mm Hg, with allowance for occasional reduction to 50 mm Hg.294 
An approach emanating from the University of Alabama, identified 
as Birmingham, entails pharmacologically induced hypertension. That 
approach is based on the belief that autoregulation is largely intact 
and that hypertension will result in cerebral vasoconstriction with con-
comitantly reduced cerebral blood volume and ICP.299,300
clinicians of the importance of maintaining a CPP of 70 
mm Hg and because of the later demonstration that a neg-
ative fluid balance in patients with TBI is deleterious.257 
Over time (and in parallel with a relaxation the higher 
CPP targets by others68,265,272,273), the Lund proponents 
have modified their approach. Normovolemia is now the 
clinical objective, and CPP is 60 to 70 mm Hg in most 
patients. The latter has made the approach somewhat less 
controversial. However, CPP may be reduced to 50 to  
60 mm Hg when ICP is not well controlled,135 and that ele-
ment remains controversial.295 Although the proponents 
of the Lund approach assert improvements in outcome, 
those reports invariably entail either no control group or 
comparisons with nonconcurrent controls.136,296-298 The 
approach has not been adopted in North America.

The second approach, promoted by neurosurgeons at 
the University of Alabama at Birmingham (sometimes 
called the “Rosner concept” after its chief proponent), 
is that induced hypertension can be used as an adjunct 
to ICP control.21,299,300 The underlying concept is that 
autoregulation is at least partially preserved after TBI 
and that an increased MAP results in autoregulation-
mediated vasoconstriction with a concomitant reduc-
tion in CBV and, therefore, ICP. These investigators 
reported a very satisfactory local experience,300 but 
others have reported that induced hypertension was 
either ineffective or deleterious as a means of reducing 
increased ICP.12,301 The Rosner approach now appears to 
have few advocates.

What should the anesthesiologist managing the patient 
with TBI do in the face of these various approaches? Per-
fusion pressure support of varying degrees is a theme that 
is common to of all of them, and the careful support of 
CPP at or just above the 60-mm Hg range is probably the 
most reasonable general approach. When establishing 
normovolemia alone does not accomplish that objective, 
phenylephrine, norepinephrine, and dopamine have all 
been used. With that CPP recommendation offered, it 
must be acknowledged that convictions vary and anesthe-
siologists should come to an understanding with the local 
traumatologists and neurosurgeons as to CPP targets.

hyPerveNtilatioN. The use of hypocapnia has been 
reviewed in detail in the section Management of Paco2. 
The effectiveness of acute hypocapnia in reducing ICP is 
well confirmed.12 But there is substantial evidence that 
hyperventilation is potentially deleterious21,22,27-29,302 
and should not be overused. That evidence suggests that 
hyperventilation and the concomitant vasoconstriction 
can result in ischemia,19,27-30 especially when baseline 
CBF is low,30 as is likely to be the case in the first 48 to 
72 hours after head injury.21,31,36,37 The expert panel con-
vened by the Brain Trauma Foundation specified that 
prophylactic hyperventilation is “not recommended,” 
and that “hyperventilation should be avoided during 
the first 24 hours after injury when CBF is often criti-
cally reduced.”68 The available information argues that 
hyperventilation should be used selectively rather than 
routinely in the management of patients with TBI. Main-
taining ICP less than 20 mm Hg, preventing or reversing 
herniation, minimizing retractor pressure, and facilitat-
ing surgical access are still important objectives in the 
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management of the patient with TBI, and to the extent 
that these objectives cannot be accomplished by other 
means, hyperventilation may still be appropriate. Once 
again, the anesthesiologist should agree on manage-
ment variables with the surgical team at the outset of all 
 procedures.

iNtraveNouS fluid maNagemeNt. Intravenous fluid man-
agement of the patient with TBI was addressed earlier in 
the section Intravenous Fluid Management. The impor-
tant principles are that fluids should be chosen invari-
ably to prevent reduction of serum osmolarity and should 
probably be chosen to prevent profound reduction of 
colloid oncotic pressure—that is, in the circumstances 
of a large-volume resuscitation (arbitrarily, greater than 
half a circulating volume), using a mix of colloids and 
crystalloids is probably appropriate. The clinical objec-
tive should be the maintenance of intravascular normo-
volemia, in part as an adjunct to MAP and CPP support. 
A chronic negative fluid balance, as can occur with the 
combination of modest fluid restriction and liberal use 
of osmotic diuretics, has been shown to be deleterious 
and should be avoided.257 The severely injured brain can 
liberate sufficient thromboplastin into the circulation to 
result in a consumptive coagulopathy.303-305 Appropriate 
laboratory tests and replacement should be performed. 
The clinician may also find a serum osmolarity deter-
mination early in the course of anesthetic management 
useful in appreciating the cumulative effects of prior 
administration of mannitol or HTS. The use of hypertonic 
solutions and the relevant attributes of colloid solutions 
were discussed in the section Intravenous Fluid Manage-
ment. Because of the ischemia that can be a component 
of TBI, the minimal acceptable hemoglobin level should 
probably be more than that accepted in stable critical care 
patients (i.e., 7 g/dL). There is relatively little information 
to provide guidance (also see Chapters 61 and 105). How-
ever, one investigation, which presented observations of 
PbtO2, suggested 9 g/dL as a hazard threshold in patients 
with TBI.224

Monitoring
jugular veNouS oxygeN SaturatioN. SjvO2 monitor-
ing has been used to guide the management of patients 
with TBI.* The underlying concept is that a marginal or 
inadequate CBF results in an increasing oxygen extrac-
tion, a widening arteriovenous content difference, and 
reduction of SjvO2. Normal subjects have SjvO2 values 
between 60% and 75%. An SjvO2 less than 50% for 5 
minutes is commonly accepted as constituting jugular 
desaturation. There have been numerous reports of low 
SjvO2 values improving with interventions including 
reducing hyperventilation, increasing MAP, or inducing 
hypervolemia. SjvO2 measurement makes an assessment 
of global oxygen extraction. It might be expected to have 
limited sensitivity to focal events, and instances in which 
focal inadequacy of perfusion was not reflected by low 
SjvO2 have been reported.27-29,37 An additional limita-
tion inherent to the unilateral placement of the catheter 
is the observation by Stocchetti and colleagues,308 who 

* References 27-30, 38, 255, 270, 271, 306, 307.
observed that there was an average side-to-side difference 
between simultaneous jugular bulb saturations of 5.3 ± 
5% and that side-to-side differences in hemoglobin satu-
ration of up to 15% were common.308

Despite the reported successes with SjvO2 monitor-
ing,38,309,310 we do not believe that the method is suf-
ficiently well defined to justify advocating widespread 
intraoperative application. In the ICU, it appears to be 
potentially useful as a trend monitor that may serve to 
identify the level of CPP or hyperventilation below which 
cerebral perfusion begins to be compromised, with the pro-
viso that there is a significant potential for false- negative 
results.27-29,37 The technique also has a potential use 
beyond warning of inadequate perfusion. High SjvO2 val-
ues may serve to identify the patient with elevated ICP in 
whom hyperemia is an important contributing factor and 
in whom aggressive attempts to decrease CBF (i.e., hyper-
ventilation, barbiturates) may be beneficial.

BraiN tiSSue Po2. Brain tissue PO2 (PbtO2) has been used 
to guide the management of both TBI and SAH, and there 
have been limited reports of improvement in outcomes 
thereby.301-315 A PbtO2 equal to or more than 20 to 25 
mm Hg is viewed as normal, and values equal to or less 
than 10 to 15 mm Hg are assumed to convey a substan-
tial risk of hypoxic injury. One investigation reported 
that 29% of patients with TBI with GCS scores equal to 
or less than 8 have brain regions with PbtO2 equal to or 
less than10 mm Hg despite meeting CPP and ICP targets 
of equal to or more than 60 mm Hg or less than 25 mm 
Hg, respectively.274 This would seem to encourage the 
use of these monitors. However, PbtO2 monitors suffer 
from the inverse of the problem that prevails with SjvO2 
monitoring: they provide very focal information about 
the oxygenation status of only small regions of brain sur-
rounding the tip. If they are placed remotely from focal 
injuries to provide a global measure of oxygenation, they 
may not see adverse events in at-risk but salvageable per-
ilesional tissue.316 They may similarly fail to be a useful 
therapeutic guide if they are within irredeemably injured 
brain. The use of PbtO2 monitoring is neither standard-
ized nor widespread.

iNtracraNial PreSSure moNitoriNg for NoNNeurologic 
Surgery iN the BraiN-iNjured PatieNt. In the ideal situ-
ation, neurosurgical consultation is readily available and, 
appropriately, the anesthesiologist rarely has to make the 
decision for surgery. It may, however, be necessary for 
the anesthesiologist to participate in this decision. The 
relevant variables include:
  

 1.  The level of consciousness. If there has been a loss of 
consciousness at any time (or amnesia for the event 
in the absence of witnesses) or if the GCS score is less 
than 15, a CT scan should be obtained. If the CT scan 
reveals compressed basal cisterns (indicative of an 
exhaustion of supratentorial compensatory latitudes), 
midline shift, or effaced ventricles, and probably any 
intracranial lesion (e.g., contusion, small subdural), 
an ICP monitor should be considered for surgery, 
with general anesthesia performed within at least 48 
hours after TBI. Excessive comfort should not be taken 
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from a good GCS score. Patients with good scores can 
talk and deteriorate or talk and die after a TBI associ-
ated with loss of consciousness. Delayed deterioration 
has been observed as much as 4 days after the initial 
injury.317,318 Patients with lesions, usually contusions, 
in the frontal and frontotemporal region, and espe-
cially those with medial temporal lesions, are most at 
risk for this phenomenon. Modest expansion of lesions 
in this location (i.e., close to the uncus and the inci-
sura where herniation occurs) can result in herniation 
even at relatively low ICPs (e.g., ≈20 mm Hg). At our 
institution, neurosurgeons would recommend avoid-
ing an anesthetic in these patients and would certainly 
advise ICP monitoring if lengthy general anesthesia 
were unavoidable.

 2.  Time since injury. The longer the patient has had to 
declare his or her clinical course, the less pressing is 
the need for ICP monitoring. Delayed deterioration 
has been observed for as much as 48 hours,317 and 
4.5 days in separate investigations,318 and a patient 
with a demonstrable CT lesion and a GCS score less 
than 15 is a candidate for a monitor during this time 
frame.

 3.  Nature and duration of the intended procedure. The risks 
of an untoward ICP event are inevitably greater in a 
6-hour spine instrumentation in the prone position 
than in a 20-minute debridement and suturing of an 
arm laceration.

Hypothermia
There is clearly an ischemic component to the pathophys-
iology of TBI, and mild induced hypothermia has been 
shown to be highly protective in experimental cerebral 
ischemia. On that basis, the study of hypothermia after 
experimental TBI was undertaken, and improvements in 
outcome were demonstrated.155 Several local, prospec-
tive trials of hypothermia after TBI were performed.319-322 
Because those trials appeared to indicate good patient tol-
erance of sustained mild hypothermia (32° C to 34° C) 
and improvement in ICP and outcome, a multicenter trial 
was performed. That trial, which required induction of 
hypothermia within 8 hours of injury, revealed no over-
all benefit.156 Because of concern that 8 hours was not 
sufficiently rapid, a second trial, which achieved the tar-
get temperature in 2.5 hours, was performed. It too was 
negative for benefits.157 As a result, there is no established 
role for hypothermia in TBI management as of this writ-
ing. However, interest and investigation appears likely 
to continue. Post hoc analysis of the two trials just cited 
revealed improved outcome in patients with intracerebral 
hematoma who were randomized to hypothermia.323 A 
multicenter trial of hypothermia to treat increased ICP 
after TBI is underway in Europe.324 (Also see the section 
Hypothermia.)

POSTERIOR FOSSA PROCEDURES

Most of the topics relevant to posterior fossa procedures 
(Table 70-5) have been discussed in the section Recurrent 
Issues. These include the sitting position and its cardio-
vascular effects and complications (quadriplegia, macro-
glossia), pneumocephalus, and VAE and PAE. The use of 
the sitting position to facilitate surgery in the posterior 
fossa increases the likelihood of all of these phenomena, 
though they are relevant to nonsitting positions as well. 
This section reviews the cardiovascular events associated 
with direct stimulation of the brainstem and their pos-
sible implications for postoperative management.

Brainstem Stimulation
Irritation of the lower portion of the pons and the upper 
medulla and of the extra-axial portion of the fifth cranial 
nerve can result in a number of cardiovascular responses. 
The former two areas are most often stimulated during 
procedures on the floor of the fourth ventricle and the 
last during surgery at or near the cerebellopontine angle 
(e.g., acoustic neuromas, microvascular decompression 
of fifth [tic doloureux], seventh [hemifacial spasm], or 
ninth [glossopharyngeal neuralgia] cranial nerves). The 
responses may include bradycardia and hypotension, 
tachycardia and hypertension, or bradycardia and hyper-
tension, and ventricular dysrhythmias.325 Meticulous 
attention to the ECG and a directly transduced arterial 
pressure during manipulation in this region are neces-
sary to provide the surgeon with immediate warning of 
the risk of damage to the adjacent cranial nerve nuclei 
and respiratory centers. Pharmacologic treatment of the 
dysrhythmias that occur may serve to attenuate the very 
warning signs that should be sought.

Irritation and injury of posterior fossa structures that 
may have occurred during surgery should be taken into 
account in planning extubation and postoperative care. 
In particular, procedures involving dissection on the floor 
of the fourth ventricle entail the possibility of injury to 
cranial nerve nuclei or postoperative swelling in that 
region, or both. Cranial nerve dysfunction, particularly 
of nerves IX, X, and XII, can result in loss of control and 
patency of the upper airway, and swelling of the brain-
stem can result in impairment of both cranial nerve 
function and respiratory drive. The posterior fossa is a 
relatively small space, and its compensatory latitudes are 
even more limited than those of the supratentorial space. 
Relatively little swelling can result in disorders of con-
sciousness, respiratory drive, and cardiomotor function. 
There should be an interaction between the anesthesiolo-
gist and the surgeon in making decisions about whether 

TABLE 70-5 CONSIDERATIONS RELEVANT TO 
POSTERIOR FOSSA PROCEDURES AND THE 
LOCATION OF THE RELATED DISCUSSION IN  
THIS CHAPTER

Consideration Chapter Section, Subsection

Hemodynamic effects of the 
sitting position

Positioning, Sitting

Venous air embolism Venous Air Embolism
Paradoxical air embolism Venous Air Embolism
Hemodynamic effects of 

brainstem and cranial nerve 
manipulation

Posterior Fossa Procedures

Macroglossia Positioning, Sitting
Pneumocephalus Pneumocephalus
Quadriplegia Positioning, Sitting
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Figure 70-17. Pituitary tumor with suprasellar extension. The left panel shows the proximity of the tumor to the carotid arteries (which lie 
within the cavernous sinuses) and the potential for distortion of the ventricular system. The optic chiasm (not seen) lies above the sella in the path 
of the upwardly expanding tumor. The right panel shows that tumors that lie above the sella (including craniopharyngiomas, which arise in this 
location) abut and can invade the hypothalamus. The more radio-dense (whiter) cap over the superior and anatomic right lateral aspects of the 
tumor mass is a normal pituitary gland.
extubation is appropriate and where postoperative obser-
vation should occur (i.e., ICU or non-ICU).

Spontaneous ventilation was once advocated for pro-
cedures that entailed a risk of damage to the respira-
tory centers. Spontaneous ventilation is now rarely used 
because the proximity of the cardiomotor areas to the 
respiratory centers should permit cardiovascular signs to 
serve as an indicator of impending injury to the latter. 
It is our opinion that respiratory pattern is more likely 
to be a relevant monitor when the threat to the brain-
stem is the result of vessel occlusion (as might occur with 
accidental interruption of perforating vessels during ver-
tebrobasilar aneurysm surgery326) than when it is because 
of direct mechanical damage caused by retraction of or 
dissection in the brainstem.

Various electrophysiologic monitoring techniques 
may be used during posterior fossa surgery. These include 
somatosensory evoked responses, brainstem auditory 
evoked responses, and electromyographic monitoring of 
the facial nerve. The last requires that the patient not be 
paralyzed or have a constant state of incomplete paraly-
sis. Somatosensory evoked response monitoring imposes 
some constraints with respect to the selection of anes-
thetics. These are discussed in Chapter 49.

Balloon Compression of the Trigeminal 
Ganglion
This is another situation in which a dysrhythmia may 
occur. The procedure attempts to produce a neuropraxia 
of the fifth cranial nerve by the rapid inflation of a Fog-
arty-type balloon within Meckel’s cave.327,328 The bal-
loon is introduced percutaneously through the cheek and 
beneath the maxilla. The procedure is best accomplished 
with a general anesthetic because both the entry of the 
needle into Meckel’s cave and the balloon compres-
sion (lasting several minutes) are intensely stimulating. 
A relatively profound, although transient, bradycardia 
occurs and is sought as confirmation of adequate com-
pression. External pacemaker pads have been advocated 
but in our experience are unnecessary.

TRANSSPHENOIDAL SURGERY

The transsphenoidal approach to the sella turcica is used 
for the excision of tumors that lie within the sella or its 
environs (Fig. 70-17). The majority of these lesions are 
tumors arising from the pituitary gland, and the most 
common of these are prolactin-secreting microadeno-
mas and nonsecreting macroadenomas. Patients with the 
former are usually women who present with secondary 
amenorrhea or galactorrhea, or both. The nonsecreting 
adenomas tend to manifest with mass effects (headache, 
visual disturbance, hypopituitarism) and are typically 
larger at the time of diagnosis. Patients may also present 
with hypopituitary states as a result of dysfunction of the 
normal gland caused by compression by the tumor mass. 
There are three other less common pituitary tumors: 
growth hormone–secreting lesions, which result in acro-
megaly; adrenocorticotropic hormone (ACTH)-secreting 
tumors, which cause Cushing disease; and a very rare thy-
roid-stimulating hormone–secreting lesion, which results 
in hyperthyroidism. A detailed review of the periopera-
tive management of this group of patients is available.329

Preoperative Evaluation
The important preoperative considerations relate to the 
patient’s endocrine and visual status. In general, as a pitu-
itary lesion expands and compresses the pituitary tissue, 
normal glandular function is compromised. Hormonal 
function is lost in the following sequence: first, gonadotro-
phins; second, growth hormone; third, ACTH; and fourth 
and last, thyroid-stimulating hormone. A decrease in 
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ACTH secretion results in a hypoadrenal state. Attention 
to this is critical because an Addisonian crisis can ensue, 
especially under the stress of surgery. Profound hypocor-
tisolism, with associated hyponatremia, should be cor-
rected preoperatively. Deficiency in thyroid function is 
uncommon. However, if significant hypothyroidism is 
present, it should be corrected preoperatively because 
hypothyroid patients have a diminished tolerance to the 
cardiovascular depressant effects of anesthetics. Attention 
to other manifestations of pituitary hypersecretion is also 
important. Hypertension, diabetes, and central obesity 
are common concomitants of ACTH-secreting adenomas 
(Cushing disease). Patients with advanced acromegaly 
can develop an enlarged tongue and a narrowed glottis, 
and the airway should be evaluated accordingly. The der-
mis is thickened and vascular cannulation can be more 
difficult. Hypertension and a cardiomyopathy may also 
occur. (See also Chapter 38.)

Monitoring
Many practitioners place an arterial catheter, and this 
facilitates monitoring of blood pressure as the nasal 
mucosa is injected with epinephrine containing local 
anesthetic solutions. Access for blood sampling is also a 
useful adjunct to postoperative care if diabetes insipidus 
develops. Blood loss is usually modest. However, the cav-
ernous sinuses, through which the carotid arteries pass 
(see Fig. 70-17), form the lateral boundary of the sella 
and may be entered during the resection of large tumors. 
Entry into these structures can lead to catastrophic blood 
loss. In addition, in some patients there is an extensive 
venous sinus connecting the two cavernous sinuses that 
may cover the entire dural lining of the sella, rendering a 
transsphenoidal approach hazardous. It has, on occasion, 
actually precluded this approach to the pituitary gland.

Anesthetic Technique
The latitudes are broad with respect to choice of agent, 
although tumors with suprasellar extension (see Fig. 
70-17) can occasionally cause hydrocephalus and add 
increased ICP constraints to the anesthetic technique. 
The procedure is performed in the supine position, usu-
ally with some degree of head-up posture to avoid venous 
engorgement. A pharyngeal pack prevents the accumula-
tion of blood in the stomach (which causes vomiting) or 
in the glottis (which contributes to coughing at extuba-
tion). A RAE-type tube secured to the lower jaw at the cor-
ner of the mouth opposite the surgeon’s dominant hand 
(e.g., the left corner of mouth for a right-handed surgeon) 
is suitable. A small esophageal stethoscope and tempera-
ture probe can lie with the endotracheal tube. Covering 
the entire bundle with a towel drape (a plastic sheet with 
an adhesive edge) placed just below the lower lip, so that 
it hangs from the lower jaw like a veil, protects it from 
contact with the preparation solutions.

The procedure is commonly performed with a C-arm 
image intensifier (lateral views), and the head and arms 
are relatively inaccessible once the patient is draped. It is 
appropriate to establish the nerve stimulator at a lower 
extremity site. The surgical approach is via the nasal cav-
ity, usually through an incision made under the upper 
lip or via the nares. During the approach, the mucosal 
surfaces within the nose are infiltrated with a local anes-
thetic and epinephrine solution, and the patient should 
be observed for the occurrence of dysrhythmias.

Surgical preferences for CO2 management vary. In 
some instances, hypocapnia is requested to reduce brain 
volume and minimize the degree to which the arachnoid 
bulges into the sella. One of the important surgical con-
siderations is the avoidance, when possible, of opening 
the arachnoid membrane leading to leakage of CSF. Post-
operative CSF leaks can be persistent and are associated 
with a considerable risk of meningitis. By contrast, when 
there is suprasellar extension of a tumor, a normal CO2 
level helps deliver the lesion into the sella for excision.330 
As an alternative method to accomplish this, some sur-
geons have resorted to “pumping” of saline into the lum-
bar CSF space.331

A smooth emergence (see the section Emergence from 
Anesthesia) from anesthesia is desirable, especially if the 
CSF space has been opened (and resealed with fibrin glue 
or by packing the sphenoid sinus with fat or muscle). 
Repeated intense Valsalva maneuvers, as with coughing 
or vomiting, may contribute to the reopening of a CSF 
leak and worsen the risk of subsequent meningitis. The 
airway should be cleared of debris including formed clots. 
In situations in which there is concern that a persistent 
CSF leak may occur, the surgeon may place a lumbar CSF 
drain to maintain CSF decompression in the early post-
operative period.

Diabetes Insipidus
The antidiuretic hormone is synthesized in the supraop-
tic nuclei of the hypothalamus and is transported down 
the supraoptic-hypophyseal tract to the posterior lobe of 
the pituitary gland. This portion of the pituitary gland 
is frequently spared during transsphenoidal tumor exci-
sions. Even when it is excised, water homeostasis com-
monly normalizes, presumably because the ADH is 
released from the cut end of the tract. When the pituitary 
stalk is transected, and sometimes even when the poste-
rior lobe of the pituitary gland is left intact, transient dia-
betes insipidus may occur. Diabetes insipidus very rarely 
arises intraoperatively; it usually occurs 4 to 12 hours 
postoperatively. The clinical picture is one of polyuria in 
association with a rising serum osmolality. The diagnosis 
is made by comparison of the osmolalities of urine and 
serum. Hypo-osmolar urine in the face of an elevated and 
rising serum osmolality strongly supports the diagnosis. 
In the presence of bona fide diabetes insipidus, urine-spe-
cific gravity is low (i.e., ≤1.002), though this analysis is 
now rarely performed.

When the diagnosis of diabetes insipidus is established, 
the following fluid management regimen is appropriate: 
hourly maintenance of fluids plus two thirds of the previ-
ous hour’s urine output. (An acceptable alternative is the 
previous hour’s urine output − 50 mL + maintenance.) 
The choice of fluid is dictated by the patient’s electrolyte 
levels. In general, the patient is losing fluid that is hypo-
osmolar and relatively low in sodium. Half-normal saline 
and 5% dextrose in water are commonly used as replace-
ment fluids. Beware of hyperglycemia when large vol-
umes of 5% dextrose in water are used. An unacceptable 
fluid regimen that has been used calls for maintenance 
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fluids plus the previous hour’s urine output. This has the 
potential to put the anesthesiologist and the patient in 
a “chase your tail” situation. Should the patient become 
iatrogenically fluid–overloaded, this regimen precludes 
his or her returning to isovolemia, and where the main-
tenance fluid allowance is generous, it guarantees that 
the patient will become increasingly hypervolemic. If the 
hourly requirement exceeds 350 to 400 mL, desmopressin 
acetate is often administered.

AWAKE CRANIOTOMY AND SEIZURE 
SURGERY

Awake craniotomies are performed when tumors or epi-
leptic foci lie close to cortical areas required for either 
speech or motor function, or to mesial-temporal struc-
tures critical to short-term memory. Many patients have 
so-called temporal lobe epilepsy. There is commonly a 
structural lesion visible on MRI. Sometimes there is a his-
tory of remote trauma.

Presurgical Evaluation
Before the resection, most patients have undergone a 
Wada test or video-telemetry, or both.332 More recently, 
functional testing using MRI or positron emission tomog-
raphy, or both, has also been introduced to the presurgical 
evaluation. The Wada test involves selectively anesthe-
tizing the cerebral hemispheres, usually by injection of 
amobarbital (Amytal) sodium into the carotid artery to 
localize the hemisphere that controls speech or to con-
firm that there is bilateral representation for short-term 
memory, or both. Speech is an issue when the postero-
lateral portions of the temporal lobe are involved, and 
memory is the concern when the involvement is mesial.

Anesthesia for Electroencephalogram 
Electrode Placement
Video-telemetry is performed to permit localization of the 
seizure focus that is responsible for the clinically problem-
atic events. This usually requires prior placement of either 
subdural strip electrodes (via burr holes) or a subdural elec-
trode grid (requiring a craniotomy). Electrodes are some-
times placed deep into the parenchyma, usually within 
the temporal lobe (placed stereotactically via burr holes), 
or they are positioned to look at the inferior surfaces of the 
temporal lobe. The latter is commonly accomplished with 
so-called foramen ovale electrodes. These electrodes are 
placed using a needle similar to an epidural needle. The 
point of entry is approximately 2 cm lateral to the angle 
of the mouth. The needle is passed through soft tissue, 
under the temporal process of the zygomatic bone and 
medial to the ramus of the mandible, up to the base of the 
skull in the vicinity of the foramen ovale. Typically, this 
procedure is performed as a MAC, although small doses of 
anesthetics, most often propofol, are usually required at 
the time of stimulation by the needle of the periosteum 
at the base of the skull. After placement of the relevant 
electrodes, the patient’s seizure medication is discontin-
ued and the patient remains in an observation unit with 
EEG and behavior recorded continuously. In this manner, 
the EEG events associated with the clinically significant 
seizure events and their anatomic origin can be identified.
Preanesthetic Evaluation and Preparation
At the preoperative interview, the patient should be edu-
cated about the nature and duration of the procedure and 
the limitations on patient movement. A description of 
both the aura and the seizures to facilitate recognition of 
impending events should be obtained, and it should be 
ascertained whether the patient is subject to having grand 
mal convulsions. If intraoperative electrocorticography to 
identify seizure foci is intended, it is common to discon-
tinue or reduce by half the anticonvulsants according to 
the perceived risk of uncontrolled seizures. Premedicants 
with an anticonvulsant effect (e.g., benzodiazepines) 
should not be used because they may interfere with intra-
operative EEG localization (see also Chapter 38).

Anesthetic Technique
The objectives of the anesthetic technique are as follows:
  

 1.  To minimize patient discomfort associated with the 
potentially painful portions of the procedure and with 
the prolonged restriction of movement.

 2.  To ensure patient responsiveness and compliance dur-
ing the phases of the procedure that require assess-
ment of speech, memory, or motor/sensory responses 
to cortical stimulation.

 3.  To select anesthetic techniques that produce minimal 
inhibition of spontaneous seizure activity.

  

There are probably many ways of providing sedation 
that are consistent with the objectives just cited. The tech-
niques used range from minimal sedation approaches, 
through deep sedation during which intermittent unre-
sponsiveness is achieved with spontaneous ventilation and 
an unprotected airway, to asleep-awake-asleep techniques 
with intermittent airway management with a laryngeal 
mask airway (LMA) or endotracheal tube, sometimes with 
positive-pressure ventilation. From the outset, the anesthe-
siologist should appreciate that the essential element of an 
anesthetic for an awake craniotomy is the local anesthetic 
technique. Sedation cannot compensate for inadequate 
anesthesia of the scalp, as is accomplished by nerve blocks 
(Fig. 70-18), and pin site infiltration. Although the anes-
thesiologist can contribute enormously to the patient’s 
comfort and tolerance of the painful components of the 
procedure and the prolonged immobilization, the anes-
thesiologist must not get trapped into thinking that it is 
his or her responsibility to provide a general anesthetic 
equivalent in a spontaneously breathing patient with an 
unprotected and all but inaccessible airway.

For sedation, there are many options. Many clinicians 
(including the authors) use principally propofol,333,334 
sometimes supplemented with infusion of remifentanil 
(e.g., 0.02 to 0.05 μg/kg/min) or dexmedetomidine (e.g., 
0.2 μg/kg/hr). Other combinations, including propofol 
with either fentanyl or remifentanil and dexmedetomi-
dine with or without remifentanil, are reasonable.335-337 
Great care should be taken in administering additional 
sedative drugs, especially narcotics whose respiratory 
depressant effects will be synergistic with propofol. This 
is especially relevant in the presence of pin fixation, 
which severely restricts the anesthesiologist’s capacity 
to intervene quickly in the event of excessive respira-
tory depression or loss of patency of the airway. Propofol 
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should be discontinued at least 15 minutes before EEG 
recording. Despite prompt awakening, propofol leaves a 
residual EEG footprint characterized by high-frequency, 
high-amplitude beta activity that can obscure the abnor-
mal activity that is being sought in the cortical surface 
EEG.333 The use of dexmedetomidine, which in addition 
to sedation and anxiolysis provides some analgesia with 
minimal respiratory depression, is increasing.337-341 Satis-
factory conditions for functional testing, including brain 
stimulation for speech mapping and electrocorticogra-
phy, have been reported with dexmedetomidine infusions 
ongoing at rates between 0.1 and 0.5 μg/kg/hr during the 
testing.337,339,342,343 The occurrence of delays in achiev-
ing satisfactory patient responsiveness has also been 
reported,340,344 and using only relatively modest infusion 
rates (i.e., 0.1-0.2 μg/kg/hr) during neurocognitive test-
ing appears advisable.342 Administration of antiemetics 
(ondansetron or dexamethasone, or both) should prob-
ably be routine, especially if narcotics are administered.

Various groups have reported the use of the LMA 
with either spontaneous or controlled ventilation dur-
ing the craniotomy, with cessation of sedative admin-
istration and LMA removal once the brain surface 
is exposed.338-340,342,345,346 It is obvious that many 
approaches can be effective, but it should be noted, for 
the most part, that the LMA techniques have been used 
in patients who were not in pin fixation of the head. An 
awake-asleep-awake technique using insertion, removal, 
and replacement of an endotracheal tube has been 
reported, but a customized tube that allows installation 
of local anesthetic in the glottis and trachea was used.347
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Figure 70-18. The cutaneous nerves of the scalp.
Routine, noninvasive monitors are almost always suffi-
cient. Reliable capnography, to provide breath-by-breath 
confirmation of airway patency and respiratory drive, is 
essential if deep sedation is intended for any portion of 
the procedure. These procedures are often lengthy. Atten-
tion to the details of patient comfort (warming blankets, a 
sheepskin, room temperature) improve patient tolerance.

The uncomfortable phases of the procedure are pin 
head holder placement (not all groups use a pin head 
holder) and the craniotomy. Many patients also find 
manipulation of the dura, in particular traction on sub-
temporal dura, painful. The actual manipulation of 
supratentorial brain parenchyma is painless. The volume 
of local anesthetic used to infiltrate pin sites and perform 
the scalp nerve blocks can be substantial. It is appropri-
ate for the anesthesiologist to keep track of, and provide 
advice about, the doses of local anesthetics used.

The anesthesiologist should participate actively at 
the time of head positioning. The more sniff that can be 
achieved before the final lockdown of the head holder, 
the wider the latitudes will be for sedating the patient, 
while maintaining spontaneous ventilation and a patent 
airway. During positioning of the patient, there should 
also be attention to the need to maintain visual access 
to the face. A clear line of sight to the face is necessary to 
present the patient with images to name as part of speech 
testing and to identify the occurrence of facial motor 
responses during mapping of the motor strip.

In general, after the dural opening is complete, for 
 seizure-related resections, cortical surface EEG recording is 
performed to locate the seizure focus. If no seizure activity 
is observed, provocative maneuvers may be requested.348 
Methohexital in a dose of approximately 0.3 mg/kg is gener-
ally safe and effective. Etomidate, approximately 0.05 to 0.1 
mg/kg, has also been used. Localization of seizure focus can 
also be accomplished during light general anesthesia (e.g., 
N2O /fentanyl/low-dose isoflurane). During general anes-
thesia, alfentanil, in a bolus dose of 30 to 50 μg/kg349,350; 
etomidate in doses of 0.2 to 0.3 mg/kg351,352; and remifen-
tanil, as a bolus of 2.5 μg/kg353 have been reported to be 
effective in activating seizure foci. Hyperventilation may 
also help activate seizure foci.354

After localization by EEG (or initially in nonseizure-
related resections), functional testing is performed by elec-
trical stimulation of the cortical surface with observation 
for motor, sensory, or speech interruption effects. During 
cortical stimulation, the anesthesiologist should be pre-
pared to treat grand mal convulsions. Seizures usually stop 
with cessation of stimulus or with irrigation of the cortex 
with cold saline. When they are not self-limited, pharma-
cologic intervention (e.g., with propofol in increments of 
0.5 to 1.0 mg/kg), may be warranted. However, propofol 
should be withheld briefly until it is clear that the seizure is 
not going to terminate spontaneously because it may inter-
fere with subsequent EEG localization for some time.333

STEREOTACTIC PROCEDURES

Stereotactically-guided procedures are performed for 
numerous indications including biopsy of small, deep-
seated lesions and placement of deep brain stimulation 
electrodes. The latter are placed most commonly for the 
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treatment of movement disorders (Parkinson disease, 
essential tremor, and dystonias)355 and sometimes for a 
variety of other conditions (Tourette disorder, obsessive-
compulsive disorder, and depression). Procedures related 
to movement disorders most often target the subthalamic 
nucleus, the internal segment of the globus pallidus, or 
the ventral intermediate nucleus of the thalamus (Fig. 
70-19).355 The mechanism of the beneficial effect of deep 
brain stimulation is not well understood. A prominent 
theory is that the abnormal motor patterns are caused by 
synchronized oscillations in neural circuits involving sev-
eral basal ganglia nuclei, as well as the cortex, and that 
high-frequency stimulation of any of several points along 
the pathway can interfere with the oscillation.356

Preoperative evaluation should include ensuring that 
the coagulation process is intact and that the patient is 
not taking platelet-inhibiting agents (including herbal 
medications). There should be careful explanation of the 
procedure, its likely duration, and the necessary restraints 
on patient movement.

Several constraints will confront the anesthesiologist 
including:
  

 1.  Airway access. Commonly, the stereotactic frame, of 
which there are many variations, is placed using local 
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Figure 70-19. Deep-brain stimulation electrode target sites. The 
most commonly targeted nuclei for the treatment of movement dis-
orders are the subthalamic nucleus, the ventral intermediate nucleus 
of thalamus (Vim), and the internal segment of globus pallidus (GPi).
anesthetic and the patient undergoes an imaging 
study before being brought to the operating room. In 
some instances, the frame will prevent mask applica-
tion and ventilation, laryngoscopy, and neck exten-
sion. If a general anesthetic is to be used, an awake 
intubation occasionally may be required. The frame 
is often anchored to the operating room table. If 
sedation is to be used, the anesthesiologist should 
have certain knowledge of how to remove the device 
rapidly in an urgent situation (including knowledge 
of the whereabouts of the requisite key or spanner 
device).

.  The effect of anesthetics on microelectrode recordings and 
symptoms. Localization of deep brain stimulation elec-
trodes typically involves the combination of stereotaxis 
with fine tuning by identification of the electrophysi-
ologic footprint specific to the targeted nucleus (e.g., 
the subthalamic nucleus, globus pallidus interna). The 
sedative agents used must not interfere with that sig-
nature. The nature and duration of the effects of anes-
thetics (which probably vary from nucleus to nucleus) 
have not been systematically defined. Some surgeons 
and electrophysiologists may request, on a just-in-case 
basis, that no sedative agent whatsoever be given. That 
is likely to be unnecessarily restrictive. Comprehensive 
reviews are available.357-359 In short, benzodiazepines 
probably have the greatest potential to interfere and, 
for the time being, are best avoided. Propofol has been 
reported to cause severe dyskinesias in patients with 
movement disorders,360 but has nonetheless been used 
quite frequently. At a minimum, a substantial inter-
val between propofol administration and recording 
should be planned. Dexmedetomidine in low doses 
has been used quite widely without reports of inter-
ference with signals.361 Remifentanil, in part because 
of its rapid clearance, is probably also a reasonable 
choice, although it too has been reported to suppress 
Parkinsonian tremor.362

The cessation of the patient’s symptoms upon stimu-
lation, without the occurrence of unacceptable side 
effects, is also an important end point for determin-
ing the adequacy of deep brain stimulation position 
and stimulus parameters. The symptoms must not be 
suppressed by the sedative agents. This can occur with 
propofol.363 Satisfactory electrophysiologic recordings 
and preservation of the tremor have been reported in 
Parkinsonian patients who received dexmedetomidine 
in a dose sufficient to maintain a lethargic response to 
normal speech.337,361,364

An additional issue that arises in some patients with 
movement disorders is the problem of obtaining high-
quality radiologic images in the presence of a per-
sistent tremor. Sedation immediately preceding the 
stereotactic placement may be inevitable. Propofol has 
been used, but the window between propofol admin-
istration and subsequent recording should be as long 
as possible.

.  Intracerebral hematoma and prevention of hypertension. 
Intracerebral hematoma is a serious, potential intra-
operative complication of stereotactic procedures. 
Prevention and prompt treatment of hypertension are 
among the anesthesiologist’s important objectives.  



The concern is that, in the face of multiple needle 
passes through the brain, hypertension will precipitate 
development of an intracerebral hematoma. In the 
event of a substantial hematoma, an urgent craniot-
omy may be required, and the anesthesiologist should 
be prepared from the outset for this eventuality.

  

As noted in the section Venous Air Embolism, because 
of spontaneous ventilation, there is some hazard of VAE 
during deep brain stimulation placement.99

NEUROENDOSCOPIC PROCEDURES

Excision of some intraventricular lesions (e.g., colloid 
cysts, fenestration of the lamina terminalis or the floor of 
the third ventricle for treatment of hydrocephalus) can be 
accomplished endoscopically. Access is usually achieved 
through burr holes placed over the frontal or occipital 
horns of the lateral ventricle. The important anesthetic 
consideration relates to the irrigation fluid (which should 
be warmed) used to maintain clear visualization, just as is 
done in orthopedic arthroscopy procedures. Obstruction 
to the effluent limb produces rapid increases in ICP that 
are commonly associated with sudden changes in vital 
signs. An increase in blood pressure and decrease in heart 
rate (a Cushing-type response) is classic, but the heart 
rate component is less reliable. Cardiovascular changes 
may also, but less predictably, represent mechanical irri-
tation of intracranial (e.g., hypothalamic) structures. The 
surgeon should be notified immediately of any sudden 
hemodynamic changes. The decision of whether intra-
arterial monitoring is warranted should be made with the 
surgeon.

NEURORADIOLOGIC PROCEDURES

A wide variety of interventional procedures are performed 
for the evaluation and treatment of intracranial and 
extracranial disease. These include attempts to obliterate 
aneurysms, devascularize tumors and AVMs, and occlude 
arteriovenous fistulas. An extensive review is available365 
(see also Chapter 90).

Tumors and Arteriovenous Malformations
Hyperventilation may be appropriate in an attempt to 
divert flow away from normal brain and toward a lesion 
that is intended to receive the occlusive device or mate-
rial. When the interventionalist is attempting to place 
glue in high-flow lesions (e.g., AVMs, fistulas), the anes-
thesiologist may be asked to reduce systemic blood pres-
sure to prevent glue passage into the draining veins or 
systemic venous system. The choice of hypotensive agent 
depends on the anesthetist’s experience and systemic car-
diovascular considerations. Adenosine, which produces 
temporary flow cessation, is almost certainly the most 
effective means of accomplishing this objective.366

Intracranial Aneurysms
The International Subarachnoid Aneurysm Trial and sub-
sequent meta-analysis have confirmed the broad appli-
cability of endovascular treatment of aneurysms,367,368 
and the majority of aneurysms are currently managed 
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by those approaches. Nonetheless, a substantial number 
of patients continue to undergo operative clipping,369 
primarily those with wide-necked aneurysms, diseased 
or occluded proximal vessels, and otherwise complex 
anatomy.

Many aneurysm-related procedures, in particular 
those involving the treatment of vasospasm by selec-
tive intraarterial installation of vasodilators (papaverine, 
calcium-channel blockers) or more commonly by balloon 
dilatation, can be accomplished without the involve-
ment of an anesthesiologist. The duration of a procedure, 
individual patient factors, and sometimes the necessity 
for precise physiologic control may result in requests for 
monitored anesthesia care or general anesthesia. A chin-
tucked position (to remove the bones of the face from the 
line of the anteroposterior radiograph source) and abso-
lute immobility are commonly needed by the radiologist 
and, as a result, when the anesthesiologist’s assistance is 
requested, it is often because a general anesthetic is per-
ceived to be necessary. In addition, anesthesiologists may 
become involved during the resuscitation stage in the 
event of vascular rupture or of the migration of an intra-
vascular device to an incorrect location. In the event of 
rupture, the interventionist may request blood pressure 
reduction while the coil packing of the aneurysm is com-
pleted hastily. In addition, immediate reversal of hepa-
rinization is required. When detachable devices, such as 
coils and balloons (the latter now used infrequently), are 
misplaced and ischemia ensues, fluid loading and pressor 
administration may be requested to improve collateral 
CBF while the device is retrieved. A dedicated arterial line 
is usually warranted. This may or may not be available 
via a port in the interventionist’s vascular access sheath.

CEREBROSPINAL FLUID SHUNTING 
PROCEDURES

Cerebrospinal fluid shunts are inserted for the relief of a 
variety of hydrocephalic states and pseudotumor cerebri. 
Hydrocephalus can be communicating or noncommu-
nicating. In a noncommunicating hydrocephalus, CSF 
egress from the ventricular system is obstructed. This can 
occur as a result of blood or infection in the ventricular 
system or tumors in or adjacent to the ventricular sys-
tem. In communicating hydrocephalus, the CSF escapes 
from the ventricular system but is not absorbed by the 
arachnoid villi. This occurs most commonly secondary 
to infection or blood in the CSF space. Some degree of 
communicating hydrocephalus is particularly common 
after SAH.

Placement of a ventriculoperitoneal shunt is the most 
common procedure. Usually a catheter is inserted via a 
burr hole into the frontal horn of the lateral ventricle 
on the nondominant (usually the right) side. A reser-
voir is placed subcutaneously adjacent to the burr hole 
and the drainage limb passes via a subcutaneous tun-
nel to a point near the epigastrium, where it is inserted 
into the peritoneal space via a very small laparotomy. A 
moderate degree of muscle relaxation may be helpful. A 
distended stomach can result in an inadvertent gastros-
tomy. Sometimes, most commonly in pediatric patients, 
there may be an obstruction at more than one level in the 
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ventricular system and a so-called double-barreled shunt 
becomes appropriate. In this instance, there are two prox-
imal ends, usually one in a lateral ventricle and one in 
the fourth ventricle. This latter procedure is usually per-
formed in the prone position, whereas the majority of 
ventriculoperitoneal shunts are done supine.

Occasionally, when there is a communicating hydro-
cephalus, a lumboperitoneal shunt is inserted. The patient 
is placed in a lateral position and a catheter is put in the 
lumbar CSF space via a Tuohy-type needle. The catheter is 
tunneled subcutaneously around to the anterior abdomi-
nal wall and inserted into the peritoneal space via a small 
laparotomy.

Anesthetic Management
Invasive monitoring is generally not required. The anes-
thetic technique should be chosen to avoid further 
increases in ICP. Moderate hyperventilation (Paco2 25 
to 30 mm Hg) is customary. Because these procedures 
are not performed in the context of acute injury states, 
there is less concern about adverse effects of hypocap-
nia. The target Paco2 should be agreed upon at the out-
set with the surgeon. The procedure is usually performed 
in the supine position, with the table turned 90 degrees. 
Blood pressure may decrease abruptly when the ventri-
cle is first cannulated (as brainstem pressure is relieved). 
Infrequently, brief pressor support is required. Burrowing 
the subcutaneous tunnel can produce a sudden painful 
stimulus. There is only minor postoperative discomfort. 
Unlike the majority of neurosurgical patients, shunt 
patients are often nursed flat after their procedures in an 
attempt to prevent an excessively rapid collapse of the 
ventricular system. Empirically, there is a small incidence 
of subdural hematoma after shunting, and the tearing of 
bridging veins at the time of rapid brain shrinkage is a 
suspected cause.

Pediatric Ventriculoperitoneal Shunts
Shunts are probably more commonly performed in chil-
dren than in adults. Common indications are hydroceph-
alus occurring in association with meningomyelocele, 
neonatal intraventricular hemorrhage, and posterior 
fossa tumors. Although one can never be casual about the 
management of these patients, open fontanelles seem to 
provide some margin for error in younger patients and, 
in addition, palpation of the fontanelles provides on-line 
trend monitoring of ICP. Despite its theoretic consider-
ations, inhaled inductions using volatile anesthetics are 
empirically well tolerated, even in children with closed 
fontanelles. We would avoid the inhaled induction tech-
nique in a child who was already stuporous. When an 
intravenous line is available, a propofol-relaxant induc-
tion sequence is preferable. For children in whom can-
nulation of a peripheral vein cannot be accomplished 
readily, an inhaled induction with sevoflurane is a com-
mon approach, with initiation of controlled ventilation, 
by bag and mask, as rapidly as possible. After establish-
ing controlled ventilation, an ideal course at this point is 
to establish an intravenous line and administer a muscle 
relaxant and perhaps an induction agent, and then intu-
bate the trachea in these optimal circumstances. Anesthe-
sia is most commonly maintained thereafter with 60% 
to 70% N2O, mechanical hyperventilation, and volatile 
agent as required. For children older than 6 months of 
age who are not stuporous at the outset, we commonly 
administer 2 to 3 μg/kg of fentanyl in the belief that this 
procedure is not entirely pain-free postoperatively, and 
that a smoother emergence can be accomplished with a 
narcotic background (see also Chapter 93).

PEDIATRIC NEUROSURGERY

Table 70-6 identifies common pediatric procedures and 
their anesthetic considerations. The most frequent pro-
cedures are probably the placement and revision of CSF 
shunts (discussed in the preceding section). The majority 
of pediatric tumors occur in the posterior fossa. Most are 
near the midline and many are associated with hydro-
cephalus. For pediatric posterior fossa procedures, VAE 
risk, monitoring, and treatment are similar for adults 
and children and have been previously discussed. A Dop-
pler is invariably indicated and right heart catheters are 
generally placed when procedures are done in the sitting 
position. Craniosynostosis procedures have the potential 
for substantial blood loss that is roughly proportional 
to the number of sutures involved. There is a significant 
VAE risk that justifies the use of a precordial Doppler.97 
Children with neuraxial tumors can present for emergent 
palliative radiotherapy and may have acutely increased 
ICP or impending herniation. Intractable pain combined 
with analgesic tolerance, steroid use causing centripetal 
obesity, and the side effects of other chemotherapeutic 
agents may be complicating factors (see also Chapter 93).

SPINAL SURGERY

Table 70-7 summarizes the many issues that may arise in 
the context of spinal cord or spinal column procedures 
undertaken by neurosurgeons.

Surgery on the spinal column is reviewed in detail in 
Chapter 79. The relevant electrophysiologic monitor-
ing techniques are described in Chapter 49. Prone posi-
tioning has previously been discussed and postoperative 
visual loss is discussed in Chapter 100.

The physiology of the spinal cord is, in general, simi-
lar to that of the brain: CO2 responsiveness, BBB, auto-
regulation, high metabolic rate and blood flow (though 
somewhat less than the brain), and substantial ischemic 
vulnerability of gray matter. However, measures to reduce 
spinal cord swelling, analogous to ICP reduction maneu-
vers, are rarely used. The anesthesiologist should be atten-
tive to situations in which there is significant compression 
of the spinal cord. This arises most often in the setting 
of cervical spinal stenosis and should be assumed to be 
present with fracture dislocation of the spinal column. 
For these patients, we place arterial catheters and support 
blood pressure carefully. We believe that in these settings, 
and in patients with recent spinal cord injury, blood pres-
sure should be maintained near to waking normal levels. 
Blood pressure support is less important when the issue 
is nerve root rather than spinal cord compression. The 
presence of spinal stenosis and chronic cord compres-
sion is frequently, but not invariably, associated with 
lower extremity hyperreflexia and ankle clonus. Awake 
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TABLE 70-6 PEDIATRIC NEUROSURGICAL DISORDERS AND THEIR ANESTHETIC CONSIDERATIONS

Age Group Lesion Pathogenesis Anesthetic Considerations

Neonates Intraventricular hemorrhage Subependymal vascular rupture Associated problems of prematurity
Depressed skull fracture Forceps injury Associated cerebral edema
Meningocele Out-pouching of meninges through 

skull defect
Large size creates airway management 

difficulty
Prone or lateral position
Repair may increase ICP
Variable blood loss

Encephalocele Out-pouching of meninges and brain 
through skull

As above

Meningomyelocele Protrusion of meninges and nerve 
roots through spina bifida

Prone or lateral position
Respiratory restriction after covering large 

defects
Infants Hydrocephalus Varied Increased ICP

Arnold-Chiari malformation Posterior fossa contents compressed in 
foramen magnum

Brainstem compression with neck flexion
± Hydrocephalus/Increased ICP; ± Menin-

gomyelocele; Postoperative respiratory 
depression

Craniosynostosis Premature fusion of cranial sutures Open or endoscopic procedure
Substantial blood loss
Air embolism
Supine or prone

Craniofacial dysostosis Developmental abnormality Lengthy procedures
Substantial blood loss
Brain retraction
Air embolism
Endotracheal tube damage

Vascular malformations Varied Congestive heart failure
Large blood loss
Induced hypotension

Subdural hematoma Trauma Associated injuries
Older pediatrics Posterior fossa tumors Ependymoma Hydrocephalus

Astrocytoma Increased ICP
Medulloblastoma Prone or sitting position

Teratoma Air embolism
Brainstem glioma Brainstem compression

Postoperative cranial nerve dysfunction or 
brainstem swelling or compression

ICP, Intracranial pressure.

TABLE 70-7 ANESTHETIC CONSIDERATIONS AND POSITION REQUIREMENTS ASSOCIATED WITH VARIOUS 
SPINAL SURGICAL PROCEDURES

Spinal Segment and Surgical Condition Problems and Considerations Positions Used and Comments

Cervical region: Spinal stenosis, trauma, 
rheumatoid arthritis, degenerative disk 
disease

Maintain neutral neck position to avoid cord 
compression

Supine/anterior approach for most 
discectomies

Posterior approach (prone or sitting) for 
laminectomy and pedicle screws

Maintain perfusion pressure near waking 
normal levels

If existing cord compression, recent cord 
injury, or if cord retraction is required

Hypotension (spinal shock) Occurs with complete cervical cord injury
Postoperative respiratory insufficiency Occurs with cervical cord injury
Air embolism With sitting laminectomies

Anterior cervical discectomy Retractor compression of airway
Postoperative swelling/airway compression
Postoperative cranial nerve dysfunction

Supine
Traction may be required for graft 

insertion
ETT cuff deflation/reinflation after retractor 

placement
Cervical instability Awake intubation

Awake positioning
Prone or supine

Manual in-line stabilization for intubation (if 
awake intubation is not feasible)
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TABLE 70-7 ANESTHETIC CONSIDERATIONS AND POSITION REQUIREMENTS ASSOCIATED WITH VARIOUS 
SPINAL SURGICAL PROCEDURES—cont’d

Spinal Segment and Surgical Condition Problems and Considerations Positions Used and Comments

Thoracolumbar region: degenerative 
disease, spinal stenosis, trauma

Major position change
Awake intubation and position

Prone, lateral, or knee-chest
If unstable, post trauma and/or major 

position change required
Blood loss Especially with redos, instrumentations, and 

spinal stenosis; risk of occult aorto- iliac 
or major venous injury

Air embolism Infrequent
POVL Etiology unclear; associated with long 

prone procedures, low hematocrit, large 
EBL, and hypotension; patient variables 
may contribute (see Chapter 100)

Vertebral metastasis Large blood loss Prone or anterolateral/retroperitoneal
Lung separation for lesions above L1

Spinal cord tumors Maintain perfusion pressure during retraction Prone
Procedures with major neurologic risk Wake-up test (now rare) Rehearse with patient

Somatosensory evoked responses Anesthetic agent restrictions
Motor evoked responses Anesthetic/relaxant restrictions
Pedicle screw EMG Relaxant restriction

EMG, Electromyogram; ETT, endotracheal tube; POVL, postoperative vision loss.
intubation may be warranted when there is instability of 
the cervical spinal column and in some instances of severe 
cervical spinal stenosis in which it is perceived that minor 
degrees of flexion or extension, or both, might critically 
aggravate spinal cord compression. Preintubation discus-
sion and agreement with the surgeon is appropriate.
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Anesthesia for Bariatric Surgery
DAVID M. ECKMANN

K e y  P o i n t s

 •  In the United States, more than 200 million people are overweight or obese. 
Worldwide, more people are obese than are malnourished. Obesity is becoming 
the largest single preventable cause of death and represents a cause of major 
morbidity and mortality.

 •  Metabolic syndrome includes abdominal obesity, decreased high-density 
lipoprotein, increased insulin, glucose in tolerance, and hypertension and is 
present in approximately 50 million people in the United States alone.

 •  The greatest risk factor for sleep apnea is obesity, including increased oral and 
pharyngeal tissue. This condition makes ventilation through a mask, tracheal 
intubation, and even extubation more challenging.

 •  Choices for medical management of obesity are limited and not usually successful 
alone. Changes in behaviors are important for success.

 •  Surgery for obesity is recommended at a body mass index (BMI) of 40 kg/m2 or 
BMI greater than 30 kg/m2 when comorbidities such as hypertension, diabetes, 
and hypercholesterolemia are expected to improve with weight loss secondary to 
surgical therapy. In clinical trials, long-term survival is better in surgically treated 
groups as compared with medically managed patients.

 •  Preoperative evaluation should focus on cardiopulmonary issues and securing an 
airway, along with other concerns such as diabetes, hypertension, and obstructive 
sleep apnea (see also Chapter 38).

 •  Selection of anesthetic drugs should be based on lipid solubility and increased 
incidence of lingering respiratory depression effects.

 •  Preparation and positioning (see Chapter 41) are keys to successful airway 
management. Preoperative pressure support ventilation should be used 
adjunctively if possible.

 •  Intraoperative ventilation is assisted by complete paralysis, moderate positive end-
expiratory pressure, tidal volumes based on ideal body weight, and recruitment 
maneuvers as needed.

 •  Common serious postoperative complications are deep vein thrombosis and 
surgical staple line issues.

 •  Obese patients presenting for non–weight loss surgery benefit from anesthetic 
approaches similar to those used for bariatric surgery.

Acknowledgment: The editors and the publisher would like to thank Dr. Ashish C. Sinha, who was a 
contributing author to this topic in the prior edition of this work. It has served as the foundation for the 
current chapter.
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OBESITY AS A DISEASE

Obesity is one of the great epidemics of the twenty-first 
century.1 Worldwide, obesity was considered a rarity until 
the middle of the previous century,2 but now 1.6 billion 
overweight individuals and more than 400 million obese 
people live on the planet, including a significant propor-
tion of the adult population in the United States.3-5 Cur-
rent estimates are that more than 78 million Americans, 
or 35.7% of the U.S. adult population,6 are overweight 
or obese. Obesity and its associated health concerns are 
now major causes of morbidity and mortality resulting in 
an enormous impact on health care spending. More than 
300,000 deaths per year in the United States and approxi-
mately $147 billion7,8 in annual health care spending are 
attributable to obesity, thus placing this condition sec-
ond only to smoking as a preventable cause of death.7

Obesity can be defined as a disease because it is a 
physiologic dysfunction of the human organism with 
environmental, genetic, and endocrinologic etiologies.7 
Obesity most frequently develops when food caloric 
intake exceeds energy expenditure over a long period of 



time. Factors influencing obesity involve either energy 
intake or energy expenditure, and they are influenced by 
genetic, behavioral, cultural, and socioeconomic factors.9 
For example, some syndromes are associated with obesity, 
including leptin deficiency, Prader-Willi syndrome, and 
Lawrence-Moon-Biedl syndrome.4 Metabolic factors can 
influence energy regulation, including hormones, pep-
tides, nutrients, uncoupling proteins, and neural regula-
tory substances emanating from gut, liver, brain, and fat 
cells, but most of these factors are not well understood.

The body mass index (BMI) is the most widely applied 
classification tool used to assess individual weight status.10 
The BMI is specifically defined as the patient’s weight, mea-
sured in kilograms, divided by the square of the patient’s 
height, measured in meters, to yield a measurement bear-
ing units of kilograms per square meter (kg/m2). Figure 71-1 
shows a family of iso-BMI curves for BMI ranging from 13 
to 50 and mapped on axes for height (in both inches and 
centimeters) and weight (in both pounds and kilograms). 
By using this system, patients are classified according to 
BMI, and the associated risk of developing health problems 
is shown in Table 71-1. Patients are considered overweight 
if they have a BMI between 25 and 29.9 kg/m2, and they are 
classified as obese with a BMI between 30 and 49.9 kg/m2.  
The obese classification is further subdivided into class 1  
(BMI range, 30 to 34.9 kg/m2), class 2 (35 to 39.9 kg/m2),  
and class 3 (40 to 49.9 kg/m2). Patients with a BMI of 
50 kg/m2 or greater are classified as superobese. As BMI 
increases beyond normal weight, the risk of developing 
serious health problems rises greatly and can be correlated 
with the individual’s waist circumference (Table 71-2). 
Malnourishment and malnutrition are commonly offered 
as explanations for the finding that underweight patients 
are also at increased risk for developing illnesses.

34
36

57 59 61 63 65 67 69 71 79 8173 75 77

145 150155 160 165 170175 180 185 190195 200 205

40
45
50
55
60
65
70
75
80
85
90
95

100
105
110
115
120
125
130

140
135

88
99
110
121
132
143
154
165
176
187
198
209
220
231
242
253
264
275
286

308
297

14

16
18

20
22

24
26

28

32

38

42
44

46
48

50 40

35

30

25

18.5 

W
ei

gh
t (

kg
)

W
ei

gh
t (

lb
)

BMI

Height (cm)

Height (in)

Figure 71-1. A family of iso–body mass index (iso-BMI) curves for 
BMI ranging from 13 to 50 and mapped on axes for height (in both 
centimeters and inches) and weight (in both kilograms and pounds).
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Certain specific diseases are commonly associated with 
obesity, and obesity is often accompanied by multiple, 
and not single, comorbid states.9 These disorders fre-
quently include insulin resistance, type 2 diabetes mel-
litus, obstructive sleep apnea (OSA), asthma, chronic 
obstructive pulmonary disease, hypoventilation, car-
diovascular disease, hypertension, certain malignant 
diseases, and osteoarthritis.1,11-21 Virtually every organ 
system can be included in the extended list of health 
risks associated with having an abnormally elevated BMI. 
A listing of the most common specific disease states along 
with their obesity-associated risk is detailed in Table 71-3. 
As a result, obesity is also associated with early death.10,22 
Of the health risks included in Table 71-3, metabolic syn-
drome and OSA merit additional attention because they 
pose special concerns for the anesthetic care of obese 
patients.

METABOLIC SYNDROME

The clustering of a group of defined metabolic and physi-
cal abnormalities is now referred to as metabolic syn-
drome.23 Patients with metabolic syndrome commonly 
have abdominal obesity, reduced levels of high-density 
lipoprotein (HDL), hyperinsulinemia, glucose intoler-
ance, hypertension, and other characteristic features,17 as 
listed in Box 71-1. Specific criteria for diagnosing meta-
bolic syndrome are included in Table 71-4. The diagnosis 
requires that at least three of the following be present: 
abdominal obesity, elevated fasting glucose, hyperten-
sion, low HDL, and hypertriglyceridemia.24 Weight gain 
with visceral obesity is a major predictor of metabolic 
syndrome. The clinical approach uses waist circum-
ference, rather than BMI, to define the adipose mass 

TABLE 71-1 LEVELS OF RISK ASSOCIATED WITH 
INCREASING BODY MASS INDEX

Classification BMI (kg/m2)
Risk of Developing 
Health Problems

Underweight <18.5 Increased
Normal weight 18.5-24.9 Least
Overweight 25.0-29.9 Increased
Obese
Class 1 30.0-34.9 High
Class 2 35.0-39.9 Very high
Class 3 40.0-49.9 Extremely high
Superobese ≥50 Exceedingly high

BMI, Body mass index.

TABLE 71-2 WAIST CIRCUMFERENCE AND RISK

Waist 
Circumference

BMI (kg/m2)

Normal 
Weight Overweight

Obese 
Class 1

<102 cm (♂) Least risk Increased risk High risk
<88 cm (♀)
≥102 cm (♂) Increased risk High risk Very high 

risk≥88 cm (♀)

♂, Male; ♀, female; BMI, body mass index.



PART V: Adult Subspecialty Management2202
component contributing to metabolic syndrome because 
BMI has been shown to be a relatively insensitive indica-
tor of the risk for obesity-associated metabolic and car-
diovascular diseases. Waist circumference, but not BMI, 
reflects abdominal subcutaneous adipose tissue as well as 
abdominal visceral adipose tissue and is therefore a better 
index of central, or truncal, fat mass.

In the United States, approximately 50 million people 
have metabolic syndrome, thus giving it an age-adjusted 
prevalence of almost 24%. Of these patients, more than 
83% meet the criterion of abdominal obesity. The inci-
dence of metabolic syndrome increases with age, with 

TABLE 71-3 HEALTH RISKS ASSOCIATED WITH 
INCREASING BODY MASS INDEX

Metabolic syndrome 30% of middle-aged people in 
developed countries have features of 
metabolic syndrome

Type 2 diabetes 90% of type 2 diabetic patients have a 
BMI of >23 kg/m2

HTN 5× risk in obesity
66% of HTN is linked to excess weight
85% of HTN is associated with a BMI 

>25 kg/m2

CAD and stroke 3.6× risk of CAD for each unit change 
in BMI

Dyslipidemia progressively develops as 
BMI increases from 21 kg/m2 with 
rise in small-particle low-density 
lipoprotein

70% of obese women with HTN have 
left ventricular hypertrophy

Obesity is a contributing factor to cardiac 
failure in >10% of patients

Overweight or obesity plus HTN is 
associated with increased risk of 
ischemic stroke

Respiratory effects 
(e.g., OSA)

Neck circumference of >43 cm in men 
and >40.5 cm in women is associated 
with OSA, daytime somnolence, and 
development of pulmonary HTN

Cancers 10% of all cancer deaths among 
nonsmokers are related to obesity 
(30% of endometrial cancers)

Reproductive 
function

6% of primary infertility in women is 
attributable to obesity

Impotence and infertility are frequently 
associated with obesity in men

OA Frequent association in older adults 
with increasing body weight; risk of 
disability attributable to OA is equal 
to heart disease and greater than 
any other medical disorder of older 
patients

Liver and gallbladder 
disease

Overweight and obesity are associated 
with nonalcoholic fatty liver disease 
and NASH; 40% of patients with NASH 
are obese; 20% have dyslipidemia

3× risk of gallbladder disease in women 
with a BMI of >32 kg/m2; 7× risk if 
BMI >45 kg/m2

BMI, Body mass index; CAD, coronary artery disease; HTN, hypertension; 
NASH, nonalcoholic steatohepatitis; OA, osteoarthritis; OSA, obstructive 
sleep apnea.
more than 40% of the U.S. population affected with 
obesity by the age of 60 years.23 Men are affected more 
commonly than women, and Hispanics and South Asians 
appear to be particularly susceptible. Its frequency is lower 
in African American men than in whites. Metabolic syn-
drome may result from use of some commonly prescribed 
drugs, including corticosteroid, antidepressant, and anti-
psychotic agents. Protease inhibitors used to treat human 
immunodeficiency virus (HIV) infection can induce met-
abolic syndrome secondary to insulin resistance.

Patients with metabolic syndrome have an increased 
risk for cardiovascular disease events and are at increased 
risk for all causes of mortality. Metabolic syndrome 
increases the risk of type 2 diabetes, which itself is an 
important risk factor for atherosclerotic disease and may 
be considered a coronary heart disease equivalent.16,23 
Metabolic syndrome is also associated with many other 
conditions, such as polycystic ovary syndrome, nonal-
coholic fatty liver disease, gallstones, sleep disturbances, 
sexual impotence, and some forms of cancer. This syn-
drome has considerable overlap with obesity for comor-
bid states, as detailed in Table 71-3. In multiple trials 
involving nearly 1900 patients, morbidly obese individu-
als had much greater weight loss following bariatric sur-
gery than after nonsurgical therapy, with amelioration of 
most of the diseases associated with morbid obesity in a 
year’s time.25 Metabolic syndrome is resolved by bariatric 
surgery in more than 95% of patients who achieve the 
expected weight loss.26 This finding makes it clear that 
bariatric surgery is a metabolic intervention and not simply 
a weight management procedure.27

Abdominal obesity
Atherogenic dyslipidemia (↑ TGs, ↓ HDL cholesterol, ↑ ApoB, ↑ 

small LDL particles)
Elevated blood pressure
Insulin resistance ± glucose intolerance
Proinflammatory state (↑ hs-CRP)
Prothombotic state (↑ PAI-1, ↓ FIB)
Other (endothelial dysfunction, microalbuminuria, polycystic 

ovary syndrome, hypoandrogenism, nonalcoholic fatty liver 
disease, hyperuricemia)

BOX 71-1 Features Associated With 
Metabolic Syndrome

ApoB, Apolipoprotein-B; FIB, fibrinogen; HDL, high-density lipopro-
tein; hs-CRP, high-sensitivity C-reactive protein; LDL, low-density li-
poprotein; PAI-1, plasminogen activator inhibitor; TGs, triglycerides.

TABLE 71-4 CLINICAL CRITERIA FOR DIAGNOSING 
METABOLIC SYNDROME*

Criteria Defining Value

Abdominal obesity Waist circumference >102 (>88) cm in 
men (women)

Triglycerides ≥150 mg/dL
HDL cholesterol <40 (<50) mg/dL in men (women)
Blood pressure ≥130/85 mm Hg
Fasting glucose ≥110 mg/dL

HDL, High-density lipoprotein.
*Three of five criteria must be met.



Inflammatory processes appear to play an impor-
tant role in metabolic syndrome.19 Adipose tissue has 
two major functions: (1) storage and release of energy-
rich fatty acids and (2) secretion of proteins required for 
endocrine and autocrine regulation of energy metabo-
lism. Adipocytes exert their metabolic effects by release 
of free fatty acids, a process enhanced by the presence 
of catecholamines, release of glucocorticoids, increased 
β-receptor agonist activity, and reduction of lipid stor-
age mediated by insulin. Visceral adipose tissue has been 
identified as an important source of proinflammatory 
cytokines such as tumor necrosis factor-α (TNF-α) and 
interleukin-6 (IL-6), as well as antiinflammatory cyto-
kines such as adiponectin. Increased levels of proin-
flammatory cytokines likely contribute to the etiology 
of insulin resistance primarily by obstructing insulin 
signaling and contributing to down-regulation of per-
oxisomal proliferator-activated receptor-γ, processes that 
are fundamentally important regulators of adipocyte dif-
ferentiation and control. Additionally, insulin resistance 
may promote inflammation through diminution of insu-
lin’s antiinflammatory effects. Finally, oxidative stress 
is increased in obesity, primarily as a result of excessive 
intake of macronutrients and a concomitant increase in 
metabolic rate. These factors may also contribute to the 
inflammatory response noted in obesity.19

Native immune responses act aberrantly in obese 
individuals. Natural killer (NK) cell cytotoxic activity is 
depressed in obesity, as are plasma levels of cytokines such 
as IL-12, IL-18 and interferon-γ known to regulate NK cell 
function.28 Other cytokines (primarily IL-6 and TNF-α) 
and adipokines (leptin, adiponectin, and adipose-derived 
resistin) are two additional major groups of inflamma-
tory proteins produced and released by adipose and adi-
pose-associated tissue.19 Both serum and adipose tissue 
obtained from obese subjects consistently have elevated 
levels of IL-6 and TNF-α, and circulating levels of IL-6 are 
consistently increased in individuals having either type 2 
diabetes or impaired glucose tolerance. Proteins such as 
leptin and adiponectin, which are produced primarily by 
adipocytes, are classified as adipokines. Although leptin is 
primarily involved in appetite control, its immunologic 
effects include protection of T lymphocytes from apop-
tosis and regulation of T-cell activation and proliferation. 
Reduced leptin levels may increase appetite and slow 
metabolism, but they may also increase susceptibility to 
the toxicity of proinflammatory stimuli, such as endo-
toxin and TNF-α. Elevated leptin levels are proinflamma-
tory, and this feature likely plays an important role in 
the progression of heart disease and diabetes, especially 
in obese patients. Serum levels of adiponectin correlate 
with insulin sensitivity and do not rise in obesity. Signifi-
cantly reduced adiponectin levels are found in patients 
with type 2 diabetes. Adiponectin reduces both TNF-α 
production and activity. It also inhibits IL-6 production. 
Resistin, an adipokine that induces insulin resistance, is 
induced by endotoxin and cytokines. Resistin acts at the 
cellular level to up-regulate production of proinflamma-
tory cytokines, most likely through the nuclear factor κB 
(NFκB) pathway. Resistin appears to present a molecular 
link among metabolic signaling, inflammatory processes, 
and the development of cardiovascular disease. Resistin 
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levels have been associated with inflammatory markers 
apparently independently of BMI in humans.19

An understanding of the role of NFκB in insulin resis-
tance is required to appreciate fully the links between 
obesity and inflammation. Both free fatty acids and TNF-
α act through intracellular inflammatory cascade path-
ways to arrest insulin signaling. This process is mediated 
by activation of transcription factors present within the 
cell cytoplasm, which, following their translocation to 
the nucleus, eventually bind to transcription factors regu-
lating the inflammatory process. The cytoplasm also con-
tains NFκB, another transcription factor whose activation 
is implicated in a number of diseases, including diabetes. 
NFκB is also induced by hypoxia, and it increases produc-
tion of proinflammatory cytokines TNF-α and IL-6, both 
of which are frequently increased in patients with OSA 
syndrome.19 Therefore, inflammation provides the com-
mon linkage underlying the association of obesity, meta-
bolic syndrome, and OSA.29

OBSTRUCTIVE SLEEP APNEA AND 
HYPOPNEA SYNDROME

OSA and obstructive sleep hypopnea are related condi-
tions characterized by recurrent episodes of upper airway 
obstruction occurring during sleep (see Chapters 14 and 
38).30 OSA is defined as episodic complete cessation of 
airflow during breathing lasting 10 seconds or longer 
despite maintenance of neuromuscular ventilatory effort, 
occurring five or more times per hour of sleep, and accom-
panied by a decrease of at least 4% in arterial oxygen sat-
uration (Sao2). Obstructive sleep hypopnea is defined as 
episodic partial reduction of airflow of more than 50% 
lasting at least 10 seconds, occurring 15 or more times 
per hour of sleep, and accompanied by a decrease of at 
least 4% in the Sao2. The diagnosis can be made only 
in patients who undergo polysomnography, or a sleep 
study, during which the patient’s electroencephalogram, 
electrocardiogram, electrooculogram, capnogram, nasal 
or oral airflow, esophageal pressure, arterial blood pres-
sure, pharyngeal and extremity electromyograms, pulse 
oximetry, and room noise are typically monitored and 
recorded.30 Results of polysomnography are reported as 
the apnea/hypopnea index (AHI), which is derived from 
the total number of apneas and hypopneas divided by the 
total sleep time. A normal lower limit for AHI has not yet 
been defined in an epidemiologic study of healthy sub-
jects. Most sleep centers commonly use an AHI between 
5 and 10 events per hour as a normal limit. The sever-
ity of OSA/hypopnea syndrome (OSAHS) is arbitrarily 
defined, but recommendations for disease classification 
are as follows30:

Mild disease: AHI of 5 to 15 events per hour
Moderate disease: AHI of 15 to 30 events per hour
Severe disease: AHI of greater than 30 events per hour
  

Because of the risks of developing systemic and pul-
monary hypertension, left ventricular hypertrophy, 
cardiac arrhythmias, cognitive impairment, persistent 
daytime somnolence, and other factors, treatment is rec-
ommended for patients with either moderate or severe 
disease. Treatment partly depends on the severity of the 
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sleep-disordered breathing, but the consensus view is 
that patients with moderate or severe disease should be 
treated with continuous positive airway pressure (CPAP) 
during sleep. Other conservative treatment measures may 
include weight loss, avoidance of alcohol before bedtime, 
and sleeping on one’s side.

Obesity is the greatest risk factor for OSAHS. Approxi-
mately 70% of patients (≤80% of men and ≤50% of 
women) with OSAHS are obese. Severe sleep apnea dis-
ease is more common in men, and a strong negative cor-
relation between the AHI and minimum Sao2 has been 
observed. The diagnosis of OSAHS may be missed until 
the patient presents for surgery. In a study of 170 patients 
presenting for surgery, only 15% had already been diag-
nosed with sleep apnea, but on preoperative testing, 76% 
of the patients in the study were found to have OSAHS.31 
I believe it is important for obese patients presenting 
for bariatric surgery to undergo preoperative polysom-
nography testing for OSAHS. Preoperative diagnosis and 
appropriate interventional management can have the 
following benefits: less postoperative sleep deprivation, 
improved response to analgesic and anesthetic drugs, and 
normalization of cardiovascular disturbances.32

Anatomically, obese patients with OSAHS typically 
have increased amounts of adipose tissue deposited into 
oral and pharyngeal tissues including the uvula, tonsils, 
tonsillar pillars, tongue, aryepiglottic folds, and lateral 
pharyngeal walls. An inverse relationship exists between 
the degree of obesity and pharyngeal area. Deposition of 
fat in the lateral walls decreases the size of the airway and 
changes the shape of the oropharynx into an ellipse with 
a short transverse and long anteroposterior axis.33-35 This 
configuration can contribute to both the development 
and severity of airway obstruction and can also increase 
the expectation that it will be more difficult to maintain 
airway patency during mask ventilation and to perform 
direct laryngoscopy for endotracheal intubation with 
general anesthesia.36,37 Additionally, airway obstruction 
following tracheal extubation is likely to be complicated 
by the use of opiate and sedative drugs needed for post-
operative pain management because these drugs tend to 
decrease pharyngeal dilator tone and increase the likeli-
hood of upper airway collapse.36

OSA also plays an important role in inflammation 
and metabolic syndrome.19,29 The hypopneic and apneic 
events that occur in OSAHS are part of the cycle of events 
that involves both arousal from rapid eye movement 
(REM) sleep and oxyhemoglobin desaturation. Sympa-
thetic nervous system activation results as patients with 
untreated OSA undergo cyclic episodes of hypoxia and 
reoxygenation. This process leads to elevation of pro-
inflammatory cytokines and may also induce oxidative 
stress of vascular endothelium, thus inducing an even 
more heightened state of systemic inflammation in obese 
patients with OSA.29 Levels of many different inflamma-
tory mediators, including IL-6, high-sensitivity C-reactive 
protein (hs-CRP), leptin, TNF-α, IL-1, reactive oxygen 
species, and adhesion molecules, such as intracellular 
adhesion molecule-1 (ICAM-1) and vascular cell adhe-
sion molecule-1 (VCAM-1), are increased in patients with 
OSAHS.19 Thus, obesity, metabolic syndrome, and OSAHS 
are interrelated diseases that significantly alter a patient’s 
inflammatory disease profile and increase multiple 
health risks, particularly those of cardiovascular and air-
way origin. Surgical intervention causes weight loss and 
improves obesity-related respiratory disease,13 but signifi-
cant and sustained increases in plasma adiponectin lev-
els can occur. In addition, both IL-6 and hs-CRP levels38 
decrease as well as improve NK cell function, and they 
increase IL-12, IL-18, and interferon-γ plasma levels.28

NONSURGICAL MANAGEMENT  
OF OBESITY

The primary goals of nonsurgical management of obesity 
involve weight loss, treatment of abnormalities associated 
with metabolic syndrome, and prevention of type 2 diabe-
tes and cardiovascular disease–related events. Treatment of 
metabolic syndrome needs to follow an aggressive, multi-
faceted approach to address multiple underlying metabolic 
abnormalities and coexistent risk factors simultaneously.23 
Appropriate initial treatment of obesity and metabolic syn-
drome is therapeutic lifestyle change. This change includes 
dietary modification, weight loss, physical activity, and dis-
continuation of smoking. The treatment aim is improve-
ment in health, and it is the primary reason for advocating 
weight loss. Modification of energy homeostasis is not eas-
ily achieved because a strong brain-gastrointestinal axis 
drives both food intake and satiety. This axis has hormonal 
components involving endogenous production of ghrelin, 
an orexigenic peptide that is produced by the foregut of 
the stomach and that stimulates appetite.39 Therefore, the 
effects of treatment on risk factors and comorbidities at the 
systems, organ, cell, and molecular levels should be moni-
tored. Treatment success should be reflected in the decreas-
ing need to treat other coexisting diseases.

The goal for weight loss in therapeutic lifestyle change 
is not achievement of normal or ideal body weight. Even 
a modest weight loss, in the range of 5% to 10% from the 
patient’s presentation weight, can result in significant 
initial improvement in the comorbidities of diabetes, 
dyslipidemia, and hypertension by lowering total cho-
lesterol and triglyceride levels, raising HDL cholesterol, 
lowering arterial blood pressure, and lowering blood glu-
cose values while reducing insulin resistance.23,40 Obe-
sity guidelines stress the need for weight reduction using 
behavioral change to reduce caloric intake and increase 
physical activity. Reduced-energy diets are more effective 
and healthier for achieving long-term weight loss. Long-
term maintenance of any weight loss achieved is best 
accomplished with the inclusion of regular exercise as a 
staple of the weight-reduction regimen. Regular physi-
cal exercise improves several risk factors associated with 
obesity and metabolic syndrome.41 The standard exercise 
recommendation is a daily minimum of 30 minutes of 
moderate-intensity physical activity that is practical to 
perform. Larger weight loss goals are more appropriate for 
more profoundly obese individuals who are contemplat-
ing surgical interventions. Even with surgery, ideal weight 
is hardly ever achieved, and after a number of years at a 
plateau, weight gain often recurs. In some patients, espe-
cially those with severe comorbidities, simple prevention 
of additional weight gain may be the most reasonable goal.



Beyond the beneficial effects of therapeutic lifestyle 
change, specific intervention may be required to treat the 
dyslipidemia and hypertension associated with obesity 
and metabolic syndrome.42 Most commonly, patients 
with metabolic syndrome have elevated triglyceride 
levels and low HDL cholesterol levels. Many patients 
receive statin therapy as the treatment of choice when 
low-density lipoprotein (LDL) cholesterol levels are 
excessive. Statins reduce cardiovascular disease risk in 
patients with type 2 diabetes and metabolic syndrome. 
Ezetimibe, which selectively inhibits intestinal choles-
terol absorption, can be combined with statin therapy to 
further reduce LDL cholesterol by 15% to 20%. Fibrates 
effectively decrease triglyceride levels while increasing 
HDL cholesterol. Fibrates lower LDL cholesterol levels 
mildly, but when combined with statin therapy, fibrates 
may increase the risk of myopathy. Omega-3 fatty acids 
decrease triglyceride levels and improve insulin resistance 
in patients with metabolic syndrome. These fatty acids 
are often used in combination therapy with other classes 
of hypolipidemic drugs. Nicotinic acid is highly effective 
in raising HDL cholesterol levels in patients with meta-
bolic syndrome. Nicotinic acid decreases the concentra-
tion of small, dense LDL particles and also lowers serum 
levels of lipoprotein (a).42

Dietary salt restriction and therapeutic lifestyle change 
are the primary means to address hypertension in obesity 
and metabolic syndrome. Patients whose blood pressure 
is higher than 140/90 mm Hg require antihypertensive 
drug therapy. No specific antihypertensive agent is rec-
ommended as a first-line treatment in these patients, and 
generally the goal of antihypertensive therapy requires 
that polypharmacy be employed. A considerable element 
of the risk reduction resulting from antihypertensive 
therapy is decreasing arterial blood pressure.

The treatment of insulin resistance and hyperglycemia 
in metabolic syndrome, type 2 diabetes, and obesity is 
usually achieved with oral hypoglycemic drugs.42 Several 
different drug groups (and drugs within each group) that 
work through various mechanisms of action are avail-
able to treat hyperglycemia. These include α-glucosidase 
inhibitors, sulfonylureas, meglitinides, d-phenylalanine 
derivatives, diguanides, and thiazolidinediones.42 Anes-
thetic implications include the need to assess and treat 
abnormal blood glucose levels in the perioperative period 
while being especially careful in the use of insulin in 
patients who are both insulin resistant and temporar-
ily unable to continue oral medication. The anesthetic 
management of patients who are taking metformin is not 
clear. Postoperative lactic acidosis can develop in patients 
using this drug. This possibility has led some physicians 
routinely to cancel or delay surgical procedures if metfor-
min has been ingested within 48 hours of the scheduled 
surgery. Other physicians, however, have their patients 
continue taking metformin, both before and after sur-
gery, without interruption if possible. Overall, patients 
taking metformin have a reduced risk for complications. 
It appears that metformin may be safely used in the peri-
operative period.43

Patients with metabolic syndrome and obesity may 
also be prescribed antiplatelet therapy. The American 
Heart Association currently recommends that low-dose 
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aspirin be used as a form of primary prevention in 
patients with metabolic syndrome whose 10-year risk for 
cardiovascular disease is 10% or greater as determined by 
Framingham risk scoring.

BEHAVIORAL INTERVENTIONS  
AND MODIFICATION

Behavioral interventions and behavioral modification 
are essential for obese patients to change their learned 
habits related to eating and physical activity to pro-
duce weight loss and long-term weight reduction.42 This 
applies to both nonsurgical and surgical approaches to 
weight loss. The key features of typical behavioral pro-
grams include self-monitoring, goal setting, nutrition and 
exercise education, stimulus control, problem solving, 
cognitive restructuring, and relapse prevention. Patients 
often benefit from referral to multidisciplinary weight 
loss programs that incorporate diet, physical activity, 
and behavioral interventions to achieve their weight loss 
goals because these combined interventions provide the 
best weight loss and weight maintenance results without 
pharmacologic or surgical intervention. However, it is 
essential to identify and treat patients with eating disor-
ders or major psychiatric disorders who require special-
ized psychiatric and psychological treatment to achieve 
meaningful weight loss.

PHARMACOTHERAPY FOR WEIGHT LOSS

Recommendations for pharmacotherapy as a treatment of 
obesity first and foremost stress lifestyle and behavioral 
modifications as the initial approaches to weight loss.29 
Patients who do not reach their established reasonable 
weight loss goals by a combination of diet and exercise 
may be directed to pharmacotherapy to increase weight 
loss. Some weight loss drugs have been approved by the 
U.S. Food and Drug Administration (FDA) and are cur-
rently prescribed for long-term use. These drugs are typi-
cally used adjunctively with diet and exercise for patients 
having a BMI of 30 or greater (≥27 for patients with obe-
sity-related risk factors or comorbid diseases). In current 
practice, only two categories of weight loss drugs (appetite 
suppressants and lipase inhibitors) have been approved, 
and only two drugs are currently available for the specific 
indication of weight loss—phentermine and orlistat.42 
Phentermine, an adrenergic reuptake inhibitor, augments 
adrenergic signaling within the central nervous system 
and peripheral tissues. Phentermine decreases appetite 
and food intake and increases resting metabolic rate to 
promote weight loss. Its side effects include tachycardia 
and hypertension. Orlistat, a lipase inhibitor, reversibly 
binds to lipase and prevents both absorption and diges-
tion and absorption of certain dietary fats. Because orli-
stat also interferes with the absorption of fat-soluble 
vitamins, patients using this drug need to supplement 
fat-soluble vitamins A, D, E, and K. Orlistat has signifi-
cant gastrointestinal side effects including diarrhea, ste-
atorrhea, flatulence, fecal incontinence, and oily rectal 
discharge. A third drug, sibutramine, which is a centrally 
acting  serotonin-orepinephrine reuptake inhibitor that 
suppresses appetite and increases thermogenesis, was 
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removed from the United States market in 2010 because of 
an increased risk of stroke and acute coronary syndrome.

DIETARY AND HERBAL MEDICATIONS

Allison and colleagues reviewed the literature on dietary 
and herbal medications for weight loss.44 These drugs are 
marketed as food supplements, thereby escaping the pur-
view of the FDA. Even though these supplements cannot 
legally claim to treat a disease, they can claim to reduce 
the risk of a disease. According to the review, claims for 
weight loss have been made for multiple products such as 
chitosan, chromium picolinate, conjugated linoleic acid, 
ephedra alkaloids (ma huang),45 and Garcinia cambogia.44 
Most of the reports involving these compounds are from 
poor-quality studies without any randomization, control 
groups, or blinding, thereby placing in question both the 
efficacy and safety of these compounds. The only studies 
involving herbals that have consistently demonstrated 
weight loss involve combinations of ephedrine and caf-
feine.46,47 Pharmacologically, this effect is expected 
because ephedrine, an adrenergic agonist, is known to 
be an appetite suppressant and a thermogenic agent. For 
this reason, ma huang, a natural source of the ephedra 
alkaloid, is added to most, if not all, dietary supplements 
marketed for weight loss. The success of ephedrine as a 
weight loss drug, in combination with caffeine and or 
aspirin, is well established. Unfortunately, multiple cases 
of cardiac and neurologic issues, including hypertension, 
stroke, seizure, and even death have been reported,48 pos-
sibly related to the inconsistent doses in the preparations 
and the lack of medical supervision in people consum-
ing these products for weight loss. Consequently, the 
National Institutes of Health has banned these products 
from any recommended weight loss regimen.

IMPLANTED ELECTRICAL STIMULATORS

Implantable gastric stimulators are subcutaneously placed 
devices that resemble cardiac pacemakers and stimulate 
along the lesser curvature of the stomach. These gastric 
stimulators have been tried since the early 2000s and 
have been found to cause modest weight loss with few 
side effects.49,50 These studies have been performed in 
Europe, and trials are ongoing in the United States. One 
study documented a 25% excess weight loss, improved 
response to oral glucose tolerance test, decreases in blood 
pressure, and an improvement in symptoms of gastro-
esophageal reflux disease, along with an increased para-
sympathetic drive. No serious side effects were noted in 
the first 65 patients reported on in this study49 or in the 
20 patients followed in another study.50 Ghrelin levels 
may play a role in the success of these devices.

SURGICAL MANAGEMENT OF OBESITY

Adult obesity is rooted in childhood obesity. One of the 
principal predictors of adult obesity is childhood obesity. 
Large children grow up and become large adults. Unfortu-
nately, pediatric obesity is the most common childhood 
nutritional disorder in the United States. This is one of the 
tragedies of the current obesity epidemic: the significant 
and increasing prevalence of obesity in the young. The 
concern has increased such that public policy has been 
developed to regulate placement of vending machines 
in schools and availability of sweetened snacks and soft 
drinks in public places as a means to help control the 
epidemic of pediatric obesity. The diagnosis of pediatric 
obesity, however, is commonly attained by a definition 
rendered by the Centers for Disease Control and Preven-
tion (CDC) that uses BMI-, age-, and sex-specific clinical 
growth charts.51 These percentile curves apply to the ages 
of 2 to 20 years, and because BMI exhibits nonlinear vari-
ation during growth, percentile ranges are used. The CDC 
defines children with BMIs in the 5th to 85th percen-
tiles as having “healthy weight.” Children whose BMIs 
are in the 85th to 95th percentile are “at risk for over-
weight,” whereas those having BMIs higher than the 95th 
percentile are classified as “overweight.” These children 
were previously regarded as “overweight” and “obese,” 
respectively. This switch in terminology continues to be 
a source of confusion. Exceeding the 99th percentile is 
referred to as extreme pediatric obesity.

The National Health and Nutrition Examination Sur-
vey (NHANES) 2007 to 2008 data show that the preva-
lence rates of overweight children for age 2 to 5 years, 6 to 
11 years, and 12 to 19 years are 10.4%, 19.6%, and 18.1%, 
respectively. Gender does not appear to influence the 
prevalence of overweight children after the age of 6 years. 
However, in the cohort of children 2 to 5 years old, girls 
have exhibited a doubling in prevalence of obesity since 
the 1990s, whereas boys have undergone an increase of 
only 25%. Some developing countries have childhood 
obesity prevalence rates higher than those of the United 
States.52 This finding indicates that adolescent obesity is 
becoming pervasive.

Treatment of pediatric obesity is based on the balance 
of caloric intake and expenditure. These lifestyle changes 
are most successful with family intervention and support. 
The three pillars of success in this treatment are better 
eating habits, increased physical activity, and decreased 
sedentary activity.53 Success involves more than educa-
tion of the child and family; it incorporates goal setting, 
self-monitoring, incentives, and stimulus control. Drugs 
approved for the treatment of pediatric obesity include 
orlistat, which is discussed earlier in this chapter.

Although in 2000, less than 1% of all bariatric surgery 
patients in the United States were younger than 20 years 
of age,54 the total number continues to increase. More 
adolescents are presenting for weight loss surgery, usu-
ally gastric banding, after failing to reduce weight and/
or comorbidities in medically supervised and pharma-
cologically assisted weight loss programs. Even though 
many adult bariatric surgery programs are well qualified 
to provide safe and effective perioperative care for these 
patients, they may not be as well equipped to handle the 
unique metabolic and psychological needs of teenagers. 
Because of the shorter duration of obesity and fewer age-
related comorbidities, adolescent patients have shorter 
length of stay and lower immediate postoperative mortal-
ity when compared with adults.54

Consent is an important issue in this population. Is 
parental consent to a semielective, relatively high-risk 



Chapter 71: Anesthesia for Bariatric Surgery 2207
procedure appropriate? Does the child really understand 
the concept of high risk of death in the month after sur-
gery? These and other such questions of ethics in medi-
cine need to be addressed, but they are beyond the scope 
of this chapter.

The rapid increase in the prevalence of both morbid 
obesity and superobesity, together with the increased 
risk of early demise within the obese population, has 
significantly increased the number of bariatric surgical 
procedures performed annually. The term bariatric sur-
gery refers to surgical alteration of the small intestine or 
stomach with a view toward producing weight loss. It is 
estimated that more than 225,000 bariatric surgical pro-
cedures are performed annually in the United States. Care 
of obese patients is not limited to obesity surgery, how-
ever, because these patients present for all types of opera-
tions. Nonetheless, the benefits of surgical treatment of 
obesity now appear to have clear endocrinologic and car-
diovascular value for reversing pathophysiologic effects 
of metabolic syndrome, type 2 diabetes, and other comor-
bidities of obesity, in addition to providing a mechanical 
means of enhancing weight loss.55-61 Several alternative 
procedures are performed in bariatric surgery, which has 
evolved from early procedures based on creating mal-
absorptive gut pathways to newer procedures aimed at 
altering hormonal regulation of caloric intake drive and 
satiety.62 The available operations all fall into one of two 
groups at present: (1) gastric restrictive procedures and (2) 
procedures that combine gastric restriction with induc-
tion of nutrient malabsorption.63-72

RESTRICTIVE PROCEDURES

The surgical goals of restrictive operative procedures are 
to reduce and limit the patient’s food intake capacity.69 
These goals are most commonly achieved by creating a 
small pouch from the proximal stomach just distal to the 
gastroesophageal junction. Construction of the newly 
created pouch allows it to drain through only a narrow 
opening. This configuration increases the mechanical 
resistance to gastric emptying for ingested solids, whereas 
emptying of liquids proceeds normally. The vertical band 
gastroplasty (VBG) was a widely practiced restrictive pro-
cedure in the 1990s and early 2000s, but it has been largely 
replaced by the minimally invasive laparoscopic gastric 
band procedure (LGB), which is illustrated in Figure 71-2. 
A specific advantage of the LGB is avoidance of permanent 
alteration of gastric anatomy through tissue stapling. Lap-
aroscopic gastric banding has an exceptional safety record 
with an exceedingly low operative mortality, although 
reoperation rates for minor problems are nontrivial.72

MALABSORPTIVE PROCEDURES

The surgical goal of malabsorptive procedures is to 
cause weight loss both by gastric restriction and nutri-
ent malabsorption. Historically, early surgical procedures 
involved creation of a long jejunoileal bypass. Patients 
achieved significant weight reduction, but this was com-
monly accompanied by an unacceptable incidence of 
serious vitamin and protein malabsorption, osteoporosis, 
and hepatic failure.
At present, gastric bypass (GBP), which is illustrated 
in Figure 71-3, and biliary pancreatic diversion (BPD) are 
the two commonly performed malabsorptive operations, 
and both have achieved success in safety and efficacy.69 
Newer modifications, such as robotic bariatric surgery73 
and the single-incision transumbilical laparoscopic74 
approach to bariatric surgery, are used to achieve the 
same surgical manipulation of the gastrointestinal tract, 
and they alter only the cost of the procedure and decrease 
the wound size and resultant cosmesis of the operation 
performed. GBP is more commonly performed than BPD, 
and it is considered the safer of the two malabsorption 
procedures. GBP involves the creation of a small gastric 
pouch by stapling or banding the stomach. This results 
in an element of gastric restriction. GBP also involves the 
creation of a Roux-en-Y anastomosis, in which the small 
gastric pouch is directly connected to the middle portion 
of the jejunum.75 The path for food through the gastro-
intestinal tract subsequently bypasses the gastric remnant 
and the upper portion of the duodenum. This procedure 
can be performed with a laparotomy incision or by using 
laparoscopic techniques.74,76 Although this operation is 
considered safe, the associated perioperative mortality is 
higher than that of LGB.66 Additionally, some important 
long-term complications such as vitamin B12 deficiency, 
anemia, incisional hernia, cholelithiasis, and staple line 
failure occur with significant frequency. Often, chole-
cystectomy is performed concurrently to prevent future 
cholelithiasis.77
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Figure 71-2. Gastric banding: An adjustable band is placed on the 
stomach. Connected to the band is a piece of tubing with a port at the 
other end. The port is placed just under the skin. To adjust the tightness 
of the band, a special needle is inserted in the port. Fluid can be added 
to the band to make the passageway smaller or remove fluid from the 
band to make the passageway larger.
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BPD is also a form of Roux-en-Y GBP reconstructive 
alimentary anatomy in which the bypassed intesti-
nal segment includes the portion of duodenum at the 
point of entry of biliary and pancreatic secretions. This 
allows the bypassed intestine to be exposed to bile and 
pancreatic juice. The antrum is removed to avoid peptic 
ulceration, and food intake is only affected to a limited 
degree. The essential element of this operation is division 
of the small intestine about midlength, with the distal 
end of the alimentary limb anastomosed to a generous 
gastric remnant. The more proximal biliopancreatic limb 
is anastomosed to the alimentary limb approximately 50 
cm from the ileocecal valve. Following either the GBP 
or BPD form of bariatric operation, patients require life-
long follow-up and may need micronutrient replacement 
long term.

HEALTH BENEFITS OF BARIATRIC SURGERY

The two most significant outcome measures of bariatric 
surgical success are weight loss and resolution of comor-
bidities. Major effects of bariatric operations have been 
nicely summarized in three extensive meta-analyses,57,78,79 
as well as in a major literature review.78 Absolute weight 
loss averaged 46.4 kg for BPD, 43.5 kg for GBP, 39.8 kg for 
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Figure 71-3. Roux-en-Y gastric bypass: Part of the stomach is 
detached from the rest, to create a small pouch. The pouch is con-
nected to a lower part of the small intestine by a piece of small 
intestine, resembling a Y. As a result, parts of the stomach and small 
intestine are bypassed. However, digestive juices (bile acids and pan-
creatic enzymes) can still mix with the food, thus enabling the body 
to absorb vitamins and minerals and reducing the risk of nutritional 
deficiencies.
VBG, and 28.6 kg for gastric banding. This magnitude of 
weight loss is far greater than what is commonly achiev-
able by nonsurgical methods, and it is considerably closer 
to patients’ desired and expected weight loss. Long-term 
maintenance of weight loss of this magnitude can also be 
maintained for more than a decade.

Improvements in obesity-related and metabolic 
syndrome–related comorbidities have also been evalu-
ated.57,79-81 Diabetes improved in more than 85% of 
patients and resolved in more than 75% overall (98.9% 
for BPD, 87.3% for GBP, 71.6% for VBG, and 47.9% for 
gastric banding). Resolution of diabetes following sur-
gery is inversely related to the preoperative duration 
of the disease and occurs more in those patients whose 
diabetes is controlled using oral hypoglycemic agents. 
This finding clearly distinguishes surgical treatment of 
obesity as an important endocrinologic intervention, 
especially because the modest improvement in diabetes 
management that is produced by nonsurgical weight 
loss is accompanied by relapsing disease in nearly 100% 
of patients within 5 years. Surgical effects on hyperlipid-
emia are similarly impressive. Approximately 70% of the 
entire population experienced improvement, with great-
est, intermediate, and least change occurring after BPD, 
GBP, and gastric banding, respectively. Hypertension 
resolved in more than 60% of patients, and it improved 
in more than 18% more patients. Postsurgical effects on 
hypertension were greatest after BPD (83%), intermedi-
ate after GBP (67.5%) and VBG (69%), and least after 
gastric banding (43%). Resolution of OSAHS seems to 
be independent of the specific bariatric surgical proce-
dure employed; resolution occurred overall in 85.7% 
of patients. Postsurgical improvements in other comor-
bidities have also been demonstrated; improvement in 
fatty infiltration of the liver, enhanced respiratory func-
tion and reduced asthmatic symptoms, reversal of the 
cardiomyopathy of obesity, and improvements in joint 
pain and mobility have all been reported.61,82-86 The 
reduction in obesity-related comorbidities endures, as 
determined by 5-year follow-up assesments.87 Although 
bariatric surgery has been shown to provide greater 
weight loss when compared with nonsurgical lifestyle 
interventions, comorbidities do resolve and risk fac-
tors do improve similarly with successful conservative 
treatments.81

ANESTHETIC MANAGEMENT OF THE 
BARIATRIC SURGICAL PATIENT

Patients undergoing bariatric surgery are receiving what 
is now the best long-term treatment for morbid obesity. 
However, their presurgical state is an agglomeration of 
abnormal physiologic conditions involving multiple 
organ systems. For that reason, considerable risks of mor-
tality and morbidity are associated with all types of bar-
iatric surgery. Preoperative risk stratification can be used 
to identify patients at highest risk for significant morbid 
or fatal events related to bariatric surgery.88 However, 
detailed planning of anesthesia care for the perioperative, 
intraoperative, and postoperative phases must be pursued 
for the purposes of patients’ safety.
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PREOPERATIVE EVALUATION

The preoperative assessment for anesthesia should include 
consideration of hypertension, diabetes, heart failure, 
and obesity hypoventilation syndrome (see also Chap-
ters 14 and 38). Results of the patient’s sleep study are 
important. An AHI score greater than 30, implying severe 
sleep apnea, is a warning sign and a predictor for rapid 
and severe desaturation during induction of anesthesia. 
CPAP levels more than 10 cm H2O imply a patient with 
the potential for difficult ventilation by mask.

Another useful piece of information in the preopera-
tive evaluation is gleaned by examining the history of 
prior surgical procedures, their anesthetic challenges 
(i.e., ease or difficulty in securing the airway, intravenous 
access), need for admission to an intensive care unit, sur-
gical outcomes, and the weight of the patient at that time. 
This information may either help ease some concerns or 
allow us to better prepare for the upcoming anesthetic 
care. Recommended preoperative laboratory evaluations 
include fasting blood glucose, lipid profile, and serum 
chemistries (evaluating renal and hepatic function), com-
plete blood count, ferritin, vitamin B12, thyrotropin, and 
25-hydroxyvitamin D.

If appropriately evaluated, ideally prepared, and opti-
mally managed perioperatively, even patients with well-
known coronary artery disease (CAD) have morbidity 
and mortality comparable to those in patients without 
CAD.89 The effect of OSA on perioperative risk remains 
controversial,90 but most patients are screened for OSA 
with overnight oximetry or polysomnography, or both, if 
appropriate. If identified with OSA and recommended for 
CPAP, then patients are encouraged to initiate therapy at 
home, and this therapy should be continued throughout 
the perioperative period.

Liver function abnormalities are common in this 
patient population, especially nonalcoholic fatty liver dis-
ease, with the extent of disease a determining factor for 
perioperative risk and postoperative outcomes. Cirrhotic 
liver disease with portal hypertension may be considered 
a contraindication to bariatric surgery.90 Gastrointesti-
nal symptoms of dyspepsia may indicate the presence of 
Helicobacter pylori infection, which requires treatment by 
standard medical regimen.

Factors that may be considered contraindications for 
bariatric surgery include unstable CAD, uncontrolled 
severe OSA, uncontrolled psychiatric disorder, mental 
retardation (IQ < 60), inability to understand the surgery, 
perceived inability to adhere to postoperative restrictions, 
continued drug abuse, and malignant disease with a poor 
5-year survival prognosis. In most situations, preopera-
tive management of the medical morbidities can help 
optimize risk and convert high-risk patients to patients 
with acceptable risk.

The anesthetic care of patients with OSA is complicated 
by the side effects of anesthetic drugs on an already com-
promised respiratory system. The common comorbidities 
in this patient population only accentuate the problem.91 
The change in perioperative risk based on the anesthetic 
agent used is deduced only from anecdotal reports of dif-
ferent cases. Few trials have been conducted to answer 
that question definitively. Several questions commonly 
arise and cannot yet be answered on the basis of scien-
tific evidence: Is it safe to perform procedures in patients 
with sleep apnea and treat them as outpatients or day sur-
gery patients? What procedures pose sufficient risk to the 
patient to recommend an overnight hospital stay? Does 
narcotic use affect this decision? Would the increased role 
of nonsteroidal antiinflammatory drugs change these rec-
ommendations? Factors such as neck size and open ver-
sus laparoscopic surgery are being studied with regard to 
their impact on outcomes. Further research on these and 
other patient safety–related questions is continuing.

INTRAOPERATIVE CARE

Obese patients present special challenges for the anesthe-
sia provider in airway management, positioning, moni-
toring, choice of anesthetic technique and anesthetic 
drugs, pain control, and fluid management. Many of these 
issues are equally important in the postoperative care of 
these patients. The most significant and best studied are 
airway management, including endotracheal intubation, 
pulmonary physiology, and techniques of maintaining 
adequate blood oxygenation and lung volume. Specific 
interventions, techniques, and approaches employed by 
the anesthesia care team providing anesthesia for obese 
patients are important determinants of outcomes.

Patient Positioning
Even though no evidence-based studies are available 
to demonstrate that obese patients have more frequent 
complications from positioning, it seems fairly intui-
tive that morbidly obese patients do require extra care 
in positioning (see also Chapter 41). Even in the supine 
position, rhabdomyolysis from pressure on gluteal mus-
cles, thus leading to renal failure92 and death,93 has been 
reported. For obese patients placed in the prone position, 
cushioning gel pads or other weight-bearing rolls may 
have excessive weight placed on them. Pressure points 
must be checked carefully, and even though pressure sites 
may be carefully padded, skin breakdown can still occur. 
This may cause tissue necrosis and infections, especially 
in lengthy surgical procedures.94 It is difficult to protect 
the dependent hip from pressure effects with patients 
placed in the lateral decubitus position. Obese patients 
have excess axillary tissue that may make it impossible 
or unnecessary to place a traditional axillary roll in this 
position. In the lithotomy position, the challenge may 
be in supporting the weight of the patient’s legs by using 
regular, and not oversized, stirrups. To minimize the risk 
of tissue compression injury or development of compart-
ment syndrome, the duration during which legs are held 
in stirrups should be as short as possible.95

Airway Management
No positioning issue is more important than positioning 
of the obese individual for laryngoscopy and endotracheal 
intubation (see also Chapters 41 and 55). These procedures 
are often considered to be much more difficult to perform 
in obese patients than in patients having a normal BMI. 
Difficulty with laryngoscopy and intubation usually results 
from an obese patient’s short, thick neck, large tongue, and 
significant redundant pharyngeal soft tissue. However, the 
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correlation between morbid obesity and difficult laryngos-
copy and tracheal intubation is not universally observed 
in clinical practice. It is possible that no difference exists 
between laryngoscopy and intubation in thin and obese 
patients. Success is likely to result from a simple but impor-
tant approach to clinical care, with careful attention paid 
to patient positioning before induction of general anes-
thesia. Appropriate positioning plays an important role in 
providing optimal conditions for successful placement of 
the endotracheal tube under direct vision.

Studies have been conducted to determine the inci-
dence of difficult laryngoscopy or intubation in the obese 
population, with mixed findings. One study found an 
association between oropharyngeal Mallampati classifi-
cation and BMI as predictors of difficult laryngoscopy.96 
During laryngoscopy, the patients’ heads were placed in 
optimum sniffing position, regardless of BMI. In a study 
conducted exclusively in obese patients, BMI was not 
found to be associated with intubation difficulties.37 A 
high Mallampati score was identified as a predictor of 
“potential intubation problems,” but intubation by direct 
laryngoscopy was successful in 99 of 100 patients stud-
ied. All patients were positioned with pillows or towels 
under their shoulders, with the head elevated and neck 
extended. Another group studied both lean and obese 
patients and found a Mallampati score of III or IV to be 
the only independent risk factor for difficult intubation 
in the obese patients in the study.97 The authors dem-
onstrated that the Mallampati score had low specificity 
and low positive predictive values (62% and 29%, respec-
tively) for difficult intubation. They concluded that intu-
bation was more difficult in the obese patients. During 
intubation, patients were placed in a semirecumbent posi-
tion (30-degree elevation) with the head in the sniffing 
position.

In another study, ultrasound was used to quantify the 
amount of soft tissue between the skin and the anterior 
aspect of the trachea at the level of the vocal cords.98 
These authors also assessed the airway by measurement 
of thyromental distance, mouth opening, degree of neck 
mobility, Mallampati score, neck circumference, and 
presence of OSA. Only an abundance of pretracheal soft 
tissue measured ultrasonically and neck circumferences 
were found to be positive predictors of difficult intuba-
tion with laryngoscopy performed with patients in the 
sniffing position. A meta-analysis of 35 studies was con-
ducted to determine the diagnostic accuracy of preinduc-
tion tests for predicting difficult intubation in patients 
having no airway disease.99 The incidence of difficult 
intubation in obese patients was three times higher 
compared with the nonobese population. This finding 
may have resulted from suboptimal patient positioning, 
which was not clearly described in any of the preceding 
studies. Patient positioning, including ramped position-
ing or elevating the upper body and head of morbidly 
obese patients to align the ear with the sternum horizon-
tally, improves laryngoscopic view.100 In this study, mor-
bidly obese patients were assigned to be in either sniffing 
position or ramped position for airway management. The 
study demonstrated a statistically significant difference in 
laryngeal view, with ramped position providing the supe-
rior view.
Based on the evidence from randomized controlled tri-
als and other literature on airway management of obese 
patients, the trachea should be readily intubated by direct 
laryngoscopy if the patient is placed carefully in ramped 
position. This positioning can be achieved using com-
mercially available positioning devices101 or by building 
a ramp from blankets or sheets to achieve the desired 
placement of the patient’s head relative to the thorax.102 
Obese patients must be examined for the common objec-
tive signs of potential difficult intubation, which include 
small mouth opening, large and protuberant teeth, lim-
ited neck mobility, and retrognathia. Alternative airway 
management techniques include the use of videolar-
yngoscope equipment for intubating obese patients,103 
because this equipment is rapidly becoming more read-
ily available. Performance of a topicalized direct laryn-
goscopy with modest sedation in an awake patient can 
also be used to assess laryngoscopic view in deciding 
whether to proceed with induction of general anesthesia 
or fiberoptic intubation in an awake and sedated patient. 
Of course, the equipment for emergency airway manage-
ment, including laryngeal masks and a fiberoptic bron-
choscope, should be immediately available.

Another area that requires specific attention during 
the perioperative period is the obese patient’s pulmo-
nary physiology. It is especially important to appreciate 
techniques to maintain oxygenation and lung volume 
in caring for the obese patient. First, obese patients have 
multiple pulmonary abnormalities, including decreased 
vital capacity, inspiratory capacity, expiratory reserve 
volume, and functional residual capacity. Second, closing 
capacity in obese individuals is close to or may fall within 
tidal breathing, particularly in the supine or recumbent 
position. Moreover, both lung compliance and respiratory 
system compliance are low in obesity because patients 
breathe at lung volumes that are abnormally low.104 As a 
result of the underlying physiology, the obese patient is 
likely to undergo rapid oxygen desaturation, particularly 
during periods of apnea such as occurs during induction 
of general anesthesia. The presence of OSA by itself does 
not independently increase the risk of the patient desatu-
rating during induction of general anesthesia as long as 
appropriate precautions are instituted.105 However, after 
induction of anesthesia and tracheal intubation, patients 
may continue to derecruit gas exchange units throughout 
the anesthetic course.106 Various maneuvers have been 
studied to preserve oxygenation and maintain lung vol-
ume specifically in the obese population.

In one study of the rate of development of hypoxemia 
in patients during apnea, patients received 100% oxygen 
by facemask to achieve denitrogenation before induction 
of general anesthesia.106 The apneic period was continued 
after induction of anesthesia until peripheral oxygen sat-
uration (SpO2) decreased to 90%. Obese patients reached 
the end point in less than 3 minutes, whereas it took 6 min-
utes in patients having a normal BMI. Efforts to prevent 
atelectasis formation and desaturation during induction 
of general anesthesia in obese individuals include appli-
cation of continuous positive airway pressure (CPAP) dur-
ing preoxygenation,107-109 as well as mask application of 
positive end-expiratory pressure (PEEP), and mechanical 
ventilation following induction of anesthesia.109 Use of  



10 cm H2O CPAP during preoxygenation with the patient 
in the supine position resulted in a higher arterial partial 
pressure of oxygen (PaO2) after intubation and decreased 
the amount of atelectasis that developed.83 The combina-
tion of CPAP during preoxygenation and PEEP or mechan-
ical ventilation after induction significantly increased the 
nonhypoxemic apnea duration from 2 minutes, found in 
controls not receiving CPAP or PEEP, to 3 minutes. Use 
of 7.5 cm H2O CPAP during 3 minutes of preoxygenation 
while supine, however, did not change the time required 
for obese patients to desaturate to an SpO2 of 90%.108 Pre-
oxygenation using 25-degree head-up (back inclined), as 
opposed to supine, positioning without positive airway 
pressure did increase the elapsed time needed for anesthe-
tized, apneic, obese individuals to desaturate to an SpO2 
of 92%.110 The patients in head-up position had a sig-
nificantly higher PaO2 after preoxygenation, just before 
induction. The obesity-associated gas exchange defect 
depended on the waist-to-hip ratio, an index of the distri-
bution of adipose tissue surrounding the thorax.111 This 
study further demonstrated that morbidly obese men are 
more likely to have poorer pulmonary gas exchange than 
are morbidly obese women.

In a study conducted to assess the relationship between 
patient positioning and the development of hypoxemia 
in obese patients during apnea after anesthetic induction 
and intubation, patients were ventilated with a 50% oxy-
gen/50% air mixture for 5 minutes before the ventilator 
circuit was disconnected.112 Apnea was continued until 
the SpO2 decreased to 92%, at which time ventilation 
was resumed. Patients in the supine position reached the 
end point in 2 minutes, but it took 30 seconds longer 
if the supine position with the back elevated 30 degrees 
was used and 1 minute longer if a 30-degree reverse Tren-
delenburg position was used. Use of a 30-degree reverse 
Trendelenburg position in obese patients undergoing 
bariatric surgery was also shown to reduce the alveolar-
to-arterial oxygen difference, as well as increase total ven-
tilatory compliance and reduce peak and plateau airway 
pressures when compared with the supine position.113 
Vital capacity decreases to a greater extent under general 
anesthesia in obese patients compared with patients of 
normal weight.114

Various intraoperative maneuvers to maintain lung 
volume and oxygenation have also been studied. Increas-
ing tidal volume incrementally from 13 to 22 mL/kg in 
obese patients ventilated under general anesthesia did 
not improve the gas exchange defect but did increase air-
way pressures.115 Use of 10 cm H2O PEEP has a greater 
effect in obese patients compared with normal subjects 
on improving ventilatory mechanics, increasing PaO2, 
and decreasing alveolar-to-arterial oxygen difference dur-
ing general anesthesia with neuromuscular blockade.116 
In addition to PEEP alone, use of a recruitment maneu-
ver such as sustained lung inflation to 55 cm H2O for 10 
seconds, followed by application of PEEP, has been dem-
onstrated to prevent atelectasis from developing and to 
improve oxygenation, whereas neither PEEP nor a recruit-
ment maneuver alone achieved the same degree of main-
tenance of pulmonary function.117

Pneumoperitoneum during laparoscopic procedures 
increases pulmonary resistance and decreases dynamic 
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lung compliance.118 During pneumoperitoneum, altera-
tions in body position, tidal volume, and respiratory rate 
had no effect on the alveolar-to-arterial oxygen differ-
ence in obese patients.119 During pneumoperitoneum 
for laparoscopic bariatric surgery, alveolar recruitment 
by repeated sustained lung inflation to 50 cm H2O fol-
lowed by mechanical ventilation with 12 cm H2O PEEP 
increased PaO2 intraoperatively, at the expense of caus-
ing hypotension that required vasopressor use.120 In an 
attempt to optimize PEEP in obese patients undergoing 
LGB surgery, a normal functional residual capacity was 
maintained with 15 ± 1 cm H2O PEEP. Infusion of intra-
vascular volume expanders was required to prevent PEEP-
induced hemodynamic compromise.121

In summary, the most favorable patient position or 
optimal amount of PEEP during preoxygenation, induc-
tion of anesthesia, or intraoperatively has not been 
clearly established for the obese patient. Furthermore, the 
application of noninvasive modes of ventilation includ-
ing pressure support and bilevel ventilation delivered by 
mask for preoxygenation, induction, and maintenance 
of anesthesia to maintain oxygenation and ventilatory 
mechanics in obese patients has not been sufficiently 
studied. Ideal patient positioning, use of PEEP, and special 
modes of ventilation just before emergence and extuba-
tion to maintain pulmonary function and gas exchange 
after extubation have not been identified. Currently, no 
published guidelines are available to address the issues of 
maintenance of oxygenation and ventilatory mechanics 
in obese patients undergoing general anesthesia. Consid-
ering both the airway management issues detailed previ-
ously and the oxygenation, lung volume, and ventilatory 
mechanics issues described here for obese individuals, 
anesthesia care providers should position patients to 
achieve the combined goals of providing a superior laryn-
goscopic view for ease of endotracheal intubation while 
establishing optimal conditions for oxygenation and 
preservation of pulmonary mechanical function.

It is the practice at our institution that obese patients 
are initially placed in a ramped position and are then 
moved into a reverse Trendelenburg position, if needed, 
to achieve a 25- to 30-degree incline of the thorax before 
preoxygenation. Patients are then given 100% oxygen 
under positive pressure. For those patients receiving 
CPAP at home for OSA, my colleagues and I use CPAP 
or pressure support ventilation by facemask at a pressure 
level identical to the patient’s home CPAP setting. Oth-
erwise, CPAP of 8 to 10 cm H2O is appropriate. Follow-
ing induction of anesthesia, 10 to 12 cm H2O PEEP can 
be maintained intraoperatively, but care must be taken 
to treat any hypotension that may occur. Finally, if the 
patient’s position must be changed intraoperatively, the 
patient must be returned to the head-up position before 
emergence and tracheal extubation.

In preparation for emergence from anesthesia, neu-
romuscular blockade must be fully reversed before the 
trachea is extubated. Given the advent of a pressure sup-
port ventilation mode on many newer models of anes-
thesia machines, the bariatric patient can be maintained 
by pressure support during emergence once spontaneous 
ventilation has resumed. When adequate muscle strength 
has returned, as demonstrated by sustained tetanus using 
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the nerve stimulator and performance of a 5-second head 
lift, the awake patient who is following commands can 
be tracheally extubated. Pressure support or CPAP can be 
delivered immediately by mask applied to the face, as is 
done during preoxygenation prior to induction of anes-
thesia. Various devices are available to provide CPAP dur-
ing patient transport from the operating room. We use 
CPAP during recovery, especially in those patients already 
prescribed CPAP for their OSA. The basic premise that 
must be respected with regard to airway management and 
its integral relationship with pulmonary function is that 
morbid obesity incurs significant derangements of lung 
function and pulmonary mechanics. These factors must 
be managed carefully to minimize intraoperative and 
postoperative pulmonary complications.122,123

Anesthetic Drugs and Dosing
Anesthetic drugs such as opioids, propofol, and benzodi-
azepines are all well known to have exaggerated responses 
in patients with OSA. They may decrease pharyngeal mus-
culature tone, which is essential in maintaining airway 
patency.36,124 Volatile anesthetics diminish ventilatory 
response to carbon dioxide, at least in children with ton-
sillar hypertrophy, in the setting of OSA. Spontaneously 
breathing tracheally intubated children, with a history of 
OSA, have depressed ventilation and many have apnea 
with 0.5 μg/kg of intravenous fentanyl (see also Chapter 
92). Although these data are from the pediatric litera-
ture, it would be prudent to apply the same principles in 
obese adult patients until proven otherwise. It therefore 
becomes attractive to use short-acting drugs and nonde-
pressors of ventilation such as the α2-agonist dexmedeto-
midine. This approach should, at least in theory, speed up 
the return to baseline respiratory function.94

Doses of commonly used anesthetic drugs can be 
determined using total body weight (TBW) or ideal body 
weight (IBW), based on lipid solubility. In the past, IBW 
was interpreted to mean fat-free weight, thus implying 
that it could be used as a substitute for lean body weight 
or, more correctly, lean body mass (LBM), usually approx-
imated as 120% of IBW. LBM is a good weight approxi-
mation to use for doses of hydrophilic medications. As 
expected, volume of distribution is changed in obese 
patients with regard to lipophilic drugs. This is especially 
true of benzodiazepines and barbiturates, among the 
commonly used anesthetic drugs. Two exceptions to this 
rule are procainamide125 and remifentanil,126 which even 
though highly lipophilic, have no relationship between 
properties of the drug and their volume of distribution.127 
Consequently, commonly used anesthetic drug dosing is 
based on IBW for propofol, vecuronium, rocuronium and 
remifentanil. In contrast, doses of midazolam, succinyl-
choline, cisatracurium, fentanyl, and sufentanil should 
be determined on the basis of TBW. Another caveat to 
this recommendation is that maintenance doses of pro-
pofol should be based on TBW and, conversely, on IBW 
for sufentanil.127 This implies that one can use, based on 
the patient’s weight, larger amounts of benzodiazepines, 
fentanyl, or sufentanil, although these are best titrated 
to desired clinical effect. Conversely, based on real body 
weight, smaller amounts of propofol are needed to anes-
thetize the patient.
With vecuronium or rocuronium, the initial dose 
should be based on IBW, with additional doses based on 
monitoring with a peripheral nerve stimulator (see Chap-
ter 53). Complete blockade in the morbidly obese patient 
is necessary not just for the surgeon’s convenience but 
also to facilitate mechanical ventilation. The drug chosen 
is not as important as the depth of the state of paralysis.

Volatile anesthetics are chosen based on physical 
characteristics of tissue solubility, which are expressed 
as blood-gas partition coefficients and fat-blood parti-
tion coefficients. Desflurane may be the anesthetic of 
choice based on consistent and rapid recovery profile, 
as opposed to sevoflurane and propofol.128,129 Some 
anesthesiologists state that the differences in immedi-
ate recovery between sevoflurane and desflurane are not 
clinically significant.130

Even though nitrous oxide provides some analgesic 
effect and is rapidly eliminated, we prefer to avoid it based 
on the high oxygen demands in obese patients. The entry 
of nitrous oxide into air spaces in short intraabdominal 
surgical procedures may not be a significant factor, but in 
bariatric surgery, especially when done laparoscopically, 
any increase in bowel gas volume could make a challeng-
ing surgical procedure even more difficult for the surgeon.

Induction of Anesthesia
Obesity, the risk of aspiration of gastric contents, and 
the need to provide aspiration prophylaxis have been the 
subjects of considerable debate.131 Abdominal bloating or 
fullness and female sex are associated with delayed gas-
tric emptying of solids and liquids in diabetic patients.132 
Although many obese patients have type 2 diabetes, sepa-
rate studies of gastroesophageal reflux during anesthesia 
have not demonstrated body habitus to be a predictor of 
reflux rates.133 Gastric fluid volume and pH have been 
shown to be the same in obese patients who are fasting 
or who have oral intake of up to 300 mL of clear liquid  
2 hours before being anesthetized.134 Obesity itself 
does not increase the risk of aspiration of gastric con-
tents. However, acid aspiration prophylaxis, including 
 histamine (H2)–receptor agonists or proton pump inhibi-
tors, must be considered in patients having identifiable 
risks of aspiration. Awake fiberoptic intubation may also 
be considered in such patients.36

Based on experience from obstetric practice (see also 
Chapter 77), regional anesthesia, especially epidural and 
spinal, is safe and feasible in patients with large body 
habitus.94 However, regional anesthesia is technically 
more difficult because of the physical challenge of plac-
ing the catheters and the tendency of these catheters to 
migrate out of the epidural space. Special equipment, in 
terms of longer needles or special ultrasound probes, may 
be needed for the correct placement of catheters in these 
patients. Care should be exercised with drug doses in 
these catheters because of the increased cephalad spread 
of the drug and the block as a result of the smaller epi-
dural space compared with normal-weight patients.135,136 
The degree of respiratory compromise suffered by obese 
patients is also greater than in normal-weight patients 
with a high regional block.

Little evidence suggests that epidural pain manage-
ment improves overall outcomes. Because the trend of 



laparoscopic surgery is increasing compared with open 
laparotomies, this becomes less of an issue. In the mor-
bidly obese patient who is having an open laparotomy, 
use of a thoracic epidural catheter to control pain has the 
most important benefit of reducing the attenuation of 
vital capacity postoperatively.137

Obesity itself does not require invasive monitoring, so 
GBP surgery can be performed safely with routine moni-
toring. The indications for invasive monitoring stem from 
the comorbidities present in these patients. Because these 
disorders tend to run together in patients needing surgery, 
the incidence of invasive monitoring in these patients 
thereby increases.138 Morbidly obese patients having seri-
ous comorbidities such as obesity- hypoventilation syn-
drome, who present with pulmonary hypertension and 
cor pulmonale, may require a pulmonary artery catheter 
or intraoperative evaluation by transesophageal echocar-
diography. The rationale for central venous access may 
stem from difficulties in peripheral access, rather than 
any other indication. Many patients receive an inferior 
vena cava filter prophylactically because of the high risk 
of deep vein thrombosis and pulmonary embolism asso-
ciated with obesity and bariatric surgery.139 This proce-
dure is often performed through the right internal jugular 
vein on the day before bariatric surgery, thus making it 
possible to have a central venous catheter left in place 
for the operation at the time the filter is inserted. It is 
recommended that a central line inserted at the time of 
surgery should be placed under ultrasound guidance to 
decrease complications as well as to increase ease of place-
ment. Similarly, difficulty in noninvasive blood pressure 
measurements, secondary to body habitus–related diffi-
culty in appropriate cuff placement, may be an indication 
for arterial catheter placement. Analysis of arterial blood 
gases may help to guide intraoperative ventilation and 
extubation of the trachea.

Postoperative pain management (see also Chapter 98) 
in patients undergoing weight loss surgery can involve 
intravenous analgesia, patient-controlled analgesia (PCA), 
or thoracic epidural analgesia (TEA). No data are available 
to prove the superiority of one technique over the other. 
In our practice, my colleagues and I tend to reserve epi-
dural anesthesia for patients undergoing open GBP. Even 
with these drawbacks, we have approximately an 80% suc-
cess rate with supermorbidly obese patients. Opioid-based 
PCA with local anesthetic wound infiltration and adjunct 
nonnarcotics is a reasonable alternative approach for most 
patients. Injection of local anesthetic in the incision site 
before making the incision may result in preemptive anal-
gesia. Adjunct analgesia with nonnarcotic medications, 
unless contraindicated, decreases opioid requirements and 
thereby opioid-induced side effects as well.

Intraoperatively, using the appropriate table for the 
patient’s weight is critical because the consequences of 
having a table not rated to the patient’s weight can be seri-
ous for both the patient and the operating room personnel. 
It may be useful to keep the patient strapped throughout 
the period of sedation and sleep. Along with a safety strap, 
it may also be useful to apply a bean bag under the patient 
to keep the patient from sliding off the operating room 
table. Thermal management in the operating room is best 
accomplished by forced-air warmers (see also Chapter 54). 
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Arm boards may need extra padding to keep the patient 
from having the arm and shoulder out of an anatomic 
position. If the arms are to be tucked by the side of the 
patient, then wide, well-padded sleds may be useful.

Intravenous fluid requirements are greater than pre-
dicted, and even a relatively short, 2- to 3-hour case may 
need 4 to 5 L of crystalloid fluid to prevent acute tubu-
lar necrosis (ATN) in the kidneys. Hypovolemia, which 
can cause a protracted prerenal state and contribute to 
the development of ATN, can be prevented by appropri-
ate hydration. Retrospective data from the University of 
Pittsburgh Medical Center suggest that primary acute 
renal failure after weight loss surgery occurs in approxi-
mately 2% of patients. Other predisposing factors are BMI 
greater than 50 kg/m2, prolonged surgical time, prior his-
tory of renal disease, and intraoperative hypotension.140

POSTOPERATIVE MANAGEMENT

In our practice, we prefer to have postbariatric surgery 
patients stay at the same location consistently. This 
allows skilled nursing and ancillary care to be provided to 
patients on a consistent basis. These patients are kept on 
their CPAP or biphasic positive airway pressure (BiPAP) 
machines as much as possible with monitoring of SpO2 
by pulse oximetry recommended. At the Hospital of the 
University of Pennsylvania in Philadelphia, patients iden-
tified as having difficult airways are distinguished with 
armbands, and with visible signs on their beds, their hos-
pital charts, and on the electronic medical records for the 
remainder of their hospital stay. Additionally, a note by 
the attending anesthesiologist explaining the difficulty in 
intubation, as well as the means used to secure the airway 
in the operating room, is available in the room. In case of 
an unexpected emergency intubation, for whatever rea-
son, we believe that this extra information is extremely 
useful to the resuscitation team.

MANAGEMENT OF COMPLICATIONS

Bariatric surgery is considered very safe, but not without 
potential complications, which are increasingly predict-
able.141 In-hospital mortality rates for LGB and open GBP 
surgery are 0.27% and 0.81%, respectively, a statistically 
significant difference.140 Mortality is associated with a 
need for reoperation during the same hospitalization,142 
with intestinal leakage a serious complication accounting 
for a large number of patient deaths.143 Risk factors also 
include comorbid conditions of congestive heart failure 
or renal failure.

Morbidity occurring during the immediate postop-
erative in-hospital period typically falls into one of four 
categories of complications: wound, gastrointestinal, pul-
monary, and cardiovascular. The complication rates are 
significantly lower in each category for patients under-
going laparoscopic rather than open procedures, and 
they range from 1.35% (wound complications) to 4.52% 
(gastrointestinal complications) following LGB and from 
1.98% (wound complications) to 5.33% (gastrointestinal 
complications) following open GBP.140 Table 71-5 pro-
vides a categoric listing of both specific and nonspecific 
complications of bariatric surgery.
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The most common complications requiring reop-
eration include postoperative intraabdominal bleeding, 
anastomotic leakage, suture line dehiscence, small bowel 
obstruction, and deep wound infection,143-148 all of which 
may require general anesthesia for laparotomy. Despite 
deep vein thrombosis prophylaxis therapy in the periop-
erative period, patients can also present postoperatively 
with deep vein thrombosis or pulmonary embolism and 
require anesthesia for placement of an inferior vena cava 
filter device. As mentioned earlier, filters are often placed 
before bariatric surgery.139

In all cases requiring reoperation shortly after the 
original bariatric procedure, it is prudent to review the 
anesthesia record. Specific attention should be paid to 
the documentation of patient position and technique 
employed for airway management in the prior anes-
thetic regimen. Patients may be hypovolemic from blood 
loss, inadequate hydration, vasodilatation, and insensi-
tive fluid losses associated with fever and infection. It is 
especially important to consider additional or new risks 
of aspiration of gastric contents. These risks may result 
from the presence of postoperative ileus, small bowel 
obstruction, and surgical creation of a Roux-en-Y gastric 
bypass limb that excludes the pylorus as an element of 
protection from reflux of intestinal contents. Decompres-
sion of the gastric pouch in patients undergoing surgery 
to relieve small bowel obstruction can be achieved with 
careful introduction of a nasogastric or orogastric tube 
just before induction of general anesthesia. Although 
this may increase the risk of violating a fresh, competent 
anastomotic suture line, communication between anes-
thesiologist and surgeon can be pursued to determine 
the risks and benefits of performing this maneuver. Dur-
ing the ensuing laparotomy, any perforation of a fresh 
suture line resulting from the attempt to decompress the 

TABLE 71-5 SPECIFIC AND NONSPECIFIC 
COMPLICATIONS OF BARIATRIC SURGERY

All Surgical 
Procedures

Gastric 
Banding Roux-en-Y

Early Bleeding
Infection
Dehydration
Peritonitis
Bowel obstruction
Perforation
Pneumonia
DVT or PE
Death

Band slippage
Band 

malfunction
Infection at 

band site

Leak from 
anastomotic 
site

Late Cholelithiasis
Cholecystitis
Pouch dilation
GERD or dysphagia
Herniation at 

surgical site
Nutritional issues
Vitamin deficiencies, 

especially fat-
soluble vitamins 
and vitamin B12

Anorexia
Band slippage
Band 

malfunction
Infection at 

band site

Small bowel 
obstruction

Marginal ulcers
Pancreatitis
Stricture

DVT, Deep vein thrombosis; GERD, gastroesophageal reflux disease;  
PE, pulmonary embolism.
gastrointestinal tract can be repaired immediately, and 
the nasogastric or orogastric tube can subsequently be left 
in place for continued postoperative drainage.

Depending on the extent of reoperation, require-
ment for volume resuscitation, blood transfusion, degree 
of peritonitis with anastomotic leak, presence of sepsis, 
or other significant continued risks to health, patients 
undergoing reoperation may require prolonged postop-
erative ventilation. Requirements for postoperative pain 
management may also be considerably different from 
those associated with the initial bariatric procedure. In 
patients who are sufficiently hemodynamically stable 
immediately before reoperation, an epidural catheter can 
be placed before induction for pain management as part 
of the postoperative care. This is especially valuable in 
obese patients undergoing laparotomy, as described ear-
lier in this chapter.

Certain potential major complications require surgical 
intervention weeks, months, or even years after a bariat-
ric surgical operation has been performed. Patients may 
develop anastomotic strictures or ulcers, ventral hernias, 
gastrogastric fistulas, and severe reflux disorders requiring 
additional surgery.77 Small bowel obstruction may appear 
weeks after the surgical procedure.147 Patients may desire 
cosmetic operations to remove excess skin or liposuction 
procedures to sculpt dysmorphic body areas following 
significant weight loss. Patients may also require adjust-
ment of a gastric band or pursue band removal. The anes-
thetic considerations for such patients should include a 
review of the prior anesthetic record to glean information 
regarding airway and pain management. The degree of 
weight loss achieved and the resolution of comorbidities, 
including diabetes, hypertension, and OSA, may signifi-
cantly alter the approach used in the bariatric operation.

Some patients develop significant neurologic complica-
tions following GBP surgery.149-151 These complications are 
known to include polyneuropathy, polyradiculoneuropa-
thy, myelopathy, encephalopathy, and optic neuropathy. 
Myelopathy occurs most frequently but does not manifest 
until approximately 10 years postoperatively.149 These 
patients have demonstrable nutritional deficiencies, but 
except for the vitamin B12 and copper deficiencies found 
in patients with myelopathy, no specific nutritional pro-
file has been reported to correlate with neurologic com-
plications. Although neurologic symptoms accompanying 
weight loss surgery are not likely to result in additional 
surgery, they represent new or additional comorbidities 
that should be fully considered by the anesthesiologist 
caring for patients having previously undergone bariatric 
surgery.

The nutritional and metabolic complications of bariat-
ric surgery also include protein and protein-calorie malnu-
trition. Patients may have excessive weight loss occurring 
either too rapidly or beyond the predetermined goals, 
steatorrhea or severe diarrhea, hypoalbuminemia, maras-
mus, edema, and hyperphagia.77,152-154 In cases of severe 
malnutrition, patients may require enteral or parenteral 
nutrition therapy. Surgical revision may be required to cor-
rect excessive weight loss and hypoalbuminemia. Under 
such circumstances, an anesthetic regimen accounting for 
decreased drug binding effects of a low serum albumin 
level must be considered.



CONSIDERATIONS FOR MANAGEMENT 
OF THE OBESE PATIENT PRESENTING FOR 
NONBARIATRIC SURGERY

Few studies have evaluated the importance of morbidity 
in obese patients during common surgical procedures. A 
study by Dindo and co-workers of 6336 patients did not 
find any difference in the incidence or severity of compli-
cations after elective general surgery, except surgical site 
infections.155 Other studies assessed the effect of obesity 
on wound infections and showed that these infections 
are increased.156,157 Multiple studies demonstrated that 
obese patients are at higher risk after gynecologic, ortho-
pedic, cardiovascular, urologic, and transplantation sur-
gery, whereas other studies did not show obesity-related 
risk differences.158,159

From the data of Dindo and associates regarding com-
plications and the type of surgical procedure,155 operative 
severity and open laparoscopic surgery were independent 
risk factors for postoperative complications. These inves-
tigators found no differences in the type of postoperative 
complications in obese and nonobese groups. This study 
provided data to decrease the prejudice that patients 
with obesity are implied to have a higher incidence of 
postoperative complications. This preconception may 
pertain more to the perception of the medical team as 
a result of technical difficulties on the anesthetic and 
surgical end. Surgical procedures may have lasted lon-
ger, approximately 25% more time for laparoscopic than 
for open cholecystectomy in morbidly obese patients. 
Significantly, the wound infection rate was much better 
after laparoscopic than after open surgery, a finding that 
supports the practice of performing laparoscopic surgery, 
rather than the alternative, in obese patients.
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Anesthesia and the Renal and 
Genitourinary Systems
VINOD MALHOTRA • VIJAYENDRA SUDHEENDRA • JEROME O’HARA • ANUJ MALHOTR

K e y  P o i n t s

 •  Innervation of the intraabdominal components of the genitourinary system—the 
kidney and the ureter—is primarily thoracolumbar (T8-L2). The nerve supply of the 
pelvic organs—the bladder, the prostate, the seminal vesicles, and the urethra—is 
primarily lumbosacral with some lower thoracic input.

 •  The spinal level of pain conduction for the external genitourinary organs is S2-4, 
except for the testes (T10-L1).

 •  The kidneys receive 15% to 25% of the total cardiac output, with most of this 
blood directed to the renal cortex. Renal medullary papillae are more vulnerable 
to ischemic insults. Kidneys successfully autoregulate their blood flow between 
60 and 160 mm Hg mean arterial pressures.

 •  The glomerular filtration rate (GFR) is the best measure of glomerular function. 
Creatinine clearance is a good measure of the GFR; urine output is not.

 •  Hypervolemia, acidemia, hyperkalemia, cardiorespiratory dysfunction, anemia, and 
bleeding disturbances are manifestations of chronic renal failure.

 •  Although renal transplantation reverses most of the abnormalities in end-stage renal 
disease, dialysis improves only some, and introduces additional complications of its own.

 •  Newer techniques, such as laser prostatectomy, are making transurethral resection 
of the prostate (TURP) syndrome a rare event. TURP syndrome is a constellation 
of symptoms caused by the absorption of hypotonic bladder irrigants. 
Cardiovascular and neurologic changes are due to hypoosmolality, hyponatremia, 
hyperglycinemia, hyperammonemia, and hypervolemia.

 •  Regional anesthesia offers several advantages over general anesthesia for standard, 
but not laser, TURP. Yet, 30-day mortality rates remain unchanged at 0.2% to 0.8%.

 •  Laparoscopic surgery in urology frequently requires insufflation of carbon dioxide 
into the retroperitoneal space. In lengthy procedures, pneumomediastinum and 
subcutaneous emphysema of the head and neck may occur.

 •  Extracorporeal shock wave lithotripsy (ESWL) causes significant physiologic 
changes related to immersion if a water bath is used. Shock waves can cause 
arrhythmias and injury to the lungs. Pregnancy and untreated bleeding disorders 
are contraindications to ESWL.

 •  Regarding renal tumors, 5% to 10% extend into the renal vein, inferior vena cava, and 
right atrium. Complications ranging from circulatory failure to embolization of tumor 
during surgery may occur. Cardiopulmonary bypass may be necessary for surgery.

 •  Radical prostatectomy causes significant blood loss sometimes including 
intraoperative venous air emboli. Regional anesthesia with spontaneous ventilation 
is associated with less blood loss than general anesthesia and intermittent positive-
pressure ventilation. Other advantages of epidural anesthesia include a decreased 
incidence of deep vein thrombosis and preemptive analgesia. Whether outcomes 
are dependent on the choice of anesthesia is not clear.

 •  Robotic radical prostatectomy is associated with reduced blood loss and 
postoperative pain compared with open radical prostatectomy. Anesthetic concerns 
are related to steep head-down tilt (also see Chapter 41) and pneumoperitoneum 
and include hypercarbia, hypoxemia, increased intraocular and intracranial pressures, 
decreased perfusion pressure to lower extremities, and positional injuries.

Acknowledgment: The editors and publisher would like to thank Dr. Sudhir Diwan for contributing a chapter o
this topic to the prior edition of this work. It has served as the foundation for the current chapter.
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Patients requiring anesthesia for renal and genitourinary 
surgery are frequently at the extremes of age. In addition 
to the physiologic changes of aging in older patients (see 
also Chapter 80), concomitant cardiovascular and respira-
tory comorbidity is common. A medical history, physical 
examination, and appropriate laboratory tests are neces-
sary to evaluate concomitant disease. In pediatric urologic 
patients, a careful history should exclude other nonuro-
logic congenital lesions (see Chapter 93).

Urologic procedures are performed mostly on the 
kidneys, adrenals, ureters, urinary bladder, prostate, ure-
thra, penis, scrotum, testis, and spermatic cord. Because 
their sensory nerve supply is primarily thoracolumbar 
and sacral outflow (Table 72-1), these structures are well 
adapted for regional anesthesia.

INNERVATION OF THE GENITOURINARY 
SYSTEM

The parts of the genitourinary system that are in the 
abdomen receive their nerve supply from the autonomic 
nervous system by means of sympathetic and parasympa-
thetic pathways. The pelvic urinary organs and genitalia are 
supplied by somatic and autonomic nerves. Table 72-1 
summarizes the pain conduction pathways and spinal 
levels of the genitourinary system.

KIDNEY AND ABDOMINAL URETER

Sympathetic nerves to the kidney originate as pregan-
glionic fibers from the eighth thoracic through the first 
lumbar segments and converge at the celiac plexus and 
aorticorenal ganglia (Fig. 72-1). Postganglionic fibers to 
the kidney arise mainly from the celiac and aorticorenal 
ganglia. Some sympathetic fibers may reach the kidney 
via the splanchnic nerves. Parasympathetic input is from 
the vagus nerve.1 Sympathetic fibers to the ureter originate 
from the tenth thoracic through the second lumbar seg-
ments and synapse with postganglionic fibers in the 
aorticorenal and superior and inferior hypogastric plex-
uses. Parasympathetic input is from the second through 
fourth sacral spinal segments.1 Nociceptive fibers travel 
along the sympathetics to the same spinal segments. 

TABLE 72-1 PAIN CONDUCTION PATHWAYS  
AND SPINAL SEGMENT PROJECTION OF PAIN  
OF THE GENITOURINARY SYSTEM

Organ

Sympathetics, 
Spinal 
Segments Parasympathetics

Spinal Levels 
of Pain 
Conduction

Kidney T8-L1 CN X (vagus) T10-L1
Ureter T10-L2 S2-4 T10-L2
Bladder T11-L2 S2-4 T11-L2 

(dome), 
S2-4 (neck)

Prostate T11-L2 S2-4 T11-L2, S2-4
Penis L1 and L2 S2-4 S2-4
Scrotum NS NS S2-4
Testes T10-L2 NS T10-L1

NS, Not significant for nociceptive function.
Pain from the kidney and ureter is referred mainly to the 
somatic distribution of the tenth thoracic through the 
second lumbar segments—the lower part of the back, 
flank, ilioinguinal region, and scrotum or labia. Effective 
neural block of these segments is necessary to provide 
adequate analgesia or anesthesia.

BLADDER AND URETHRA

Sympathetic nerves to the bladder and urethra originate 
from the eleventh thoracic to the second lumbar seg-
ments, travel through the superior hypogastric plexus, 
and supply the bladder through the right and the left 
hypogastric nerves.2 Parasympathetic nerves arise 
from the second through the fourth sacral segments 
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Figure 72-1. Autonomic and sensory innervation of the kidney and 
ureters. Solid line indicates preganglionic fibers; dashed line indicates 
postganglionic fibers; and dotted line indicates sensory fibers. (From 
Gee WF, Ansell JF: Pelvic and perineal pain of urologic origin. In Bonica 
JJ, editor: The management of pain, ed 2, Philadelphia, 1990, Lea & 
Febiger, pp 1368-1378.)
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and form the pelvic parasympathetic plexus, which is 
joined by the hypogastric plexus. Vesical branches pro-
ceed toward the bladder base, where they provide the 
nerve supply to the bladder and proximal part of the 
urethra (Fig. 72-2). Parasympathetic fibers are the main 
motor supply to the bladder (with the exception of the 
trigone) and far outnumber sympathetic fibers in the 
bladder.2

The afferents carrying sensations of stretch and fullness 
of the bladder are parasympathetic, whereas pain, touch, 
and temperature sensations are carried by sympathetic 
nerves. Sympathetic fibers are predominantly α adrener-
gic in the bladder base and urethra, and β adrenergic in 
the bladder dome and lateral wall. Knowledge of these 
aspects of neuroanatomy is important to appreciate the 
pharmacologic effects on the urologic system of neural 
ablation or regional block and drugs with adrenergic or 
cholinergic effects.2

PROSTATE AND PROSTATIC URETHRA

The prostate and the prostatic urethra receive sympathetic 
and parasympathetic supply from the prostatic plexus 
arising from the pelvic parasympathetic plexus, which is 
joined by the hypogastric plexus. The spinal origin of the 
nerve supply is primarily lumbosacral (see Fig. 72-2).2
PENIS AND SCROTUM

The autonomic supply to the penile urethra and the 
cavernous tissue comes from the prostatic plexus. Somatic 
fibers from the pudendal nerve (S2-4) supply the external 
sphincter. The dorsal nerve of the penis, the first branch 
of the pudendal nerve, is its main sensory supply. The 
scrotum is innervated anteriorly by the ilioinguinal and 
genitofemoral nerves (L1 and L2) and posteriorly by peri-
neal branches of the pudendal nerve (S2 and S4).2

TESTES

The testes descend from their intraabdominal location 
to the scrotum during fetal development. Because they 
share their embryologic origin with the kidney, their nerve 
supply is similar to that of the kidney and upper part of 
the ureter and extends up to the T10 spinal segment.2

RENAL BLOOD FLOW

The kidneys receive approximately 15% to 25% of total 
cardiac output, or 1 to 1.25  L/min of blood through the 
renal arteries, depending on the state of the body. Most of 
the blood is received by the renal cortex, with only 5% of 
cardiac output flowing through the renal medulla, which 
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makes the renal papillae vulnerable to ischemic insults. 
Renal blood flow is regulated by various mechanisms 
that control the activity of vascular smooth muscle and 
alter vascular resistance. Sympathetic tone of renal 
vessels increases during exercise to shunt renal blood 
flow to exercising skeletal muscle; similarly, renal blood 
vessels relax during the resting condition of the body. Sym-
pathetic stimulation resulting from surgery can increase 
vascular resistance and reduce renal blood flow, whereas 
anesthetics may reduce renal blood flow by decreasing 
cardiac output.

Glomerular capillaries separate afferent arterioles from 
efferent arterioles. Glomerular capillaries are high-pressure 
systems, whereas peritubular capillaries are low-pressure 
systems. Consequently, the glomerular capillaries are a 
fluid-filtering system, whereas the peritubular capillaries 
are a fluid-absorbing system. The vasa recta, a specialized 
portion of peritubular capillaries formed from efferent 
arterioles, are important in the formation of concen-
trated urine by a countercurrent mechanism. An intrinsic 
mechanism that causes vasodilation and vasoconstriction 
of renal afferent arterioles regulates the autoregulation 
of renal blood flow. A decrease in mean arterial pressure 
also decreases renal blood flow and eventually affects 
the glomerular filtration rate (GFR) when the pressure 
decreases to less than 60 mm Hg. A persistently low mean 
arterial pressure greater than 60 mm Hg affects renal blood 
flow, but does not affect the GFR because of the intrinsic 
mechanism of autoregulation (Fig. 72-3). Autoregulation 
maintains mean arterial pressure between 60 mm Hg and 
160 mm Hg in intact and denervated kidneys.3

Although knowledge of neuroanatomy and renal blood 
flow is essential to provide adequate anesthesia, a thorough 
understanding of renal physiology and pharmacology 
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is equally important. Genitourinary surgical patients 
frequently have mechanical or functional renal disease. 
Anesthetics and surgery can significantly alter renal func-
tion. Conversely, renal dysfunction significantly affects 
the pharmacokinetics and pharmacodynamics of anes-
thetics and adjuvant drugs. Evaluation of a patient with 
renal disease is discussed later.

ANESTHESIA FOR PATIENTS WITH RENAL 
DISEASE

EVALUATION OF RENAL FUNCTION

Renal disease can be discovered incidentally during a rou-
tine medical evaluation, or patients may exhibit evidence 
of renal dysfunction, such as hypertension, edema, nausea, 
and hematuria (see Chapter 23). The initial approach 
in both situations should be to assess the cause and 
severity of renal abnormalities. In all cases, this evalua-
tion includes (1) an estimation of disease duration, (2) 
a careful urinalysis, and (3) an assessment of the GFR. 
The history and physical examination, although equally 
important, are variable among renal syndromes; specific 
symptoms and signs are discussed in sections on each dis-
ease entity. Further diagnostic categorization is based on 
anatomic distribution: prerenal disease, postrenal disease, 
and intrinsic renal disease. Intrinsic renal disease can be 
divided further into glomerular, tubular, interstitial, and 
vascular abnormalities. Laboratory tests useful in evaluating 
renal function are described next (Table 72-2).

TABLE 72-2 COMMONLY ORDERED RENAL 
FUNCTION TESTS 

Test Name Reference Range Units

Urea nitrogen 5-25 mg/dL
Creatinine 0.5-1.5 mg/dL
Sodium 133-147 mmol/L
Potassium 3.2-5.2 mmol/L
Chloride 94-110 mmol/L
CO2 22-32 mmol/L
Uric acid 2.5-7.5 mg/dL
Calcium 8.5-10.5 mg/dL
Phosphorus 2.2-4.2 mg/dL
Urinalysis, routine
 Color Straw-amber
 Appearance Clear-hazy
 Protein 0 mg/dL
 Blood Negative
 Glucose 0 mg/dL
 Ketones 0 mg/dL
 pH 4.5-8.0
 Specific gravity 1.002-1.030
 Bilirubin Negative
Urinalysis, microscopic
 Red blood cells 0-3 per high-power field
 White blood cells 0-5 per high-power field
 Casts 0-2 per low-power field

From Miller ED Jr: Understanding renal function and its preoperative 
evaluation. In Malhotra V, editor: Anesthesia for renal and genitouri-
nary surgery, New York, 1996, McGraw-Hill, p 9.



Chapter 72: Anesthesia and the Renal and Genitourinary Systems 2221
GLOMERULAR FUNCTION

Glomerular Filtration Rate
The GFR is the best measure of glomerular function. Nor-
mal GFR is approximately 125  mL/min. Manifestations 
of reduced GFR are not seen, however, until the GFR has 
decreased to 50% of normal. When GFR decreases to 30% 
of normal, a stage of moderate renal insufficiency sets 
in. Patients remain asymptomatic with only biochemical 
evidence of a decline in GFR (i.e., an increase in serum 
concentrations of urea and creatinine). Further workup 
usually reveals other abnormalities, such as nocturia, ane-
mia, loss of energy, decreasing appetite, and abnormali-
ties in calcium and phosphorus metabolism.

As the GFR decreases further, a stage of severe renal 
insufficiency begins. This stage is characterized by pro-
found clinical manifestations of uremia and biochemi-
cal abnormalities, such as acidemia; volume overload; 
and neurologic, cardiac, and respiratory manifestations. 
At the stages of mild and moderate renal insufficiency, 
intercurrent clinical stress may compromise renal func-
tion further and induce signs and symptoms of overt 
uremia. When the GFR is 5% to 10% of normal, it is 
called end-stage renal disease (ESRD), and continued 
survival without renal replacement therapy becomes 
impossible. Although most clinical abnormalities of cor-
ticotropin-releasing factor are reversed by renal trans-
plantation, the response to dialysis is highly variable  
(Table 72-3).
Blood Urea Nitrogen
The blood urea nitrogen (BUN) concentration is not a 
direct correlate of reduced GFR. BUN is influenced by 
nonrenal variables, such as exercise, bleeding, steroids, 
and massive tissue breakdown. The more important factor 
is that BUN is not elevated in kidney disease until the 
GFR is reduced to almost 75% of normal.4

Creatinine and Creatinine Clearance
Measurements of creatinine provide valuable informa-
tion regarding general kidney function. Creatinine 
in serum results from turnover of muscle tissue and 
depends on daily dietary intake of protein. Normal val-
ues are 0.5 to 1.5 mg/100 mL; values of 0.5 to 1 mg/100 
mL are present during pregnancy. Creatinine is freely 
filtered at the glomerulus, and apart from an almost 
negligible increase in content because of secretion in 
the distal nephron, it is neither reabsorbed nor secreted. 
Serum creatinine measurements reflect glomerular func-
tion (Fig. 72-4),4 and creatinine clearance is a specific 
measure of GFR. Creatinine clearance can be calculated 
by the following formula derived by Cockcroft-Gault 
that accounts for age-related decreases in GFR, body 
weight, and sex:

Creatinine clearance (mL/min) = [ (140 − Age) ×
Lean body weight (kg) ]/[Plasma creatinine (mg/dL) × 72]

This value should be multiplied by 0.85 for women because a 
lower fraction of body weight is composed of muscle.
TABLE 72-3 CLINICAL ABNORMALITIES IN CHRONIC RENAL FAILURE AND THEIR RESPONSE TO DIALYSIS AND 
ERYTHROPOIETIN TREATMENT

Improved by Dialysis
Improved by Adding 
Erythropoietin Variable Response Not Improved

Develop after Dialysis 
Therapy

Volume expansion and 
contraction

Hypernatremia and 
hyponatremia

Hyperkalemia and 
hypokalemia

Metabolic acidosis
Hyperphosphatemia
Hypocalcemia
Vitamin D–deficient 

osteomalacia
Carbohydrate intolerance
Hypothermia
Asterixis
Muscular irritability
Myoclonus
Coma
Congestive heart failure 

or pulmonary edema
Pericarditis
Uremic lung
Ecchymoses
Uremic frost
Anorexia
Nausea and vomiting
Uremic fetor
Gastroenteritis

Fatigue
Impaired mentation
Lethargy
Pallor
Anemia
Bleeding diathesis

Secondary 
hyperparathyroidism

Hyperuricemia
Hypertriglyceridemia
Protein-calorie malnutrition
Headache
Peripheral neuropathy
Restless legs syndrome
Paralysis
Seizures
Myopathy
Arterial hypertension
Cardiomyopathy
Accelerated atherosclerosis
Vascular calcification
Hyperpigmentation
Peptic ulcer
Gastrointestinal bleeding
Increased susceptibility to 

infection

Increased lipoprotein 
level

Decreased high-density 
lipoprotein level

Impaired growth and 
development

Infertility and sexual 
dysfunction

Amenorrhea
Sleep disorders
Pruritus
Lymphocytopenia
Splenomegaly and 

hypersplenism

Adynamic osteomalacia
β2-Microglobulinemia
Muscle cramps
Dialysis dysequilibrium 

syndrome
Hypotension and 

arrhythmias
Hepatitis
Idiopathic ascites
Peritonitis
Leukopenia
Hypocomplementemia
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Because there is such a wide range in normal val-
ues, a 50% increase in serum creatinine concentration, 
indicative of a 50% reduction in GFR, may go unde-
tected unless baseline values are known. Also, excre-
tion of drugs dependent on glomerular filtration may be 
significantly decreased despite what might seem to be 
only slightly elevated serum creatinine values (1.5 to 2.5  
mg/100  mL). The serum creatinine concentration and 
clearance are better indicators of general kidney function 
and GFR than are similar measurements of urea nitrogen 
(Box 72-1). There are disease states, however, in which 
even the serum creatinine can be affected independent of 
the GFR (Table 72-4).

TUBULAR FUNCTION

Concentration
Urinary specific gravity is an index of the kidney’s con-
centrating ability, specifically, renal tubular function. 
Determination of urinary osmolality (i.e., measurement 
of the number of moles of solute [osmoles] per kilogram 
of solvent) is a similar, more specific test. Excretion of con-
centrated urine (specific gravity, 1.030; 1050  mOsm/kg)  
is indicative of excellent tubular function, whereas a uri-
nary osmolality fixed at that of plasma (specific gravity 
1.010; 290  mOsm/kg) indicates renal disease. The urinary 
dilution mechanism persists after concentrating defects 
are present, so a urinary osmolality of 50 to 100 mOsm/kg  
still may be consistent with advanced renal disease.

Protein
Patients without renal disease can excrete 150  mg of 
protein per day; greater amounts may be present after 
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strenuous exercise or after standing for several hours. 
Massive proteinuria (i.e., >750 mg/day) is always abnor-
mal and usually indicates severe glomerular damage.

Glucose
Glucose is freely filtered at the glomerulus and is subse-
quently reabsorbed in the proximal tubule. Glycosuria 
signifies that the ability of the renal tubules to reabsorb 
glucose has been exceeded by an abnormally heavy glu-
cose load and is usually indicative of diabetes mellitus. 
Glycosuria also may be present in hospitalized patients 
without diabetes who are receiving intravenous glucose 
infusions.

ADDITIONAL DIAGNOSTIC TESTS

Urinalysis and Appearance
Gross and microscopic observation of urine and its sedi-
ment, along with determination of urinary pH, specific 
gravity, protein content, and glucose content, is one of 
the most readily available, inexpensive, and informa-
tive laboratory tests. The gross appearance of urine may 
indicate the presence of bleeding or infection in the 
genitourinary tract. Microscopic examination of urinary 

TABLE 72-4 CONDITIONS AFFECTING SERUM 
CREATININE INDEPENDENTLY OF GLOMERULAR 
FILTRATION RATE

Condition Mechanism

Conditions Causing Elevation
Ketoacidosis Noncreatinine chromogen
Cephalothin, cefoxitin Noncreatinine chromogen
Flucytosine Noncreatinine chromogen
Other drugs—aspirin, 

cimetidine, probenecid, 
trimethoprim

Inhibition of tubular creatinine 
secretion

Conditions Causing Decrease
Advanced age Physiologic decrease in muscle mass
Cachexia Pathologic decrease in muscle mass
Liver disease Decreased hepatic creatine synthesis 

and cachexia

Increased BUn

 •  Reduced effective circulating blood volume (prerenal 
azotemia)

 •  Catabolic states (gastrointestinal bleeding, corticosteroid use)
 •  High-protein diets
 •  Tetracycline

decreased BUn

 •  Liver disease
 •  Malnutrition
 •  Sickle cell anemia
 •  SIADH

BOX 72-1 Conditions Affecting BUN 
Independently of Glomerular Filtration Rate

BUN, Blood urea nitrogen; SIADH, syndrome of inappropriate secretion 
of antidiuretic hormone.
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sediment may reveal casts, bacteria, and various cell 
forms, supplying diagnostic information in patients with 
renal disease.

Serum and Urine Electrolytes
pH and Blood Gases. Sodium, potassium, chloride, and 
bicarbonate concentrations should be determined if impair-
ment in renal function is suspected. The results of these tests 
usually remain normal until frank renal failure is present, 
however, and hyperkalemia does not occur until patients 
are uremic.5 Measuring urinary sodium or chloride excre-
tion is especially useful when attempting to differentiate 
between causes of hyponatremia, as seen in volume con-
traction (whether a decrease in total circulatory volume or 
a decrease in effective arterial blood volume), versus con-
ditions associated with increased salt loss, such as the syn-
drome of inappropriate secretion of antidiuretic hormone, 
salt-losing nephropathy, or adrenal insufficiency.6 If signifi-
cant renal disease is present, patients consuming a diet high 
in animal protein may have metabolic acidosis.

electrocardioGram. The electrocardiogram (see Chapter 47)  
reflects the toxic effects of potassium excess more closely 
than determination of the serum potassium concentration.

Imaging Studies
computed tomoGrapHy scan of Kidneys. A stone proto-
col computed tomography (CT) scan of the kidneys, ure-
ter, and bladder has become the study of choice for the 
detection of kidney stones because of its ability to detect 
stones of all kinds, including uric acid stones and nonob-
structing stones in the ureter. Masses in the kidney can 
be evaluated using either contrast-enhanced CT or renal 
ultrasound.6

computed tomoGrapHy anGioGrapHy. Computed 
tomography angiography is used for the evaluation of 
renal artery stenosis and is emerging rapidly as a useful 
study. Although it is comparable to magnetic resonance 
angio graphy as a noninvasive tool, it requires the use of 
iodinated contrast material, which may cause renal dys-
function in patients with chronic kidney disease.7

maGnetic resonance imaGinG witH maGnetic resonance 
anGioGrapHy. The use of magnetic resonance imaging 
(MRI) with magnetic resonance angiography has revolu-
tionized the evaluation of renovascular disease. The test 
is highly sensitive, but tends to overestimate the degree of 
stenosis. Its accuracy in detecting fibromuscular dysplasia 
causing renal artery stenosis has not been well validated. 
MRI also can be used to evaluate renal masses. The main 
advantages of MRI are that it is a noninvasive test and 
does not require iodinated contrast material.

IMPORTANT PATHOPHYSIOLOGIC 
MANIFESTATIONS OF CHRONIC RENAL 
FAILURE (See also Chapter 23)

Hypervolemia
Total-body contents of Na+ and H2O are increased in 
chronic renal failure (CRF),4 although this increase might 
not be clinically apparent until the GFR is reduced to very 
low levels. Weight gain is usually associated with volume 
expansion and is offset by the concomitant loss of lean 
body mass. The combination of loop diuretics with meto-
lazone, which acts by inhibiting the Na-Cl cotransporter 
of the distal convoluted tubule, can overcome diuretic 
resistance.

Acidemia
Although urine can be acidified normally in most patients 
with CRF, these patients have a reduced ability to produce 
ammonia. In the early stages, the accompanying organic 
anions are excreted in urine, and the metabolic acidosis is 
of the non–anion gap variety. With advanced renal fail-
ure, a fairly large “anion gap” can develop (to approxi-
mately 20  mmol/L), however, with a reciprocal decrease 
in plasma HCO3

− concentration. This acidemia is usually 
corrected by hemodialysis. Although acidemia is well 
compensated in moderate CRF, patients can become aci-
demic and hyperkalemic8 in the postoperative period 
(Table 72-5).

Hyperkalemia
The approximate daily filtered load of K+ is 700  mmol. 
Most of this filtered load is reabsorbed in tubule seg-
ments, and most of the K+ excreted in the final urine 
reflects events governing K+ handling at the level of the 
cortical collecting tubule and beyond. K+ excretion in the 
gastrointestinal tract is augmented in patients with CRF. 
Hyperkalemia may be precipitated, however, in numer-
ous clinical situations, including protein catabolism, 
hemolysis, hemorrhage, transfusion of stored red blood 
cells (see Chapter 61), metabolic acidosis, and exposure 
to various medications that inhibit K+ entry into cells or 
K+ secretion in the distal nephron.

Cardiac and Pulmonary Manifestations
Hypertension is a common complication of CRF and 
ESRD (see Chapter 39). Because hypervolemia is the 
major cause of hypertension in uremia, normotension 

TABLE 72-5 METABOLIC ACIDOSIS IN CHRONIC 
RENAL FAILURE

Paco2 
(mm Hg) pH

HCO3
- 

(mEq/L)
K+ 
(mEq/L)

Preoperative 32 7.32 17 5
Intraoperative 40 7.25 18 5.3
Postoperative 44 7.21 19 5.6

48 7.18 19 5.9

The patient is a 36-year-old man with severe diabetic nephropathy and 
end-stage renal failure undergoing cadaver renal transplantation. 
Preoperatively, the patient has a chronic metabolic acidosis (HCO3

−, 
17 mEq/L) with partial respiratory compensation (Paco2, 32 mm Hg; 
pH 7.32). Potassium is high normal at 5 mEq/L. Intraoperatively, he is 
given “standard” mechanical minute ventilation, and with “normal” 
Paco2 (40 mm Hg), the metabolic acidosis is unmasked (pH 7.25), and 
potassium increases to 5.3 mEq/L. His trachea is extubated at the end 
of the procedure, but graft function is sluggish, and the metabolic 
acidosis remains unchanged. With residual opioid-induced narcosis, 
moderate CO2 retention occurs (Paco2, 44 mm Hg and 48 mm Hg), 
pH decreases further to 7.18, and a dangerous degree of hyperkalemia 
develops (K+, 5.9 mEq/L).
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is usually restored by the use of diuretics in predialysis 
patients or by dialysis in ESRD patients. Despite the rapy, 
patients continue to be hypertensive because of the vaso-
dilators required for the management of overwhelming 
hyperreninemia. Patients generally have left ventricular 
hypertrophy and accelerated atherosclerosis (disordered 
glucose and fat metabolism). Pericarditis can be observed 
in patients with inadequate dialysis versus patients with 
CRF who undergo regular dialysis.

A unique form of pulmonary congestion and edema 
can occur even in the absence of excessive intravascular 
volume and is associated with normal or mildly increased 
intracardiac and pulmonary capillary wedge pressure. 
This entity, characterized radiologically by peripheral 
vascular congestion giving rise to a “butterfly wing” distri-
bution, is due to increased permeability of alveolar capil-
lary membranes. This “low-pressure” pulmonary edema 
and the cardiopulmonary abnormalities associated with 
excessive intravascular volume usually respond promptly 
to vigorous dialysis.9

Hematologic Manifestations
Chronic renal failure usually causes a normochromic, 
normocytic anemia. Anemia is generally observed when 
the GFR decreases to less than 30 mL/min and is due to 
insufficient production of erythropoietin by the diseased 
kidneys. Other factors are iron deficiency, either related 
to or independent of blood loss from repeated laboratory 
testing, blood retention in the dialyzer, or gastrointestinal 
bleeding.10 Treatment of anemia with iron, darbepoetin 
alfa, and human recombinant erythropoietin (Table 
72-6) restores a normal hematocrit and avoids repetitive 
red blood cell transfusions, reduces the requirement for 
hospi talization, and decreases cardiovascular mortality 
by about 30%.11

Prolongation of the bleeding time because of decreased 
activity of platelet factor 3, abnormal platelet aggregation 
and adhesiveness, and impaired prothrombin consump-
tion contributes to the clotting defects. The abnormality in 
platelet factor 3 correlates can be corrected with dialysis,  
although prolongation of the bleeding time can be 
observed in well-dialyzed patients. Abnormal bleeding 
times and coagulopathy in patients with renal failure 
may be managed with desmopressin, cryoprecipitate, 
conjugated estrogens, blood transfusions, and erythro-
poietin use.10

EFFECTS OF DRUGS IN PATIENTS WITH 
REDUCED RENAL FUNCTION

Most anesthetic drugs are weak electrolytes and are lipid 
soluble in the un-ionized state; they are extensively reab-
sorbed by renal tubular cells (see Chapters 26 and 30). 
Termination of their action does not depend on renal 
excretion; redistribution and metabolism produce this 
effect. After biotransformation, these drugs are excreted 
in urine as water-soluble, polar forms of the parent 
compound. They are usually pharmacologically inac-
tive, and their retention is harmless.10 Most drugs with 
prominent central and peripheral nervous system activ-
ity in this category include most narcotics, barbiturates, 
phenothiazines, butyrophenone derivatives, benzodiaz-
epines, ketamine, and local anesthetics.12 Several drugs 
are lipid insoluble or are highly ionized in the physio-
logic pH range, however, and are eliminated unchanged 
in urine. Their duration of action may be extended in 
patients with impaired renal function. Drugs in this cat-
egory include muscle relaxants, cholinesterase inhibi-
tors, thiazide diuretics, digoxin, and many antibiotics 
(Table 72-7).13

Opioids
Renal failure has implications of major clinical impor-
tance with respect to morphine and meperidine (see 
Chapter 31). For the fentanyl congeners, the clinical 
importance of renal failure is less marked.14

Morphine is an opioid with active metabolites that 
depend on renal clearance mechanisms for elimination. 
Morphine is principally metabolized by conjugation in 
the liver, and the water-soluble glucuronides (morphine-
3-glucuronide and morphine-6-glucuronide) are excreted 
via the kidney. The kidney also plays a role in the con-
jugation of morphine, accounting for nearly 40% of its 
metabolism.15 Patients with renal failure can develop high 
levels of morphine-6-glucuronide and life- threa tening  
respiratory depression.14 In view of these changes 
induced by renal failure, morphine might not be a good 
choice in patients with severely altered renal clearance 
mechanisms.

The clinical pharmacology of meperidine also is signifi-
cantly altered by renal failure. Normeperidine, the chief 
metabolite, has analgesic and central nervous system 
(CNS) excitatory effects.16 Because the active metabolites 

TABLE 72-6 MANAGEMENT GUIDELINES FOR 
CORRECTION OF ANEMIA OF CHRONIC RENAL 
DISEASE

Erythropoietin
Starting dosage 50-150 U/kg/wk IV or SC (once, 

twice, or three times per week)
Target hemoglobin 11-12 g/dL
Optimal rate of correction Increase hemoglobin by 1-2 g/dL 

over 4 wk
Darbepoetin alfa
Starting dosage 0.45 mg/kg administered as single 

IV or SC injection once weekly
0.75 mg/kg administered as a single 

IV or SC injection once every 2 wk
Target hemoglobin 12 g/dL
Optimal rate of correction Increase hemoglobin by 1-2 g/dL 

over 4-wk period
Iron
Monitor iron stores by TSat and serum ferritin
If patient is iron-deficient (TSat <20%; serum ferritin <100 g/L), 

administer iron, 50-100 mg IV twice per week for 5 wk; if iron 
indices are still low, repeat the same course

If iron indices are normal but hemoglobin is still inadequate, 
administer IV iron as outlined above; monitor hemoglobin, 
TSat, and ferritin.

Withhold iron therapy when TSat >50% or ferritin >800 ng/mL 
(>800 g/L)

IV, Intravenous; SC, subcutaneous; TSat, percent transferrin saturation.
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are subject to renal excretion, this potential CNS toxicity 
secondary to normeperidine accumulation is especially a 
concern in patients in renal failure.

The clinical pharmacology of the fentanyl congeners is 
not grossly altered by renal failure, although a decrease in 
plasma protein binding potentially can alter the free frac-
tion of the fentanyl class of opioids.14 Fentanyl clearance 
is not altered by renal failure. As with fentanyl, sufent-
anil pharmacokinetics are not altered in any consistent 
fashion by renal disease, although greater variability 
exists in the clearance and elimination half-life of sufen-
tanil when patients have impaired renal function.17 An 
increased clinical effect is likely with alfentanil in renal 
failure because of a decreased initial volume of distribu-
tion and an increased free fraction of alfentanil.18 No 
delay in recovery after alfentanil administration should 
be expected, however. Neither the pharmacokinetics nor 
the pharmacodynamics of remifentanil are altered by 
impaired renal function.18

Hydromorphone,19 as the parent drug, does not 
substantially accumulate in hemodialysis patients. 
Conversely, an active metabolite, hydromorphone-
3-glucuronide, quickly accumulates between dialysis 
treatments, but seems to be effectively removed dur-
ing hemodialysis. With careful monitoring, hydro-
morphone can be used safely in patients who require 
dialysis. It should be used with caution, however, in 
patients with a GFR less than 30 mL/min and who 
have yet to start dialysis or who have withdrawn from 
dialysis.

Inhaled Anesthetics
All inhaled anesthetics (see Chapters 25, and 26) are 
biotransformed to some extent, with the nonvolatile 
products of metabolism eliminated almost entirely 
by the kidney.20 Reversal of the CNS effects of inhaled 
anesthetics depends on pulmonary excretion; therefore, 
impaired kidney function would not alter the response 
to these anesthetics. From the viewpoint of selecting an 
anesthetic that would not be harmful to patients with 

TABLE 72-7 DRUGS USED OR ENCOUNTERED IN 
ANESTHESIA PRACTICE THAT SIGNIFICANTLY 
DEPEND ON RENAL ELIMINATION

Completely Dependent Partially Dependent

Digoxin, inotropes (used frequently; 
monitoring of blood levels 
indicated in chronic renal failure)

Intravenous anesthetics—
barbiturates

Others—aminoglycosides, 
vancomycin, cephalosporins, and 
penicillins

Muscle relaxants—
pancuronium

Anticholinergics—
atropine, glycopyrrolate

Cholinesterase inhibitors—
neostigmine, 
edrophonium

Others—milrinone, 
hydralazine, cycloserine, 
sulfonamides, and 
chlorpropamide
mild or moderate impairment of renal function, all the 
modern potent anesthetics are suitable. Enflurane is 
biotransformed to inorganic fluoride, but levels after  
2 to 4 hours of anesthesia average only 19 μM in patients 
with mild to moderate kidney disease, significantly lower 
than the nephrotoxic threshold of 50 μM, which is fre-
quently reported after the administration of methoxyflu-
rane.21,22 This level of fluoride should not cause further 
renal impairment. Fluoride levels after isoflurane increase 
by only 3 to 5 μM,23 and by only 1 to 2 μM after halo-
thane22; therefore, these anesthetics have no nephrotoxic 
potential.

Desflurane and sevoflurane, two newer inhaled anes-
thetics, are remarkably different in their molecular sta-
bility and biotransformation. Desflurane is highly stable 
and resists degradation by soda lime24 and the liver. The 
mean inorganic fluoride concentration after 1 minimum 
alveolar concentration (MAC)-hour exposure to desflu-
rane was less than 1 μM.25 The safety of desflurane in 
renal failure patients has been confirmed.26 In addition, 
more sensitive indices of renal function—urine retinol-
binding protein and β-N-acetylglucosaminidase—showed 
no evidence of renal damage. Prolonged exposure to des-
flurane (7 MAC-hours) has been associated with normal 
renal function.26

Sevoflurane is not very stable. Soda lime causes it 
to decompose,27 and it is biotransformed by the liver. 
Plasma inorganic fluoride concentrations approaching 
nephrotoxic levels (50  μmol/L)28 have been reported 
after prolonged inhalation of sevoflurane. No evidence of 
gross changes in renal function was found in humans, 
however.29 In one study, sevoflurane was used at low flow 
(1  L/min), and there was no relationship to compound A 
and renal function.

Inhaled anesthetics cause a transient reversible 
depression in renal function. GFR, renal blood flow, 
urine output, and urinary excretion of sodium are 
decreased (Table 72-8). Probable mechanisms include 
reduced renal blood flow, loss of renal autoregulation, 
neurohumoral factors (e.g., antidiuretic hormone, 
vasopressin, renin), and neuroendocrine responses. 
Although most inhaled anesthetics have been shown 
to reduce GFR and urinary excretion of sodium, their 
effects on renal blood flow have yielded conflicting 
results, which can be explained by differences in exper-
imental methodology. Data suggest that renal blood 
flow is maintained with halothane, isoflurane, and 
desflurane,30,31 but it is decreased with enflurane and 
sevoflurane.32,33

Intravenous Anesthetics
Reversal of CNS effects after the administration of ultra-
short-acting barbiturates such as thiopental and metho-
hexital occurs as a result of redistribution, and hepatic 
metabolism is the sole route of elimination of these drugs 
(see Chapter 30). Thiopental is 75% to 85% bound to 
albumin,34 the concentration of which may be mark-
edly reduced in uremia. Because it is a highly bound 
drug, reduced binding permits a greater proportion of an 
administered dose of thiopental to reach receptor sites. 
In addition, thiopental is a weak acid, with its pKa in the 
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physiologic range; acidosis results in more un-ionized, 
nonbound, active thiopental. In combination, these 
changes produce an increase in the free fraction of thio-
pental from 15% in normal patients to 28% in patients 
with CRF.35 With thiopental metabolism essentially 
unchanged in renal disease, the dose to produce and 
maintain anesthesia should be reduced.35 The same con-
siderations are true for methohexital, although metabo-
lism plays a slightly greater part in the termination of its 
therapeutic effect.36

Propofol does not adversely affect renal function as 
reflected by measurements of creatinine concentration. 
Prolonged infusions of propofol may result in the excre-
tion of green urine because of the presence of phenols in 
the urine. This discoloration does not affect renal func-
tion. Urate excretion is increased after the administration 
of propofol and is usually manifested as cloudy urine 
when urate crystallizes under conditions of low pH and 
temperature.37

There are no reports of the disposition of narcotics 
and tranquilizers when used in large dosage for anes-
thesia in uremic patients. These drugs are extensively 
metabolized before excretion; therefore, when com-
bined with 30% to 50% nitrous oxide, they should 
not have a particularly prolonged effect. The benzodi-
azepines, especially diazepam,13 have a long half-life 
and tend to accumulate. Because of the greater ease of 
reversibility of the potent inhaled anesthetics versus 
intravenous drugs, inhaled anesthetics may offer some 
advantages for the induction of general anesthesia in 
uremic patients.

TABLE 72-8 EFFECTS OF VARIOUS ANESTHETICS 
ON RENAL FUNCTION 

RBF GFR
Urine 
Output

Urine 
Solutes

General anesthesia ↓ ↓ ↓ ↓
Intravenous anesthetics
 Thiopental ↔ ↓ ↓ ↓
 Midazolam ↔ ↔ ↓ ↔
 Fentanyl/droperidol ↔ ↔ ↓ ↓
 Fentanyl (high dose) ↔ ↔ ↔ ↔
Inhaled anesthetics
 Halothane ↔ ↓ ↓ ↓
 Enflurane ↓ ↓ ↓ ↓
 Isoflurane ↔ ↓ ↓ ↓
 PEEP ↓ ↓ ↓ o
Regional anesthesia
 Epidural (with 

epinephrine)
↓ ↓ ↓ o

 Epidural (without 
epinephrine)

↔ ↔ ↔ o

 Spinal ↔ ↔ ↔ o

From Hemmings HC Jr: Anesthetics, adjuvant drugs and the kidney. In 
Malhotra V, editor: Anesthesia for renal and genitourinary surgery,  
New York, 1996, McGraw-Hill, p 20.

GFR, Glomerular filtration rate; PEEP, positive end-expiratory pressure; 
RBF, renal blood flow; ↔, no significant change; o, significant data; ↓, 
decrease.

Although conflicting reports of anesthetic effects on RBF have been 
reported because of different investigative methods, the current litera-
ture seems to support these data.
Muscle Relaxants and Their Antagonists  
(See Chapters 34 and 35)
Succinylcholine has been used without difficulty in 
patients with decreased or absent renal function. Its 
metabolism is catalyzed by pseudocholinesterase to yield 
the nontoxic end products succinic acid and choline. 
The metabolic precursor of these two compounds, succi-
nylmonocholine, is excreted by the kidneys. Large doses 
of succinylcholine, which might result from prolonged 
infusion, should be avoided in patients with renal failure. 
Although pseudocholinesterase levels are reduced in ure-
mia,38 these reductions are insufficient and cause a pro-
longed block. Hemodialysis has been reported to have no 
effect on cholinesterase levels.39

Administration of succinylcholine causes a rapid, 
transient increase of 0.5  mEq/L in the serum potassium 
concentration. In traumatized, burned, or neurologically 
injured patients, the increase may be 5 to 7  mEq/L, prob-
ably as a consequence of denervation supersensitivity of 
the muscle membrane to succinylcholine and to acetyl-
choline,40 which can result in cardiovascular collapse. An 
exaggerated increase in serum potassium could be partic-
ularly dangerous in uremic patients with hyperkalemia; 
therefore, the use of succinylcholine is inadvisable, unless 
the patient has undergone dialysis within 24 hours before 
surgery. If the patient has recently undergone dialysis or 
has normal serum potassium, the use of succinylcholine 
is reportedly safe.

The disposition of nondepolarizing muscle relax-
ants has been well studied. Renal failure influences the 
pharmacology of nondepolarizing muscle relaxants by 
producing either decreased elimination of the drug or 
its metabolites by the kidney or decreased activity of 
enzymes that metabolize the drug, such as in the case  
of mivacurium (Table 72-9). Consequently, the dura-
tion of action of muscle relaxants may be prolonged in 
patients with renal failure.

Approximately 40% to 50% of pancuronium is 
excreted in urine. A portion of this excretion occurs 
after biotransformation to the less active metabolite 
3-hydroxypancuronium.41 Pancuronium has a prolonged 
terminal elimination half-life in patients with reduced 
renal function (see Table 72-9)42; therefore, it should be 
administered cautiously, particularly when several doses 
are required.

Two nondepolarizing muscle relaxants, atracurium 
and vecuronium, were introduced into clinical practice 
during the early 1980s. Atracurium is degraded by enzy-
matic ester hydrolysis and nonenzymatic alkaline degra-
dation (Hofmann elimination) to inactive products that 
are not dependent on renal excretion for termination of 
action.43 Predictably, their terminal elimination half-life 
and indices of neuromuscular blockade (onset, duration, 
and recovery) are the same in patients with normal and 
absent renal function.44

Approximately 30% of a dose of vecuronium is elimi-
nated by the kidneys. Lynam and colleagues45 found 
that the duration of neuromuscular blockade after the 
admini stration of vecuronium was longer in patients with 
renal failure than in patients with normal renal function  
(99 versus 54 minutes) because of a longer elimination 
half-life (83 versus 52 minutes) and lower plasma clearance 
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TABLE 72-9 PHARMACOKINETICS DATA FOR NONDEPOLARIZING MUSCLE RELAXANTS IN NORMAL AND 
ANEPHRIC PATIENTS

Drug Patients Studied Elimination Half-life (hr) Clearance (mL/kg/min)
Volume of 
Distribution (L/kg)

Vecuronium Normal 0.9 5.3 0.20
Anephric 1.4 3.1 0.24

Atracurium Normal 0.3 6.1 0.18
Anephric 0.4 6.7 0.22

Pancuronium Normal 1.7 1 0.14
Anephric 8.2 0.3 0.14

Rocuronium Normal 0.71 2.9 0.207
Anephric 0.97 2.9 0.264

Cisatracurium Normal — 5.2 0.031
Anephric — — —

Mivacurium Normal
Anephric

0.03
0.06

106
80

0.278
0.478

TABLE 72-10 PHARMACOKINETICS DATA FOR CHOLINESTERASE INHIBITORS IN NORMAL, ANEPHRIC, AND 
RENAL TRANSPLANT PATIENTS

Drug Patients Studied Elimination Half-life (hr) Clearance (mL/kg/min) Volume of Distribution (L/kg)

Neostigmine Normal 1.3 8.4 0.7
Anephric 3* 3.9* 0.8
Renal transplant 1.7 9.4 1.1

Pyridostigmine Normal 1.9 8.6 1.1
Anephric 6.3* 2.1* 1
Renal transplant 1.4 10.8 1

Edrophonium Normal 1.9 8.2 0.9
Anephric 3.6* 2.7* 0.7
Renal transplant 1.4 9.9 0.9

*P < .05 versus normal.
(3.1  mL/kg/min versus 5.3  mL/kg/min). In a related 
area, an interaction between the solvent of cyclosporine  
(Kolliphor EL) with atracurium and vecuronium has been 
reported, with the action of these muscle relaxants poten-
tiated in cats,46 but it is unknown whether such potentia-
tion also occurs in human renal transplant recipients.

Cisatracurium is the single cis isomer of atracurium. 
Organ-independent mechanisms (Hofmann elimination) 
account for 77% of the total clearance of cisatracurium. 
Because renal excretion accounts for only 16% of the 
elimination of cisatracurium, renal failure should have 
little effect on its duration of action.44

The short-acting drug mivacurium is metabolized by 
plasma pseudocholinesterase. Its effect has been shown 
to be lengthened by 10 to 15 minutes in patients with 
ESRD, most likely because of a decrease in plasma cholin-
esterase activity in these patients associated with uremia 
or hemodialysis47,48 and a decrease in the mivacurium 
requirement by infusion in anephric patients.48

The elimination half-life of rocuronium is increased in 
renal failure because of an increase in the volume of dis-
tribution with no change in clearance. This explanation 
might account for a longer duration of action in anephric 
patients, although its clinical significance is uncertain.49

Pharmacokinetics data for the cholinesterase inhibi-
tors neostigmine, pyridostigmine, and edrophonium 
for normal, anephric, and renal transplant patients are 
presented in Table 72-10; there are no major differences 
among the three drugs.50-52 Renal excretion is of major 
importance for the elimination of all three reversal 
drugs, with approximately 50% of neostigmine and 70% 
of pyridostigmine and edrophonium excreted in urine. 
Excretion of all the cholinesterase inhibitors is delayed 
in patients with impaired renal function to the same or 
perhaps to a slightly greater extent than is elimination of 
muscle relaxants. Reappearance of neuromuscular blockade 
after pharmacologic reversal of neuromuscular blockade 
in a patient with renal failure is, in most cases, due to 
some other cause. Table 72-10 contains data indicating 
that the pharmacokinetics of all the cholinesterase inhibi-
tors is similar in healthy patients and in patients with 
well-functioning newly transplanted kidneys.

Vasopressors and Antihypertensive Drugs 
(See Chapter 16)
Patients with severe renal disease are frequently given 
antihypertensive and other cardiovascular medications. 
More than 90% of the thiazides53 and 70% of furosem-
ide54 are excreted by the kidneys and they have prolonged 
durations of action in patients with abnormal or absent 
renal function. Propranolol is almost completely metabo-
lized in the liver, and esmolol is biodegraded by esterases 
in the cytosol of red blood cells; therefore, their effects 
are not prolonged in patients with abnormal or absent 
renal function.55 The calcium channel–blocking agents 
nifedipine, verapamil, and diltiazem are extensively 
metabolized in the liver to pharmacologically inert prod-
ucts; they can be administered in usual doses to patients 
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with renal insufficiency.56 Nitroglycerin is useful because 
it is metabolized rapidly, with less than 1% excreted 
unchanged in urine.57

Sodium nitroprusside has had a resurgence in use 
since its initial introduction as a hypotensive drug in 
the 1920s. Cyanide is an intermediate in the metabo-
lism of sodium nitroprusside, with thiocyanate being 
the final metabolic product. Although cyanide toxic-
ity as a complication of sodium nitroprusside therapy 
is well described,58 it is less well appreciated that thio-
cyanate is also potentially toxic. The half-life of thiocya-
nate is normally more than 4 days, and it is prolonged 
in patients with renal failure.58 Hypoxia, nausea, tinni-
tus, muscle spasm, disorientation, and psychosis have 
been reported when thiocyanate levels are more than  
10  mg/100 mL. Sodium nitroprusside is less desirable 
for prolonged administration than either trimethaphan 
or nitroglycerin.

Hydralazine is slower acting than the other three 
drugs discussed previously. Its action is terminated by 
hydroxylation and subsequent glucuronidation in the 
liver, with approximately 15% excreted unchanged 
in urine.59 The elimination half-life of hydralazine is 
prolonged in patients with uremia; therefore, caution 
is required when it is administered.60 After a single 
intravenous dose of 0.5 mg/kg of labetalol, the volume 
of distribution, clearance, and elimination half-life 
were similar in patients with ESRD and in healthy 
volunteers.61 Esmolol is independent of renal func-
tion because it is metabolized by red blood cell cytosol 
esterases.62

If administration of a vasopressor is necessary, a 
direct β-adrenergic–stimulating drug such as phenyl-
ephrine would be effective. This type of vasopressor 
causes the greatest interference with renal circulation. 
Although β-adrenergic–stimulating drugs such as isopro-
terenol maintain heart and brain perfusion without renal 
vasoconstriction, they also increase myocardial irritabil-
ity. When possible, it is best to substitute simple mea-
sures such as blood volume expansion for drug therapy. If 
these measures are inadequate, β-adrenergic–stimulating 
drugs or dopamine should be used.

ACUTE KIDNEY INJURY AND 
HEMODIALYSIS

Until recently the definition of acute kidney injury (AKI) 
was not standardized.63 Authors have used terms such as 
renal insufficiency, renal dysfunction, acute renal fail-
ure (ARF), and renal failure requiring dialysis somewhat 
interchangeably. Parameters used to define these terms 
include (Fig. 72-5) absolute and percentage changes in 
creatinine values, absolute and percentage changes in 
estimated GFRs, and reduction in output.64 The incidence 
of AKI depends on the type of surgery and preexisting 
kidney function (Box 72-2 and Table 72-11).

In cardiac surgery, incidence is between 7.7% and 
11.4%65 when defined broadly, whereas frequency of AKI 
requiring dialysis is generally lower, ranging between less 
than 1% and 5%. In gastric bypass surgery, the incidence 
is 8.5%66 and after aortic aneurysm surgery, it is around 
15% to 16%.67 Similarly, liver transplant is also associated 
with a high frequency of AKI. It is reported that 48% to 
94%68 of patients suffer from acute worsening renal func-
tion after liver transplantation.

In noncardiac surgery, several independent risk 
factors for AKI have been identified by Kheterpal 
and co-workers69: age, emergent surgery, liver dis-
ease, body mass index, high-risk surgery, peripheral 
vascular disease, and chronic obstructive pulmonary 
disease (requiring chronic bronchodilator therapy). 
Based on incremental score, the frequency of renal 
failure increased, ranging between 0.3% and 4.5%, 
respectively.
1.5 � baseline

2 � baseline

3 � baseline or
creatinine � 4 mg/dL or

acute rise of � 0.5 mg/dL

* RIFLE criteria include changes in glomerular
   filtration rate (GFR):
   RISK: 25% reduction in GFR
   INJURY: 50% reduction in GFR
   FAILURE: 75% reduction in GFR
**AKIN Stage 3 is automatically designated
   for any patients receiving renal replacement
   therapy.
φ Loss in the RIFLE criteria = persistent acute
   renal failure, i.e. complete loss of renal function
   for � 4 weeks

� 0.5 mL/kg/hr � 6 hours

� 0.5 mL/kg/hr � 12 hours

� 0.3 mL/kg/hr � 24 or
anuria � 12 hours

Stage 1

Stage 2

Stage 3**

Serum creatinine* Urine output AKIN classRIFLE class

Risk

Injury

Failure
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Figure 72-5. Parameters used to define acute kidney injury. (From Mehta RL, Kellum JA , Shah SV, et al: Acute Kidney Injury Network: Report of an 
initiative to improve outcomes in kidney injury, Crit Care 11:R31, 2007.)
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PERIOPERATIVE MANAGEMENT OF 
PATIENTS WITH ACUTE KIDNEY INJURY

Although many factors have been shown to contribute to 
AKI in surgical patients, there are few interventions dem-
onstrated to prevent AKI. Of these interventions, there is 
no obvious cure for perioperative renal injury. Although 
a complete review of such interventions is beyond the 
scope of this chapter, some deserve mention.64

Dialysis
Dialysis may not decrease perioperative AKI; however, 
it can treat the associated acidosis, hyperkalemia, and 
hypervolemia. For certain surgeries, such as aortic, dialy-
sis actually reduces 30-day mortality rates in patients who 
develop loss of renal function.70 As many as 75% of these 
survivors regain kidney function and become indepen-
dent of dialysis.

PreoPeratIve Factors

 •  Preoperative renal dysfunction
 •  Increasing age
 •  Heart disease (ischemic or congestive)
 •  Smoking
 •  Diabetes mellitus
 •  ASA PS 4 or 5

IntraoPeratIve Factors

 •  Emergency surgery or intraperitoneal, intrathoracic, suprain-
guinal vascular surgeries

 •  Erythrocyte transfusion
 •  Inotrope use
 •  Aortic cross-clamp time
 •  CPB: furosemide use, urine output, need for a new pump run

PostoPeratIve Factors

 •  Erythrocyte transfusion
 •  Vasoconstrictor use
 •  Diuretic use
 •  Antiarrhythmic drug use

BOX 72-2 Risk Factors for Development of 
Postoperative Acute Kidney Injury

Data from Abelha FJ, Botelho M, Fernandes V, et al: Determinants of postop-
erative acute kidney injury, Crit Care 13:R19, 2009; and Parolari A, Pesce 
LL, Pacini D, et al: Risk factors for perioperative acute kidney injury after 
adult cardiac surgery: role of perioperative management, Ann Thorac Surg 
93:584-591, 2012.

ASA PS, American Society of Anesthesiologists Physical Status classification;  
CPB, cardiopulmonary bypass.
Nondialytic Management
Optimal therapy for renal dysfunction is not clear as 
to whether such as ACE-I therapy or diuretic therapy 
prevents decline in kidney function around the time of 
surgery.65

Normal hemodynamic variables probably should be 
preserved during the operative period in an attempt to 
prevent AKI. Scavengers of oxygen free radicals such 
as mannitol and N-acetylcysteine have been given to 
prevent ischemia-reperfusion injury. Recent studies, 
however, have failed to show benefit in reduction of 
AKI in cardiac surgery patients. For years, mannitol was 
administered before aortic clamping, especially supra-
renal clamping, during abdominal aortic aneurysm 
surgery. It is not clear whether this approach reduces 
the incidence of renal failure in this population of 
patients.71

Both dopamine72 and atrial natriuretic peptide initially 
showed promise in the prevention of AKI because of their 
vasoactive effects leading to increased renal blood flow. 
Studies have shown neither dopamine nor atrial natri-
uretic peptide to be associated with improved mortality. 
Likewise, fenoldopam, a selective renal dopamine receptor 
agonist, initially showed potential renoprotective benefit. 
In large studies, fenoldopam was not beneficial in pre-
vention of AKI.73

RENAL AND GENITOURINARY 
PROCEDURES

TRANSURETHRAL RESECTION OF  
THE PROSTATE

Pathophysiology of Prostate Hypertrophy
The prostatic gland consists of four closely integrated 
zones—the anterior, peripheral, central, and preprostatic 
zones. Each zone consists of secretory, smooth muscle, 
and fibrotic tissue. All four zones are enclosed in one 
capsule. The gland is rich in blood supply. Arteries and 
veins penetrate the prostatic capsule and branch inside 
the gland. The venous sinuses adjacent to the capsule are 
particularly large. Nodules begin to develop by the fourth 
decade of life in the preprostatic zone and form middle, 
lateral, and posterior lobes. The middle and posterior 
lobes are most often associated with symptoms of urinary 
tract obstruction.74
TABLE 72-11 COMMON CAUSES OF POSTOPERATIVE DECREASED URINE OUTPUT AND ACUTE KIDNEY INJURY 

Site of Defect

Prerenal Renal Postrenal

Differential Diagnoses Hypotension
 Absolute
 Relative

Acute tubular necrosis
Ischemia-reperfusion
Radiocontrast

Urinary catheter obstruction
 Catheter kinking
 Debris

Hypovolemia Acute interstitial nephritis Prostatic hypertrophy
 Absolute
 Relative (e.g., IAH)

Bladder spasm
Urinary retention

From Chenitz KB, Lane-Fall MB: Postoperative oliguria, Anesth Clin 2012;513-526.
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Surgical Procedures
Transurethral resection of the prostate (TURP) is per-
formed by inserting a resectoscope through the urethra 
and resecting prostatic tissue with an electrically powered 
cutting-coagulating metal loop or using laser- vaporization  
energy. This can be accomplished with either a mono-
polar TURP (M-TURP) or bipolar TURP (B-TURP) tech-
nique. Laser energy for TURP has also been used for many 
years. With each technique, as much prostatic tissue 
as possible is resected, but the prostatic capsule is usu-
ally preserved. If the capsule is violated, large amounts 
of irrigation solution can be absorbed into the circula-
tion via the periprostatic, retroperitoneal, or peritoneal  
space.

Bleeding during TURP is common, but usually control-
lable; however, when large venous sinuses are opened, 
hemostasis becomes difficult. If bleeding becomes uncon-
trollable, the procedure should be terminated as quickly 
as possible, and a Foley catheter should be passed into the 
bladder and traction applied to it. The catheter’s inflated 
balloon exerts lateral pressure on the prostatic bed and 
reduces bleeding. Bleeding requiring transfusion occurs 
in approximately 2.5% of TURP procedures.75

Irrigation Solutions
Ideally, an irrigation solution for TURP should be isotonic, 
electrically inert, nontoxic, transparent, easy to sterilize, 
and inexpensive. Such a solution does not exist. Distilled 
water is electrically inert and inexpensive and has excel-
lent optical properties, but it is extremely hypotonic. 
When absorbed into the circulation in large amounts, 
plain water causes hemolysis, shock, and renal failure.

Numerous nearly isotonic irrigation solutions are 
available. Commonly used solutions are glycine 1.2% 
and 1.5%, mannitol 3% to 5%, glucose 2.5% to 4%, sor-
bitol 3.5%, Cytal (a mixture of sorbitol 2.7%, and man-
nitol 0.54%), and urea 1% (Table 72-12). These solutions 
are purposely moderately hypotonic to preserve their 
transparency.

Although these irrigation solutions cause no significant 
hemolysis, excessive absorption of them can lead to other 
complications, such as pulmonary edema and hypona-
tremia. In addition, the solutes can have adverse effects. 
Glycine can cause cardiac and retinal toxic effects, man-
nitol rapidly expands the blood volume and can cause 
pulmonary edema in cardiac patients, and glucose can 
cause severe hyperglycemia in diabetic patients. These 
complications are discussed in detail later.

TABLE 72-12 OSMOLALITY OF IRRIGATION 
SOLUTIONS USED FOR TRANSURETHRAL 
RESECTION OF THE PROSTATE

Solution Osmolality (mOsm/kg)

Glycine, 1.2% 175
Glycine, 1.5% 220
Sorbitol, 3.5% 165
Mannitol, 5% 275
Cytal (see text) 178
Glucose, 2.5% 139
Urea, 1% 167
Replacement of distilled water with nearly isosmotic 
solutions has eliminated hemolysis and its sequelae as a 
complication of M-TURP. The incidence of severe CNS 
problems associated with extreme hyponatremia, such as 
convulsions and coma, has been reduced. The other major 
problem associated with the absorption of large volumes 
of irrigating solution, overhydration, still remains, how-
ever. With B-TURP and laser-TURP (L-TURP) techniques 
normal saline as the bladder irrigating solution can be 
used which significantly helps to minimize or eliminate 
TURP syndrome.

Anesthetic Techniques
Previously, spinal anesthesia was the most frequently 
used anesthetic for TURP in the United States, and it is 
believed to be the technique of choice when traditional 
M-TURP is performed. Spinal anesthesia provides ade-
quate anesthesia for the patient with good relaxation of 
the pelvic floor and the perineum for the surgeon. The 
signs and symptoms of water intoxication and fluid over-
load can be recognized early because the patient is awake. 
Accidental bladder perforation also is recognized easily 
if the spinal level is limited to T10 because the patient 
would experience abdominal or shoulder pain. Satisfac-
tory regional anesthesia for TURP involves achieving an 
anesthetic block level that interrupts sensory transmis-
sion from the prostate and bladder neck. In addition, the 
uncomfortable sensation of bladder distention must be 
considered.76,77

As explained earlier, the visceral pain sensation from 
the prostate and bladder neck is transmitted by afferent 
parasympathetic nerve fibers derived mostly from the 
second and third sacral roots traveling with the pelvic 
splanchnic nerves. Bladder sensation is supplied by sym-
pathetic nerves of the hypogastric plexus, derived from 
nerve roots extending inferiorly from T11 to L2. Regional 
anesthesia resulting in a sensory level to T10 is required 
to eliminate the discomfort caused by bladder distention 
and other aspects of this procedure; however, slightly 
lower sensory levels often suffice for smaller lesions. In 
one study in which bladder pressure was monitored and 
kept low, anesthetic levels to T12 or L1 were adequate, 
but midlumbar blocks to L3 were not.78 Sensory levels 
above T9 should not be sought because the capsular sign 
(i.e., pain on perforation of the prostatic capsule) would 
not be present should perforation occur.

Subarachnoid anesthesia is generally preferred over 
continuous epidural anesthesia for the following reasons. 
It is technically easier to perform in elderly patients, and 
the duration of surgery is generally not long. The incom-
plete block of sacral nerve roots that occasionally occurs 
with the extradural technique is usually avoided with 
subarachnoid anesthesia.

Caudal and sacral blockade also has been used effec-
tively for prostate surgery, and bladder distention is 
avoided with the use of continuous irrigation. Caudal 
anesthesia has been used effectively in high-risk patients 
undergoing laser prostatectomy.79 Hemodynamic stability 
is the main advantage with this technique. Local infiltra-
tion of the perineum and the prostatic fossa also has been 
advocated by some anesthesiologists for limited TURP 
procedures, although the operative analgesia afforded 
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Chapter 7

by local infiltration is not comparable in quality to spi-
nal anesthesia. General anesthesia may be necessary in 
patients who require ventilatory or hemodynamic sup-
port, have a contraindication to regional anesthesia, or 
refuse regional anesthesia.

Advantages of Regional Anesthesia over 
General Anesthesia
Regional anesthesia offers several advantages over gen-
eral anesthesia for TURP (see Chapter 56). The incidence 
of deep vein thrombosis is decreased, and the amount of 
operative blood loss is reduced with regional anesthesia 
compared with general anesthesia. The reduction in opera-
tive blood loss when regional rather than general anes-
thesia is used has been shown to be the case in other pelvic 
procedures in addition to TURP, such as cystectomy and 
major vaginal surgery.80 The decrease in systemic blood 
pressure secondary to the sympathetic blockade produced 
by the regional technique was determined not to be the 
only factor in reducing blood loss. Good evidence indi-
cates that peripheral venous pressure and central venous 
pressure decrease during regional anesthesia and sponta-
neous ventilation. It is postulated that this decrease in 
peripheral venous pressure might result in reduced blood 
loss during prostatic and other surgery.

Additional factors influencing blood loss during TURP 
are the vascularity and size of the gland and the dura-
tion of surgery. An increase in fibrinolysis during pros-
tate resection as a result of the release of urokinase from 
prostate tissue also factors into the blood loss that occurs. 
Other factors that affect blood loss during TURP include 
the size of the gland, the duration of the procedure, the 
number of sinuses opened during resection, the presence 
of infection, and prostate inflammation from repeated or 
recent catheterizations. These factors make it difficult to 
compare studies evaluating blood loss during TURP or to 
arrive at conclusive findings based on meta-analysis.75,77

Patients undergoing prostatectomy are prone to deep 
vein thrombosis for many reasons, including advanced 
age and the presence of malignancy, cardiac disease, vari-
cose veins, and obesity. In this case, the increased blood 
flow resulting from the sympathetic blockade of regional 
anesthesia may play a role in reducing deep vein thrombo-
sis formation.81 Regional anesthesia decreases the hyper-
coagulable tendency in the postoperative period and 
helps maintain normal coagulation and platelet function; 
these benefits are believed to be due to modulation of the 
neuroendocrine response to tissue injury. Homeostasis 
of the neuroendocrine system and the immune response 
are better preserved after regional anesthesia than after 
general anesthesia.81

TURP is associated with a particular set of complica-
tions with anesthetic implications. These problems must 
be considered, along with the usual considerations, such 
as the general health of the patient, the length of the 
procedure, and patient and surgeon preferences, when 
choosing an anesthetic technique.

The use of regional anesthesia for TURP allows monitor-
ing the patient’s mental status intraoperatively. Excessive 
vascular absorption of a hypoosmolar bladder irrigating 
fluid during the procedure produces numerous prob-
lems with cardiovascular and neurologic implications.  
A change in the patient’s mental status provides an early 
indication that excessive absorption of irrigating fluid has 
occurred. These changes are described more fully in the 
next section.

Visual disturbances, such as blurred vision and tran-
sient blindness, have been reported in association with 
TURP (see Chapter 100). The biotransformation of 
absorbed glycine to ammonia has been implicated in 
these and other CNS abnormalities. Another potential 
complication during TURP is bladder perforation second-
ary to overdistention with irrigation fluid or contact of the 
bladder wall with the surgeon’s resectoscope. Conscious 
patients might experience symptoms related to perfora-
tion well before it becomes apparent to the surgeon, alert-
ing the operating team early on. Signs and symptoms of 
bladder perforation include bradycardia, hypotension, 
restlessness, diaphoresis, nausea, abdominal pain, dys-
pnea, shoulder pain, and hiccups. Extraperitoneal perfo-
ration may be manifested as pain in the periumbilical, 
inguinal, or suprapubic area. Intraperitoneal bladder 
perforation, a less frequent event, may cause symptoms 
related to diaphragmatic irritation (i.e., pain referred to 
the upper part of the abdomen, precordial area, shoulder 
region, or neck).81

Regional anesthesia for TURP offers some advantages 
over general anesthesia. Although laboratory monitor-
ing of electrolytes is useful intraoperatively, a change in 
mental status in a conscious patient provides an early 
indication of electrolyte disturbances. Bladder perfora-
tion is recognized earlier in a conscious or lightly sedated 
patient, as noted previously.

Sensory levels above T9 are undesirable because pain 
caused by perforation of the prostatic capsule (capsular 
sign) would not be apparent to the patient if this com-
plication occurs. Another benefit of regional anesthesia 
for TURP is a decreased requirement for analgesics in the 
immediate postoperative period compared with general 
anesthesia.82

Morbidity and Mortality after Transurethral 
Resection of the Prostate
Although spinal anesthesia offers certain distinct advan-
tages over general anesthesia for TURP surgery, mortality 
and many markers of patient outcome have been similar 
for both groups. What constitutes the safest anesthetic for 
prostatectomies was debated in 1924, with proponents of 
regional anesthesia gaining ground quickly thereafter.83 
The 30-day mortality rate associated with M-TURP is 
reported to be 0.2% to 0.8%.77 Mortality rates are similar 
in patients receiving regional anesthesia or general anes-
thesia.84 With mortality rates as low as 0.2%, however, 
many more patients need to be studied than previously 
examined in any of the studies to draw a meaningful and 
statistically significant conclusion.76 The postoperative 
morbidity rate in one study was 18%.77 Increased mor-
bidity was found in patients with resections exceeding  
90 minutes, gland size larger than 45 g, acute urinary 
retention, and age older than 80 years.77 Ashton and co-
workers85 studied 250 men undergoing TURP and observed 
one postoperative myocardial infarction (0.4%) resulting in 
one death. The incidence of postoperative complications, 
including myocardial infarction, pulmonary embolism, 
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cerebrovascular accidents, transient ischemic attacks, 
renal failure, hepatic insufficiency, and the need for pro-
longed ventilation, is similar when comparing patients 
receiving regional anesthesia with patients receiving 
general anesthesia.75,77

Many investigators have studied postoperative cogni-
tive function after TURP performed under general versus 
regional anesthesia. Most studies have failed to show any 
significant difference in cognitive function in patients 
receiving regional anesthesia and patients receiving general 
anesthesia.86 Postoperative behavioral changes in TURP 
patients are believed to be related to fluid absorption 
and increased cerebral fluid; cerebral oximetry studies 
have confirmed this relationship.87 Preoperative mental 
impairment in elderly patients also influences postopera-
tive mental function, which makes another case against 
the use of heavy sedation in these patients.

COMPLICATIONS OF TRANSURETHRAL 
RESECTION OF THE PROSTATE

Absorption of Irrigating Solution
Because the prostate gland contains large venous sinuses, 
it is inevitable that irrigating solution would be absorbed. 
Simple principles govern the amount of absorption:  
(1) The height of the container of irrigating solution 
above the surgical table determines the hydrostatic pres-
sure driving fluid into prostatic veins and sinuses, and 
(2) the time of resection is proportional to the quantity 
of fluid that is absorbed. On average, 10 to 30  mL of 
fluid is absorbed per minute of resection time, with 6 to 
8  L absorbed in some procedures lasting up to 2 hours. 
Whether patients experience complications as a conse-
quence of the absorption of irrigating fluid depends on 
the amount and type of fluid absorbed.88,89

Excessive Circulatory Volume, 
Hyponatremia, and Hypoosmolality
Solutions such as normal saline and lactated Ringer’s 
solution would be well tolerated when absorbed intravas-
cularly, but these electrolyte solutions are highly ionized 
and facilitate the dispersion of high-frequency current 
from a monopolar resectoscope. Solutions of nonelectro-
lytes, such as glucose, urea, glycine, mannitol, sorbitol, 
and Cytal, have replaced distilled water. Of all the irri-
gating solutions available today (see Table 72-12), glycine 
and Cytal are the two most commonly used.88

Replacement of distilled water with nearly isosmotic 
solutions has eliminated hemolysis and its sequelae as 
a complication of TURP. The incidence of severe CNS 
problems associated with extreme hyponatremia, such 
as convulsions and coma, has been reduced89; however, 
the other major problem associated with the absorption 
of large volumes of irrigating solution, overhydration, 
remains. Under usual conditions, only 20% to 30% of a 
load of crystalloid solution remains in the intravascular 
space; the remainder enters the interstitial space. When 
intravascular pressure is increased, movement of fluid 
into the interstitial space and the development of pulmo-
nary edema are favored. Whether symptoms of circula-
tory overload develop in a given patient depends on the 
patient’s cardiovascular status, the amount and rapidity 
of absorption of irrigating fluid, and the extent of surgical 
blood loss.89

The situation is dynamic, and patients must be moni-
tored carefully. In this regard, spinal or epidural anesthe-
sia, supplemented with only light intravenous sedation, 
has the advantage of allowing the patient’s subjective 
judgment to contribute to assessment of his condition 
during surgery. In addition, the cardiovascular depres-
sion associated with the administration of potent inhaled 
anesthetics is avoided. Another advantage of regional 
anesthesia is that the sympathetic block that it produces 
increases venous capacitance and tends to mitigate intra-
operative fluid overload. When the block dissipates, 
venous capacity acutely decreases, and circulatory over-
load can occur.

Concomitant with the excessive intravascular volume 
caused by significant absorption of irrigating fluid are 
usually hyponatremia and hypoosmolality. TURP syn-
drome has been typically described as being caused by 
hyponatremia and subsequent water intoxication. It is 
now recognized that the classic CNS signs of TURP are not 
caused by hyponatremia per se, but are due to the accom-
panying acute serum hypoosmolality that allows move-
ment of water into cells and causes cerebral edema.88,89

The use of nonelectrolyte isosmotic irrigating solutions 
has reduced the incidence of severe CNS complications 
because extreme extracellular fluid hypoosmolality does 
not occur, and the subsequent development of cerebral 
edema is avoided.88,89 That CNS symptoms occur at all 
is probably due to the fact that the incidence and extent 
of hyponatremia are unchanged. The concentration of 
extracellular sodium must be in the physiologic range for 
depolarization of excitable cells and production of the 
action potential. CNS symptoms, which include irritabil-
ity, apprehension, confusion, and headache, provide early 
warning signs of rapidly developing hyponatremia. Fur-
ther progression of hyponatremia (sodium ≤ 102  mEq/L) 
and decreased serum osmolality lead to the development 
of seizures and coma. The CNS effects become apparent 
at sodium levels less than 120 mEq/L. The cardiovascular 
effects of severe hyponatremia include negative inotropy, 
hypotension, and dysrhythmias. At sodium levels less 
than 115 mEq/L, electrocardiogram changes are made 
manifest by QRS widening and ST-segment elevation.81

When extracellular sodium levels are less than 
100  mEq/L, consciousness is lost, and convulsions may 
ensue.89 Signs and symptoms of cardiovascular dysfunc-
tion secondary to hyponatremia also may occur, includ-
ing arrhythmias, hypotension, and pulmonary edema.90 
It is often impossible, however, to separate the latter 
events from events attributable to fluid overload.

Glycine Toxicity
Since the early 1980s, attention has turned to the absorp-
tion of glycine (HO2—CCH2—NH2), a nonessential amino 
acid, as a possible cause of some CNS symptoms associ-
ated with TURP. In one publication, five cases of transient 
blindness were attributed to glycine toxicity.91 Glycine 
has a distribution similar to that of aminobutyric acid, 
the latter being an inhibitory transmitter in the brain; 
it has been suggested that glycine is a major inhibitory 
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transmitter acting in the spinal cord and brainstem.91 
Normal plasma glycine levels are 13 to 17  mg/L, whereas 
levels of 1029  mg/L were measured during one episode 
of blindness. Twelve hours later, the glycine level in this 
case had declined to 143 mg/L, by which time vision had 
returned; however, an overall correlation between plasma 
glycine levels and CNS toxicity has not been established. 
This relationship, although interesting, still must be con-
sidered speculative. Glycine also has been implicated in 
the myocardial depression and hemodynamic changes 
associated with TURP syndrome.92

Ammonia Toxicity
Absorption of glycine can result in CNS toxicity because 
of oxidative biotransformation of glycine to ammo-
nia.93,94 In a report of delayed awakening after TURP 
in three patients,93 an association with elevated blood 
ammonia concentrations was noted. Blood ammonia 
levels of 500 M were noted in this and another case 
report.94 Deterioration of CNS function is said to occur 
when ammonia levels are greater than 150 M. In a pro-
spective study examining glycine metabolism, blood 
ammonia levels were increased postoperatively in 12 
of 26 patients in whom 1.5% glycine was used as the 
irrigating solution for TURP.93 Blood glycine levels also 
were measured. Glycine and ammonia levels did not 
correlate; the opposite relationship was prevalent. High 
ammonia levels were not associated with CNS symptoms 
of toxicity. Although the investigators postulated that 
delayed awakening and other CNS symptoms were due to 
ammonia toxicity, it is unclear whether this hypothesis  
is correct.

Perforation
Another common complication of TURP is perforation 
of the bladder.95 Perforations usually occur during dif-
ficult resections and are most often made by the cutting 
loop or knife electrode. Some are made by the tip of the 
resectoscope, whereas others result from overdistention 
of the bladder with irrigation fluid. Most perforations 
are extraperitoneal, and in a conscious patient they 
result in pain in the periumbilical, inguinal, or supra-
pubic regions. The urologist may also note the irregular 
return of irrigating fluid. Less often, the perforation is 
through the wall of the bladder and is intraperitoneal, 
or a large extraperitoneal perforation may extend into 
the peritoneum. In such cases, pain may be generalized 
in the upper part of the abdomen or be referred from 
the diaphragm to the precordial region or the shoulder. 
Other signs and symptoms, such as pallor, sweating, 
abdominal rigidity, nausea, vomiting, and hypotension, 
have been reported; the number and severity depend on 
the location and size of the perforation and the type of 
irrigating fluid. In an early series of 2015 cases in which 
the incidence of complications of TURP was examined, 
perforation occurred in 25 patients (1.2%).96 Four deaths 
and five additional major complications occurred in 12 
patients in whom suprapubic cystostomy was delayed 
more than 2 hours after perforation. Distilled water was 
the bladder irrigant in most of these cases; therefore, it is 
unclear whether these morbidity and mortality data are 
still relevant.
Transient Bacteremia and Septicemia
The prostate harbors many bacteria, which can be a source 
of intraoperative and postoperative bacteremia through 
the prostatic venous sinuses. This risk is increased further 
by the presence of an indwelling urinary catheter. Bac-
teremia is usually asymptomatic and easily treated with 
commonly used antibiotic combinations that are effec-
tive against gram-positive and gram-negative bacteria; 
however, septicemia may occur in 6% to 7% of patients.77 
Common manifestations include chills, fever, and tachy-
cardia. In severe cases, bradycardia, hypotension, and 
cardiovascular collapse can occur, with mortality rates of 
25% to 75%. Aggressive treatment with antibiotics and 
cardiovascular support is warranted.

Hypothermia
Irrigating fluids stored at room temperature are frequently 
used during TURP. Heat loss as a result of irrigation and 
significant absorption of this fluid can lead to a decrease 
in the patient’s body temperature and cause shivering. 
The use of warmed irrigating solutions has been shown 
to be efficacious in reducing heat loss and the resultant 
shivering.97 Although one may believe that warming of 
fluids might cause increased bleeding because of vasodila-
tion, such is not the case, as shown by study of Heathcote 
and Dyer.98 The use of systemic and intrathecal opioids 
decreases postoperative shivering from cold.99

Bleeding and Coagulopathy
A hypertrophied prostate is highly vascular, and opera-
tive bleeding can be significant. The blood is washed into 
the draining bucket and mixed with ample quantities of 
irrigant fluid. Estimation of blood loss is inaccurate and 
extremely difficult. Efforts have been made to quantify 
blood loss based on resection time (2 to 5  mL/min of 
resection time) and size of the prostate in grams (20 to 
50  mL/g); however, these guidelines are rough estimates 
at best, and the patient’s vital signs and serial hemato-
crit values should be monitored to assess the blood loss 
and need for transfusion. Because adrenergic receptors are 
abundant in prostate tissue, the use of adrenergic agonists 
would cause vasoconstriction of prostatic blood vessels 
and a decrease in blood loss.

Abnormal bleeding after TURP occurs in less than 1% 
of cases; it is believed by some clinicians to be due to 
systemic fibrinolysis secondary to plasmin. The prostate 
releases plasminogen activator, which converts plasmino-
gen to plasmin. Other clinicians believe that the fibrinolysis 
is secondary to disseminated intravascular coagulation 
triggered by the systemic absorption of resected prostate 
tissue, which is rich in thromboplastin.75 If primary fibri-
nolysis is suspected, aminocaproic acid can be effective 
when given intravenously in a dose of 4 to 5  g during the 
first hour, followed by 1 g/hr.75

Treatment of Transurethral Resection of  
the Prostate Syndrome
Treatment of TURP syndrome (Table 72-13) consists of 
fluid restriction and a loop diuretic such as furosemide. 
Hypertonic saline (3% sodium chloride) is rarely, if ever, 
necessary and should be considered only in patients with 
severe hyponatremia. CNS complications of hypertonic 
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TABLE 72-13 SIGNS AND SYMPTOMS OF TRANSURETHRAL RESECTION OF THE PROSTATE SYNDROME

Cardiovascular and Respiratory Central Nervous System Metabolic Other

Hypertension Agitation/confusion Hyponatremia Hypoosmolality
Bradyarrhythmias, tachyarrhythmias Seizures Hyperglycinemia Hemolysis
Congestive heart failure Coma Hyperammonemia
Pulmonary edema and hypoxemia Visual disturbances (blindness)
Myocardial infarction
Hypertension
saline include cerebral edema and pontine myelinoly-
sis.76,89 Cardiovascular support should be provided as 
necessary.

Anesthetic considerations for TURP should include 
positioning (see Chapter 41). TURP is usually performed 
in the lithotomy position with a slight Trendelenburg tilt. 
This positioning results in changes in pulmonary blood 
volume; a decrease in pulmonary compliance; a cephalad 
shift of the diaphragm; and a decrease in lung volume 
parameters such as residual volume, functional residual 
volume, tidal volume, and vital capacity. Cardiac preload 
may increase. Nerve injuries to the common peroneal, 
sciatic, and femoral nerves can occur.76

B-TURP, L-TURP, AND MICROWAVE 
ABLATION OF PROSTATE

Traditional M-TURP electrode prostate surgery has been 
challenged with new urethral prostate resection tech-
niques. B-TURP offers the advantage of a bipolar electrode 
resection, which allows normal saline to be used as the 
bladder irrigating fluid. The electrical current is self-
contained in the bipolar design, which prevents it from 
dispersing through the bladder irrigating fluid or patient. 
Using normal saline avoids the morbidity associated 
with hypoosmolar bladder irrigants, such as glycine if 
absorbed, but does not prevent the possibility of volume 
overload.

Issa100 reviewed 16 studies conducted over a 10-year 
period comparing the safety properties of M-TURP and 
B-TURP. They found a statistically significant decrease 
in overall complication rate, transfusion rate, and TURP 
syndrome with B-TURP. A randomized outcome study by 
Chen and colleagues,101 in which M-TURP and B-TURP 
were compared, found that B-TURP was associated with 
significantly less fluid absorption, less change in serum 
sodium and in hemoglobin, and comparable urologic 
efficacy in prostate symptom scores. Two meta-analytic 
studies comparing M-TURP and B-TURP also reported 
favorable outcomes in the B-TURP groups.102,103 A pro-
spective, randomized trial comparing complications and 
clinical outcomes 18 months after TURP, concluded that 
fewer postoperative readmissions, faster postoperative 
recovery, and equivalent long-lasting results were found 
in B-TURP than in M-TURP.104

L-TURP is replacing conventional TURP. Laser therapy 
delivers vaporization energy creating a thin resecting 
coagulation treatment zone during prostate resection. 
The neodymium:yttrium-aluminum-garnet (Nd-YAG) 
laser has been replaced by holmium and potassium-
titanyl-phosphate lasers. The laser incorporates a 532-nm 
wavelength energy that is selectively absorbed by hemo-
globin. When directed to the prostate, the laser vaporizes 
a layer of tissue in millimeter resection zones. An evolu-
tion of these lasers has occurred from 80 to 120 watts, to 
the currently available 180-watt laser. The increased watt-
age provides more efficient tissue ablation resulting in a 
decreased TURP resection time. These lasers produce vary-
ing degrees of coagulation and vaporization of prostate tis-
sue. The main advantages over M-TURP include minimal 
blood loss (50 to 70  mL) and minimal fluid absorption, 
which should nearly eliminate these two major compli-
cations of TURP; however, other potential complications 
are introduced, including coagulation through the pros-
tatic fossa and sloughing of prostatic debris in the postop-
erative period, with subsequent urinary obstruction and 
urinary retention.105-109 Protective eyewear and a means 
to evacuate the smoke plume are needed.110 In critically 
ill patients, caudal anesthesia has been used successfully 
for L-TURP because the use of continuous irrigation com-
bined with minimal bleeding obviates the need for copi-
ous irrigation and minimizes bladder distention.79

Hanson and associates111 reviewed the anesthetic 
implications of the newer prostate laser resection thera-
pies. The described advantages included minimal blad-
der irrigating fluid absorption, a minimized risk of TURP 
syndrome, potential to perform the procedure on anti-
coagulated patients, delivery in an outpatient setting, 
and less emphasis on describing regional as the preferred 
anesthetic technique. General anesthesia is acceptable 
because of the decreased risk of TURP syndrome.

In a systematic review of randomized, controlled trials 
evaluating the efficacy and safety of L-TURP techniques 
versus conventional TURP for symptomatic benign pros-
tatic obstruction, the authors observed that L-TURP pro-
vided slightly greater improvement in urinary symptoms 
and flow. Laser procedures resulted in fewer transfusions 
and strictures and shorter hospitalizations. Reoperation 
was required more often after laser procedures.112 As sug-
gested, L-TURP is feasible when anticoagulation ther-
apy withdrawal is considered a significant patient risk 
perioperatively.113

When M-TURP, B-TURP, and bipolar plasma vaporiza-
tion TURP were compared in a prospective, randomized 
long-term comparison study, capsular perforation and 
intraoperative bleeding were less in bipolar plasma vapor-
ization TURP. Postoperative hematuria, blood transfu-
sion, and clot retention rates were higher in M-TURP.114

Transurethral microwave thermotherapy (TUMT) 
ablation of the prostate is considered a minimally inva-
sive office-based technique that can be performed under 
local or sacral block. High-energy TUMT has received 
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reconsideration for use instead of current TURP tech-
niques in certain patient populations. It can be per-
formed as an outpatient procedure and lacks significant 
side effects. Although it is still reported to be less effec-
tive than TURP in relieving urinary outflow obstruction 
long term, it is an option especially in elderly or high-risk 
patients.115

LASER LITHOTRIPSY

Laser lithotripsy is used for ureteral stones that are low 
in the ureter and not amenable to extracorporeal shock 
wave lithotripsy (ESWL). A pulsed dye laser is generated 
with a laser beam of 504-nm wavelength passing through 
an organic green dye.116 This laser beam is easily absorbed 
by the stones, and pulsatile energy is released that causes 
disintegration of the stones. The beam is carried over a 
bare wire passed through a rigid ureteroscope, which is 
longer and more pointed than a cystoscope, so the risk 
of ureteral perforation exists. Ideally, general anesthesia 
with paralysis should be maintained to avoid patient 
movement. If regional anesthesia is chosen, a spinal level 
of T8 to T10 is required. The bare laser wire is sharp and 
can cause mucosal injury to the ureter. These lasers are 
not well absorbed by red blood cells or other tissues, how-
ever, which provides safety against tissue coagulation or 
thermal injury. Because the laser beam is reflective, the 
user, other personnel, and the patient should wear pro-
tective eyeglasses. Some hematuria always occurs; good 
intravenous hydration is recommended.116

LAPAROSCOPIC SURGERY IN UROLOGY

Urologic laparoscopic surgery continues to pioneer new 
surgical approaches for treatment of diseases previously 
performed by an open surgery. Advances in this area now 
routinely include laparoscopic varicocelectomy, hernia 
repair, adrenalectomy, partial adrenalectomy, renal pel-
vis or ureter percutaneous stone retrieval, nephrectomy, 
radical prostatectomy, extra-adrenal pheochromocy-
toma, nephropexy, pyeloplasty, nephrectomy, partial 
nephrectomy, and cystectomy. Many of these surgeries 
are robot assisted for tumor resection and reconstruction. 
During robotic laparoscopic surgery, the surgeon is sta-
tioned in the operating room away from the operating 
room table while working at a computer console with a 
three- dimensional view of the operating field and manual 
controls at the console for robotic instruments placed in 
the abdomen via laparoscopy trocars.

For radical prostatectomy, the objectives of laparo-
scopic surgery are to reduce perioperative morbidity 
compared with conventional surgery and allow a more 
precise operative procedure. The quality of surgery can be 
improved by better visualization of the operative site as 
a result of optical magnification and the maneuverability 
of the laparoscope, which provides a hitherto unobtain-
able anatomic view. The laparoscopic approach not only 
improves the postoperative course, but also allows better 
preservation of periprostatic vascular, muscular, and neu-
rovascular structures.117

A unique challenge in nephron-sparing laparoscopic 
surgery is achieving successful renal hypothermia for 
renal preservation during renal artery occlusion. Tech-
niques described for renal hypothermia include laparo-
scopic deployed ice slush kidney surface cooling (preferred 
option), endoscopic retrograde cold saline infusion, and 
transarterial renal hypothermia via femoral artery cath-
eter approach.

Although all the conventional complications and con-
cerns associated with laparoscopy are applicable to uro-
logic procedures, two unique problems also are identified. 
First, because the urogenital system is mainly retroperi-
toneal, the large retroperitoneal space and its commu-
nications with the thorax and subcutaneous tissue are 
exposed to the insufflated carbon dioxide. Significant 
subcutaneous emphysema can occur in these patients 
and may extend all the way up to the head and neck.118 
The upper airway is at risk for compromise in the most 
severe cases because of pharyngeal swelling secondary to 
submucous carbon dioxide. This complication should be 
kept in mind before extubation of the trachea in these 
patients. Second, the procedures can be lengthy, allow-
ing for sufficient absorption of carbon dioxide to result in 
acidemia and marked acidosis.118 Because of significant 
increases in intra-abdominal and intrathoracic pressure 
as a result of insufflated carbon dioxide, a steep Tren-
delenburg position, and lengthy procedures, general 
anesthesia with controlled ventilation is the method of 
choice. Despite adequate intravascular hydration, intra-
operative oliguria may occur and be followed by diure-
sis in the immediate postoperative period. Although the 
exact mechanism is unclear, increased perirenal pressure 
exerted by the insufflated gas in the retroperitoneal space 
is a likely explanation.

EXTRACORPOREAL SHOCK WAVE 
LITHOTRIPSY

Extracorporeal shock wave lithotripsy has become the 
treatment of choice for disintegration of urinary stones in 
the kidney and upper part of the ureter. The first clinical 
model of the lithotripter introduced into common prac-
tice (Dornier HM-3) used a water bath in a steel tub and 
a metal gantry chair to support the patient suspended 
in a sitting position. This first-generation lithotripter 
is still used in some institutions and presents complex 
challenges of immersion physiology and monitoring dif-
ficulties. Second-generation and third-generation litho-
tripters (e.g., Siemens, Lithostar, Wolf Piezolith, Dornier 
HM-4, MFL 5000, MPL 9000) have evolved mainly in the 
direction of eliminating the water bath and minimizing 
patient discomfort. All lithotripters share similar techno-
logic principles in having three main components: (1) 
an energy source, most commonly a spark plug (alter-
natively, an electromagnetic membrane or piezoelectric 
elements); (2) a system to focus the shock wave, such 
as ellipsoid or reflecting mirrors; and (3) fluoroscopy or 
ultrasound to visualize and localize the stone in focus.119

Technical Aspects
An electrode (or spark plug) located in an ellipse creates 
a spark causing explosive vaporization of water. The sud-
den expansion of air bubbles created sets up a pressure 
wave (shock wave) which is focused by the ellipse to a 
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focal point called the F2 focus (the tip of the electrode is 
the F1 focus). The shock wave travels through water and 
body tissues without significant localized dissipation of 
energy because the acoustic impedance of the two media 
is similar. When the shock wave arrives at the entry surface 
of the stone, however, it encounters a sudden change in 
impedance that causes it to release compressive energy. 
Similarly, when the wave exits on the opposite surface 
of the stone, an interface is encountered again, and 
shock wave energy is released. Repeat applications cause  
the stone to disintegrate. Shock wave energy is most 
concentrated in the F2 focal zone and rapidly decreases 
beyond it.120

Biomechanical Effects of Shock  
Wave Therapy
For shock waves to be most effective, the stone should 
remain in the F2 focus during treatment.79 Pressure energy 
measurements show an exponential decrease beyond this 
small focal zone. The kidneys and the kidney stone 
follow the up-and-down movements of the diaphragm 
during respiration. The stone is likely to move in and out 
of focus during respiration. In the past, ventilatory tech-
niques such as decreased tidal volumes with increased 
respiratory rates and high-frequency jet ventilation have 
been used to increase the efficacy of the treatment.121 
However with contemporary lithotripsy machines, seda-
tion and therefore spontaneous ventilation is the only 
option.

For effective stone disintegration, shock waves should 
reach the stone unimpeded. The flank area should be kept 
free of any medium that would provide an interface for 
the dissipation of shock wave energy. Nephrostomy dress-
ings should be removed, and the nephrostomy catheter 
should be taped clear of the blast path. Although shock 
waves pass through most tissues relatively unimpeded, 
they do cause tissue injury, the extent of which depends 
on the tissue exposed and the shock wave energy at the 
tissue level. Skin bruising and flank ecchymoses can occur 
at the entry site. Painful hematoma in the flank muscles 
may occur. Hematuria is almost always present at the end 
of the procedure and results from shock wave–induced 
endothelial injury to the kidney and ureter. Adequate 
hydration is necessary to prevent clot retention. Lung 
tissue is especially susceptible to injury by shock waves. 
Air trapped in alveoli presents a classic water (tissue)-air 
interface to the shock wave and causes dissipation of 
energy. Massive hemoptysis and death from pulmonary 
damage have been reported in laboratory animals after a 
single exposure of the thorax to a shock wave.122 Shock 
wave–induced hemoptysis in a child and a pulmonary 
contusion with life-threatening hypoxemia in an adult 
have been reported.123,124 Children are more likely to 
sustain pulmonary damage from shock waves because of 
the shorter distance of the lung bases from the kidneys 
than in adults. It is recommended that a Styrofoam sheet 
or Styrofoam board be placed under the back in chil-
dren to shield the lung bases from shock waves during 
ESWL.123,124

Shock wave–induced cardiac arrhythmias previ-
ously reported in 10% to 14% of patients undergoing 
lithotripsy are extremely rare nowadays.125,126 These 
arrhythmias are believed to be due to mechanical stress 
on the conduction system exerted by the shock waves. 
The intricate grounding system of the lithotripter ensures 
that any current-induced arrhythmias are unlikely. 
Artifacts on electrocardiogram also are common. Artifacts 
and arrhythmias usually disappear when the lithotripsy 
is stopped.

Physiologic Changes during Immersion 
Lithotripsy
Water immersion with the Dornier HM-3 lithotripter pro-
duces significant changes in the cardiovascular and respi-
ratory systems (Box 72-3).

Anesthetic Choices for Lithotripsy
Anesthetic regimens used successfully for lithotripsy 
include general anesthesia, epidural anesthesia, spinal 
anesthesia, flank infiltration with or without inter-
costal blocks, and analgesia-sedation, including patient-
controlled analgesia.127-135 General anesthesia offers the 
advantages of rapid onset and control of patient move-
ment. Ventilatory variables can be controlled to decrease 
stone movement with respiration. With epidural anes-
thesia using loss of resistance to air to identify the epi-
dural space, only the smallest amount of air necessary 
should be injected. Air in the epidural space provides 
an interface and can cause dissipation of shock wave 
energy and local tissue injury. Korbon and associates136 
found a decrease in epidural compliance and pain on 
injection with repeat epidurals for subsequent lithotrip-
sies in their patients. In animal experiments, they were 
able to show epidural tissue damage after injection of air 
and exposure to shock waves.137 It is reassuring, how-
ever, that in most lithotripsies performed under epidural 
anesthesia worldwide, neurologic injury has not been a 
problem.138

The main disadvantage of epidural anesthesia is its slow 
onset. Spinal anesthesia offers a reasonable alternative with 
its rapid onset. The incidence of hypotension (the patient 
is in a sitting position for treatment) is higher, however. 
In one series, the incidence of hypotension with general, 
epidural, and spinal anesthesia was 13%, 18%, and 27%, 
respectively.139 Local anesthetic infiltration of the flank 
with or without intercostal blocks provides adequate anes-
thesia when combined with intravenous sedation and 
avoids hypotension.127 Intravenous analgesia-sedation in 
various combinations has been used successfully.129,130

Cardiovascular Increased Central blood volume
Increased Central venous pressure
Increased Pulmonary artery pressure

Respiratory Increased Pulmonary blood flow
Decreased Vital capacity
Decreased Functional residual capacity
Decreased Tidal volume
Increased Respiratory rate

BOX 72-3 Changes on Immersion during 
Lithotripsy
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Newer Lithotripters
Newer lithotripters have no water bath, and they tend to 
use multifunctional tables that allow other procedures, 
such as cystoscopy and stent placement, to be accom-
plished without moving the patient off the table. The 
shock waves are tightly focused; therefore, they cause 
less pain at the entry site, and intravenous analgesia-
sedation is the mainstay of anesthesia with these newer 
lithotripters. Other incidental interventions, such as 
cystoscopy, stone manipulation, or stent placement, 
alter anesthetic requirements. Many of these newer lith-
otripters have a much smaller focal zone for the shock 
waves. It is even more imperative that adequate anal-
gesia and sedation be provided, so that stone excursion 
with respiration is limited to the focal zone. Most anal-
gesia-sedation combinations are adequate. Even patient-
controlled analgesia with alfentanil and a combination 
of propofol and alfentanil has been used.140,141 Many 
centers routinely use general anesthesia with short- 
acting inhaled or intravenous anesthetics and use laryn-
geal mask airway for ventilation.

Contraindications
Pregnancy and untreated bleeding disorders are the only 
contraindications to lithotripsy. Women of childbearing 
age must have a pregnancy test that is documented to be 
negative before lithotripsy. Standard tests of coagulation, 
such as the platelet count, prothrombin time, and partial 
thromboplastin time, should be obtained as indicated by 
medical history. Pacemakers, automatic implanted cardio-
verter-defibrillators (AICDs), abdominal aortic aneurysm, 
orthopedic prostheses, and obesity are no longer considered 
contraindications.

Patients with pacemakers can be treated safely if the 
pacemaker is pectorally placed and the following pre-
cautions are observed (see Chapter 48).142-144 Pacemaker 
programmability should be established before the treat-
ment, and the pacemaker should be switched to a non-
demand mode in case the shock waves interfere with 
pacemaker function. Alternative means of pacing should 
be available. Although most pacemakers located pec-
torally are at a safe distance from the blast path, some 
may be damaged. Weber and co-workers142 examined 
43 different pacemakers and found that 3 were affected. 
Dual-chamber pacemakers tend to be more sensitive 
to interference. Treatment should be started at a low 
energy level and gradually increased while observing 
pacemaker function.

Manufacturers of AICDs and lithotripters have consid-
ered an AICD a contraindication for lithotripsy; however, 
patients with AICDs have been treated successfully with 
lithotripsy.143 AICD devices should be shut off immedia-
tely before lithotripsy and then reactivated immediately 
after treatment.145

Patients with small aortic aneurysms have been treated 
safely, provided that the stone is not close to the aneu-
rysm. Orthopedic prostheses, such as hip prostheses and 
even Harrington rods, are not a problem if they are not 
in the blast path, which is usually the case. Positioning 
of obese patients may be problematic at times. Not only 
do extremely obese patients present anesthetic challenges 
related to obesity, but also focusing of the stone may be 
extremely difficult in the very obese. It is prudent for 
focusing of the stone to be attempted before administering 
any anesthetic in this high-risk population.

RADICAL SURGERY IN UROLOGY

Radical surgery includes radical nephrectomy, radical cys-
tectomy, and radical retropubic prostatectomy. Common 
features include lengthy procedures, associated sudden 
and significant blood loss, and attention to renal func-
tion preservation. With radical nephrectomy, significant 
cardiorespiratory changes attendant to the flank position 
are a concern. Respiratory changes include decreases 
in thoracic compliance, tidal volume, vital capacity, 
and functional residual capacity. Dependent atelectasis 
is common and can lead to hypoxemia. Pneumotho-
rax may occur and can have significant respiratory and 
hemodynamic consequences intraoperatively. It is com-
mon to see a decrease in blood pressure when the kidney 
rest is raised. This decrease is usually due to compression 
of the inferior vena cava. In addition, hepatic encroach-
ment on the vena cava and mediastinal shift may reduce 
venous return and stroke volume further. Cervical plexus, 
brachial plexus, and common peroneal neuropathies can 
occur because of stretch or compression of nerves in the 
lateral position.

Radical Nephrectomy for Renal  
Cell Carcinoma
The most common malignancy of the kidney is renal 
cell carcinoma; 85% to 90% of all solid renal masses are 
renal cell carcinoma.146 Because renal cell carcinoma is 
refractory to chemotherapy and radiation therapy, sur-
gical resection or ablation can offer curative treatment 
of localized disease (Box 72-4). Recently, resection of the 
ipsilateral adrenal gland has been reserved for patients 
with large upper pole lesions or when the adrenal gland 
is enlarged or appears abnormal.147 Partial nephrectomy 
(nephron-sparing surgery) is considered for patients 
with small lesions or bilateral tumors or for patients 
at risk because of other diseases, such as diabetes or 
hypertension.146-149

In 5% to 10% of patients, the tumor extends into the 
renal vein and the inferior vena cava and right atrium. 

 •  85%-90% are for renal cell cancer
 •  5%-10% extension to the IVC and right atrium
 •  Large-bore IV access, A-line, IJV line (preferably on left side if 

IVC is involved)
 •  Paraneoplastic syndrome
 •  Hypercalcemia, eosinophilia; increased prolactin, erythropoi-

etin, and glucocorticoids
 •  Occurs more frequently in men than women
 •  Chronic smoking history usually associated
 •  CAD, COPD
 •  Renal failure

BOX 72-4 Anesthetic Implications of Radical 
Nephrectomy for Tumors

CAD, Coronary artery disease; COPD, chronic obstructive pulmonary 
disease; IJV, internal jugular vein; IVC, inferior vena cava.
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Tumor extension into the inferior vena cava and atrium 
occurs more frequently with right-sided renal cell car-
cinoma. Several problems can occur in these patients, 
ranging from circulatory failure as a result of complete 
occlusion of the vena cava by tumor to acute pulmo-
nary embolization of tumor fragments during surgery. 
To operate on these patients safely, the extent of the 
lesion must be defined preoperatively. Cardiopulmonary 
bypass can be required. Central venous pressure in such 
cases might not reflect intravascular volume accurately, 
because venous return through the inferior vena cava is 
impaired by the thrombus and intraoperative transesoph-
ageal echocardiography may be of value.150 A decrease in 
venous return also predisposes the patient to hypoten-
sion during induction of anesthesia. Venous obstruction 
can lead to dilation of the epidural veins and the develop-
ment of abdominal wall and retroperitoneal collaterals. 
The emphasis is on appropriate preoperative preparation, 
which is possible only when the full extent of the lesion 
has been defined.149

Radical Prostatectomy
Localized prostate cancer is treated by either radiation 
therapy or radical prostatectomy (Box 72-5). Radical 
prostatectomy has become more commonly performed 
because of routine prostate-specific antigen testing in 
men older than 50 years and popularization of the nerve-
sparing surgery to reduce the risk of impotence. Although 
originally described in 1905 via the transperineal 
approach, the retropubic approach is mostly used now. 
The prostate, the ejaculatory ducts, the seminal vesicles, 
and part of the bladder neck are removed along with the 
pelvic lymph nodes.

Traditionally, the procedure was performed by open 
laparotomy, but laparoscopic and robotic surgery are 
being used more frequently. A potential intraoperative 
problem with open radical prostatectomy is hemor-
rhage and massive blood loss requiring blood transfu-
sion. Autologous predonation, preoperative recombinant 

 •  Disease of the elderly
 •  CAD, COPD, and renal dysfunction
 •  Significant blood loss
 •  Wide-bore IV access and invasive monitoring
 •  Acute normovolemic hemodilution versus autologous blood 

donation
 •  Hyperextended position
 •  Nerve injuries, soft tissue injury, joint dislocations
 •  Venous air embolism
 •  Anesthesia
 •  Benefits of regional anesthesia versus general anesthesia 

debated
 •  Not known to influence mortality
 •  Epidural anesthesia with spontaneous ventilation decreases 

blood loss
 •  General or combined anesthesia with IPPV increases blood loss

BOX 72-5 Anesthetic Implications of Radical 
Prostatectomy

CAD, Coronary artery disease; COPD, chronic obstructive pulmonary dis-
ease; IPPV, intermittent positive-pressure ventilation; IV, intravenous.
erythropoietin therapy, intraoperative isovolemic hemo-
dilution, and cell salvage are commonly practiced to 
reduce the patient’s exposure to allogeneic blood. Early 
postoperative complications, including deep vein throm-
bosis, pulmonary embolism, hematoma, seroma, and 
wound infection, occur in 0.5% to 2% of cases.151 Late 
complications include incontinence, impotence, and 
bladder neck contracture.152 Patients undergoing radical 
prostatectomy are placed supine in steep Trendelenburg 
position with the back extended, which places the pubis 
above the head. Air embolism from the prostatic fossa 
caused by a gravitational gradient between the prostatic 
veins and the heart has been reported.153

Comparison of Anesthetic Techniques for 
Radical Prostatectomy
Epidural anesthesia, spinal anesthesia, general anesthe-
sia, and combined epidural and general anesthesia have 
been used for this surgery. For the epidural component of 
combined techniques, a thoracic or a lumbar approach to 
anesthesia or analgesia has been used, and spontaneous 
ventilation or intermittent positive-pressure ventilation 
(IPPV) has been used for the general anesthesia compo-
nent. Many investigators have reported their findings in 
comparing the three anesthetic techniques for radical ret-
ropubic prostatectomy,154-157 and certain trends emerge.

Intraoperative blood loss is significantly less if epidural 
anesthesia or a combined epidural and general anesthetic 
with spontaneous ventilation is used. In one study, blood 
loss in the general anesthesia and the combined anesthe-
sia group with IPPV was significantly more than in the 
epidural anesthesia group despite little difference in arte-
rial pressure among the three groups.154 It was postulated 
that the increased venous pressure as a result of IPPV was 
the most likely cause of increased bleeding in the gen-
eral and the combined anesthesia groups during radical 
prostatectomy. Previous studies have shown that central 
and peripheral venous pressure is lower in patients dur-
ing spontaneous ventilation under epidural anesthesia or 
combined epidural-general anesthesia than in patients 
receiving IPPV during general anesthesia.158 Epidural 
anesthesia alone or when added to a general anesthetic 
decreases the risk of thromboembolism,159 decreases post-
operative pain and analgesic requirements,160 and speeds 
recovery of bowel function. The length of stay and the 
cost of hospitalization can be decreased with the judicial 
use of epidural anesthesia and established clinical path-
ways.161,162 In one study, 80% of patients were satisfactorily 
discharged after 1 day, and the mean length of stay was 
1.34 days.163

Possible differences in patient outcome with general 
versus epidural anesthesia are not clear. Local practices 
are therefore based on the preferences of the urologist, 
the anesthesiologist, and the patient.

Robotic Assisted Radical Prostatectomy
Many surgical advantages of robotic assisted radical pros-
tatectomy (RARP) are described, including better visuali-
zation, more controlled finer movements of robotic arms 
allowing better dissection, decreased blood loss, less scar-
ring and pain, shorter recovery time, faster return to daily 
activity, and possibly improved continence and potency 
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rates (although these last outcomes have been suggested 
only given the short-term follow-up at this time). Anes-
thetic concerns are primarily related to steep head-down 
tilt and pneumoperitoneum required for surgery.

Ventilatory and respiratory changes resulting from pneu-
moperitoneum include decreased compliance, increased 
airway pressures, and increased ventilation- perfusion mis-
match. Application of positive end-expiratory pressure 
improves oxygenation in these patients.164 Hypercapnia 
develops within 15 to 30 minutes of carbon dioxide insuf-
flation with resultant hypercarbia, acidosis, tachycardia, 
arrhythmias, and other deleterious hemodynamic and CNS 
effects.165 Increase in mechanical ventilation can obviate 
these changes in most patients, and most healthy patients 
tolerate the changes even though they are clinically sig-
nificant. Extraperitoneal insufflation of carbon dioxide 
is associated with larger increases in arterial Pco2 than in 
intraperitoneal insufflation.166 Hemodynamic changes 
include decreased venous return with decreased cardiac 
output despite an increase in filling pressures indicative of 
increased intrathoracic pressures.

Physiologic changes resulting from steep Trendelenburg 
position include hemodynamic effects such as decreased 
perfusion pressure of lower extremities, increased mean 
arterial pressure at the circle of Willis, increased central 
blood volume, decreased cardiac output, and a decreased 
perfusion of vital organs in a normovolemic patient. 
Increased myocardial oxygen consumption, ischemia, 
arrhythmias, and decreased oxygen delivery are potential 
risks in patients with cardiac disease. Despite an observed 
twofold to threefold increase of right- and left-sided fill-
ing pressures in ASA I and II patients during RARP, Lestar 
and colleagues167 observed no significant changes in car-
diac performance. Respiratory effects of steep head down 
tilt—decreased compliance, reduced vital capacity and 
functional residual capacity, 20% decrease in lung vol-
umes, and ventilation-perfusion mismatch—compound 
the effects of pneumoperitoneum. Pulmonary congestion 
and edema have been reported in susceptible patients. A 
transient increase in serum creatinine secondary to pneu-
moperitoneum during robotic prostatectomy has been 
reported.168 Regurgitation in this position in patients 
with history of reflux increases their risk of aspiration 
of gastric contents. Maintaining normothermia may be 
a problem in some cases because of prolonged pneumo-
peritoneum with dry cold gases.

Other significant effects of steep head down tilt 
include increased intracranial pressure, increased intraoc-
ular pressure, venous air embolism, brachial plexopathy, 
arthralgias, compartment syndrome, and finger injuries. 
It has been recommended to perioperatively assess the 
function of a patient with a ventriculoperitoneal shunt 
scheduled for any laparoscopic procedure.169 Issues of 
increased intracranial pressure or consequences of a mal-
functioning shunt with pneumoperitoneum in steep 
Trendelenburg position need to be realized. Kalmar and 
associates concluded patients overall clinically tolerated 
the influence of prolonged steep Trendelenburg position 
with CO2 pneumoperitoneum on cardiovascular, cerebro-
vascular (including cerebral perfusion pressure and oxy-
genation), and respiratory homeostasis during robotic 
prostatectomy.170 Significant increases in intraocular 
pressure have been reported in robotic prostatectomy, 
but the clinical significance is unknown.171 Of concern is 
the reporting of at least six cases of postoperative visual 
loss following radical prostatectomy, three open and 
three robot-assisted laparoscopic prostatectomy cases.172 
Chemosis (conjunctival edema) is common in RARP, but 
is usually self-limiting once the patient is taken out of the 
steep Trendelenburg position.

Compared with retropubic radical prostatectomy, 
RARP is usually associated with much less blood loss, 
except for one study.173 Mild to moderate pain is 
expected postoperatively, and low pain scores of 0 to 4 
have been reported after retropubic radical prostatectomy 
and robotic assisted radical prostatectomy using preemp-
tive analgesia with ketorolac given intraoperatively com-
bined with rescue opiate or nonopiate analgesia.174 Most 
patients are discharged home the day after surgery. The 
use of robots in urologic surgery has been extended to 
include radical cystectomy, pyeloplasty, and renal and 
adrenal surgery in adults and children, and newer indica-
tions are developing. Other considerations in robotic sur-
gery focus on the rigidly placed intraabdominal trocars 
attached to the robotic arms. Patient movement during 
the surgery could result in visceral or vascular injury. A 
constant need to assess degree of muscle relaxation intra-
operatively is suggested. A plan among the perioperative 
team to dismantle the robotic arms in the unlikely event 
of cardiac arrest and need for advanced cardiac life sup-
port measures needs to be rehearsed.

UROGENITAL PAIN SYNDROMES

Pain syndromes of the urogenital system can result from 
infection, anatomic anomaly, obstructive uropathy, nerve 
entrapment, or malignancy. The site, referral pattern, and 
quality of pain aid the clinician in identifying the source 
of pain—visceral, somatic, or neuropathic—and appropri-
ate treatment (see Chapter 98).

BENIGN RENAL TUMORS

Flank pain is a common symptom in adults with angio-
myolipomas, which consist of abnormal growth of blood 
vessels, smooth muscle, and fat. This benign neoplasm 
can create a mass effect that affects renal function and 
acute worsening of pain should raise suspicion for rup-
ture and hematoma formation. Angiomyolipomas can 
be associated with tuberous sclerosis, but are more com-
monly found in otherwise healthy individuals. Treatment 
is symptomatic with acetaminophen and neuromodula-
tory agents. Care should be taken with nonsteroidal anti-
inflammatory drug (NSAID) use because renal function 
can be compromised.

PEDIATRIC TUMORS

Wilms’ tumor (nephroblastoma) generally occurs uni-
laterally and is painless on initial presentation (see  
Chapter 93). It may be associated with congenital mal-
formations such as Beckwith-Wiedemann syndrome. 
Treatment consists of surgical resection most often 
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supplemented by chemotherapy, because the tumor is 
highly responsive to this modality. Perioperative pain 
can be addressed with epidural anesthesia, acetamino-
phen, and opioids. Chemotherapy-induced neuropathy 
can best be treated with antineuropathic agents.

RENAL CELL CARCINOMA

Renal cell carcinoma is described as having a classic triad of 
hematuria, flank pain, and renal mass; however, pain can 
be a late presentation and may indicate metastatic disease. 
In cases of metastasis, prognosis is often poor and pain is 
widespread. Early consideration of an intrathecal catheter 
for continuous delivery of opioids, local anesthetic, or 
ziconotide can improve patient quality of life. Flank pain 
may be due to stretching of the Gerota fascia, and metasta-
sis is primarily local along the renal vein and inferior vena 
cava or into the intercostal nerves, which produces seg-
mental neuralgia. In these cases, intercostal nerve blocks 
and neurolysis or radiofrequency can be of use and accom-
plished under fluoroscopic or ultrasound guidance.

INFECTIOUS RENAL DISEASES

Infectious renal diseases producing flank pain include 
pyelonephritis and perinephric abscess. Fever is an 
important associated finding that suggests the presence 
of infection. Because the kidneys are retroperitoneal 
organs, peritoneal signs are absent. Differential diagno-
sis must include inflammatory or infectious disease of 
surrounding organs, including lower lobe pneumonia, 
pancreatitis, appendicitis, and cholecystitis. Oral or par-
enteral narcotics are effective for pain control in the acute 
setting. Systemic antibiotics are curative in most cases, 
although surgical intervention may be warranted, and a 
focal nidus for infection (stone, urethral reflux, recurrent 
urinary tract infections) should be pursued.

NEURALGIAS

Pseudorenal pain syndromes are caused by entrapment of 
nerves colocalized with the urinary system in the lower 
abdomen and groin. Neuralgia of the genitofemoral nerve 
is common after hernia surgery, given its close proximity 
and variable relation to the spermatic cord. Pain radiates 
to the inguinal ligament via the femoral branch and to 
the testicle via the genital branch. Injury to the iliohy-
pogastric or ilioinguinal nerves can occur with lower 
abdominal incisions or trocar placement for laparoscopy, 
resulting in neuralgia radiating to the lower abdomen and 
groin. Pain sensation is generally neuropathic in these 
conditions and dermatomal testing will reveal sensory 
deficits. Nerve blocks can be performed under ultrasound 
guidance175 to help establish the diagnosis, differentiate 
from urogenital pain, and for therapeutic benefit. Anti-
neuropathic drugs are also of help should nerve injury be 
confirmed (see Chapter 64).

POLYCYSTIC KIDNEY DISEASE

Polycystic kidney disease is most often inherited in an 
autosomal dominant manner and can lead to massive 
enlargement of the kidneys with compromised renal 
function. Renal pain is caused by distention of the cysts 
and stretching of the Gerota fascia. Hemorrhage into the 
cysts, rupture of the cysts, or infection can exacerbate 
pain. Percutaneous drainage of renal cysts can relieve the 
symptoms. Opioids are appropriate in the acute phase.

OBSTRUCTIVE UROPATHY

Obstruction of the urinary tract causes severe, spasmodic 
pain in the flank. Pain from the upper third of the ure-
ter may be referred to the lower abdomen and back, pain 
from the middle third to the iliac fossa, and pain from 
the lower third to the suprapubic and groin area. Minimal 
fluid intake and a high concentration of stone-forming 
salts predispose to nephrolithiasis. Renal colic, hematu-
ria, and radiopaque stones on radiography (70% to 75% 
of calculi) or noncontrast CT confirms the diagnosis.176 
Opioids and NSAIDs are best for severe symptoms. Ketor-
olac through the intramuscular or intravenous route may 
be of use if oral medications are not tolerated. Of note, 
intravenous hydration has not demonstrated benefit 
despite widespread use.

URINARY RETENTION

Bladder pain is most commonly described as a poorly 
localized ache in the suprapubic region, typical of visceral 
pain. Acute bladder distention is manifested as severe 
suprapubic pain with associated urinary frequency. This 
can occur postoperatively after surgery without Foley 
catheter placement or after neuraxial local anesthetic and 
opioid administration resulting in urinary retention. Ini-
tial presentation can include emergence delirium. Drain-
age of the bladder, either by voiding or by catheterization, 
is recommended when volume exceeds 600 mL to avoid 
overdistention of the bladder with associated sequelae. 
Obstruction from urethral stone or prostatic hypertrophy 
should be addressed if present.

INTERSTITIAL CYSTITIS

Interstitial cystitis (painful bladder syndrome) is a chronic 
pain condition marked by suprapubic pain related to 
bladder filling and symptoms of increased frequency and 
urgency in the absence of infection or malignancy.177 
Pathologic features of interstitial cystitis that may be evi-
dent, but are not necessary to make the diagnosis, include 
Hunner ulcers (discrete, bleeding areas on the bladder 
wall) and glomerulations (petechial bleeding after disten-
tion). The proposed pathophysiology is thought to be a 
deficient glycosaminoglycan layer that allows increased 
permeability of the bladder wall, resulting in inflamma-
tion and pain. Options for pain control include pentosan 
polysulfate (intended to repair the glycosaminoglycan 
layer), amitriptyline, antihistamines, dimethyl sulfoxide 
instillation, sacral nerve stimulators, and cystectomy.

UROTHELIAL TUMORS

The most common urothelial tumor is transitional cell 
carcinoma of the bladder. Painless hematuria is the most 
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common manifestation, although patients may com-
plain of bladder irritability if there is involvement of the 
muscular layers. Surgical treatment includes fulguration, 
transurethral resection, or cystectomy. Pain control is best 
accomplished with NSAIDs, acetaminophen, opioids, and 
neuromodulatory agents.

TESTICULAR PAIN

Testicular pain can be the result of trauma, torsion, infection, 
or neoplasm. Trauma or torsion necessitate immediate res-
toration of blood flow, and emergency surgical exploration 
is the treatment of choice. Orchitis or epididymitis should 
be suspected based on a thorough history and if signs of 
localized or systemic infection accompany pain. Tumors of 
the testis are most often malignant; however, extratesticular 
tumors within the scrotum are usually benign. The earliest 
sign of tumor is usually a painless testicular mass. Pain is a 
late sign and is usually described as a dull ache or heaviness 
owing to mass effect, and it is most effectively addressed 
through debulking via surgery or radiotherapy.

PROSTATITIS

Acute prostatitis is usually caused by a bacterial infec-
tion and responds to antibiotic therapy. Chronic prosta-
titis has been more recently referred to as chronic pelvic 
pain syndrome to reflect that there is little certainty that 
inflammation of the prostate is responsible for symp-
toms.178 Symptoms include genital/pelvic pain and sex-
ual dysfunction, often accompanied by lower urinary 
tract symptoms. Moderate improvement has been noted 
with antibiotics, α-blockers, antiandrogens, NSAIDS, and 
pelvic floor physiotherapy.

PROSTATE CANCER

Adenocarcinoma of the prostate is the most common male 
cancer and is usually painless and discovered incidentally 
through routine physical examination. Epidural anesthe-
sia can be of use for acute pain control if brachytherapy 
with seeding is part of treatment. Lumbar or sacral pain 
with prostatic cancer may be a sign of metastatic disease 
to bone. High-dose opioids and bisphosphonates are indi-
cated, and placement of an intrathecal catheter should be 
considered early.

PRIAPISM

Priapism is a prolonged erection over 4 hours in duration 
and can be ischemic (veno-occlusive) or nonischemic 
(arterial). The former represents an acute emergency, 
and prompt therapy should be instituted to control pain 
and prevent subsequent impotence from fibrosis of the 
corpora cavernosa. Treatment consists of a penile dor-
sal nerve block (performed at the pubic symphysis with 
needle entry into the subpubic space), which must be 
performed with local anesthetic without epinephrine, 
after which aspiration of blood or intercavernosal phen-
ylephrine can be performed.179 Nonischemic priapism is 
most commonly posttraumatic and results from creation 
of an arteriolar-sinusoidal fistula. This type of priapism 
is typically not as painful and responds to conservative 
management. Sickle cell priapism is treated with hydra-
tion, alkalinization, and blood transfusion to increase 
hemoglobin to more than 10 mg/dL.

PEYRONIE DISEASE

Peyronie disease is a condition that causes severe penile 
pain during sexual intercourse because of excess curva-
ture. The treatment of choice is surgery and NSAIDs as 
necessary for pain.

FEMALE GENITAL PAIN

Vulvodynia is a chronic pain condition associated with 
sexual inactivity or dysfunction because of vulvar pain. 
Vestibulitis refers to vulvodynia confined to the vestibule. 
Some success with tricyclic antidepressants, Sitz baths, 
local estrogen creams, and pudendal nerve blocks has 
been reported. Vaginismus is associated with increased 
tone of the muscles of the pelvic floor (pubococcygeus 
and levator ani) producing spasms and painful sexual 
dysfunction. Dyspareunia is defined as recurrent and 
persistent genital pain before or after intercourse not 
solely explained by infection, trauma, lubrication, or 
vaginismus. Psychological factors often play a major role. 
Treatment involves pelvic floor physiotherapy and desen-
sitization techniques. Opioids are not indicated.

CHRONIC PELVIC PAIN

Chronic dysmenorrhea can be addressed with ovulation 
suppression or use of NSAIDs, which decrease uterine lining 
thickness and cramping via an antiprostaglandin effect.180 
Chronic pelvic pain may also be due to endometriosis, 
pelvic congestion, adhesions, or pelvic inflammatory 
 disease—each of which is most responsive to correction of 
the underlying disorder for relief of pain. Cancer of the cer-
vix or uterus can cause severe lower abdominal pain and 
requires aggressive opioids and referral for superior hypo-
gastric plexus neurolysis or intrathecal medications.

ROLE OF SYMPATHETIC BLOCKS

The pelvic viscera in men and women—the urogenital 
organs, the distal colon, and the rectum—are supplied by 
afferent fibers from the distal lumbar sympathetic chain. 
Interruption of these pathways can be achieved with a 
superior hypogastric plexus block. The superior hypogas-
tric plexus is a retroperitoneal structure situated along 
the anterior surface of the L5 and S1 vertebrae. It can be 
blocked using fluoroscopic guidance and instillation of 
phenol or ethanol.181,182 The ganglion impar is another 
promising target for neurolysis, supplying mixed somatic, 
autonomic, and visceral fibers to the distal urethra, vulva, 
perineum, and distal third of the vagina. It can be blocked 
along the anterior surface of the sacrococcygeal junction.

GENERAL CONSIDERATIONS

Specific to renal compromise, meperidine and morphine 
should be avoided because of the accumulation of renally 
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excreted metabolites, including normeperidine and mor-
phine-3-glucuronide, which lower the seizure threshold, 
and morphine-6-glucuronide, which maintains activity 
at the μ-opioid receptor. The antiprostaglandin effect of 
NSAIDs can also decrease renal blood flow in susceptible 
patients. These agents must be used with caution.

General considerations for genitourinary pain man-
agement follow the same principles of pain management 
elsewhere in the body. For nonmalignant acute pain, 
nonnarcotic medications such as acetaminophen, aspi-
rin, and NSAIDs are indicated as first line drugs. Tricy-
clic antidepressants and anticonvulsant agents are useful 
adjuncts, particularly for neuropathic pain. Opioids may 
be indicated in the short term. For malignancy, opioids 
are often necessary and in high doses. When oral admin-
istration is not feasible, parenteral administration of nar-
cotics should be used.

Interventional techniques are an integral part of pain 
control in chronic urogenital pain syndromes and partic-
ularly for malignancy. Appropriate blocks can obviate or 
greatly reduce the need for systemic analgesics. If intrac-
table pain persists despite optimized oral or intravenous 
therapy, a tunneled catheter trial can be performed and 
an implantable drug delivery system should be consid-
ered. Continuous intrathecal infusions minimize fluctua-
tion of drug levels in cerebrospinal fluid and allow for 
significant analgesia and use of spinal adjuncts (local 
anesthetic, ziconotide) and opioids with significantly 
lessened dose-limiting side effects.
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Anesthesia and the Hepatobiliary 
System
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K e y  P o i n t s

 •  All volatile anesthetics decrease hepatic blood flow, but desflurane and 
sevoflurane have the least significant effect on total hepatic blood flow and hepatic 
oxygen delivery, whereas halothane induces the most profound reductions in 
hepatic blood flow.

 •  Advanced liver disease may impair the elimination, prolong the half-life, and 
potentiate the clinical effects of several drugs, including morphine, meperidine, 
alfentanil, vecuronium, rocuronium, mivacurium, benzodiazepines, and 
dexmedetomidine. These drugs should be used cautiously in patients with cirrhosis 
or end-stage liver disease from any cause, and their dosage and administration 
should be adjusted accordingly.

 •  Abnormal liver enzyme test results may be seen in up to 4% of normal individuals 
and up to 36% of psychiatric patients, although the prevalence of clinically 
significant hepatic dysfunction in these individuals is less than 1%, thus suggesting 
that further costly preoperative testing is unnecessary in asymptomatic patients.

 •  Patients with asymptomatic elevations in serum transaminase levels (less than two 
times normal values) may undergo surgery with minimal impact on perioperative 
outcome.

 •  Retrospective data suggest that patients with acute hepatitis from any cause 
are at increased risk for hepatic failure and death after elective surgery. Thus, 
elective surgery should be delayed in these individuals until resolution of acute 
hepatocellular dysfunction can be confirmed.

 •  Asymptomatic patients with any form of chronic hepatitis should be carefully 
assessed before elective surgery, and meticulous care should be taken to maintain 
hepatic perfusion in the perioperative period and to avoid any hepatotoxic 
drugs or significant hypotension that could precipitate liver failure or hepatic 
encephalopathy.

 •  Based on large retrospective studies, patients with cirrhosis who are undergoing 
abdominal surgery, especially those in Child-Turcotte-Pugh (CTP) class C, 
appear to have an increased risk of perioperative death. Elective surgery in these 
individuals should be avoided, if possible, in favor of less invasive procedures.

 •  Postoperative jaundice may occur as a result of intraoperative hepatobiliary injury, 
anesthetic-induced hepatotoxicity, severe hepatic hypoperfusion (e.g., cardiogenic 
or hypovolemic shock), and a variety of medications.

 •  Patients with the most advanced forms of liver disease (e.g., CTP class B or C 
cirrhosis) should receive management designed to maximize hepatic perfusion 
and hepatic oxygen delivery and to prevent and treat the complications of 
hepatic encephalopathy, cerebral edema, coagulopathy, hemorrhage, and portal 
hypertension.
2244

The liver is the largest organ in the body, and it plays 
a critical role in the homeostasis of many physiologic 
systems, including nutrient and drug metabolism, syn-
thesis of plasma proteins and critical hemostatic factors, 
and detoxification and elimination of many endoge-
nous and exogenous substances.1 Acute or chronic liver 
dysfunction can impair the response to anesthesia and 
surgery in several critical ways, whereas certain anesthet-
ics and hemodynamic disturbances can induce unique 
and serious alterations in postoperative hepatic function.

This chapter reviews the anesthetic implications of 
acute and chronic liver disease, the impact of anesthetics 
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on hepatic function, evaluation of perioperative changes 
in liver function test results and hepatobiliary function, 
and periprocedural considerations for some selected sur-
gical procedures involving the liver and gallbladder.

EFFECT OF ANESTHETICS ON HEPATIC 
FUNCTION

This section focuses on the impact of volatile and 
intravenous anesthetics on liver blood flow and 
hepatic function. Halothane hepatitis and related vola-
tile anesthetic–induced hepatotoxicity are discussed in 
Chapter 26.

VOLATILE ANESTHETICS

Volatile anesthetics variably influence blood flow to the 
liver, whereas intravenous anesthetics and opioids proba-
bly have a less significant impact. However, many poten-
tial confounding variables can influence hepatic blood 
flow and liver function, including the animal species 
studied, the subject’s age, intravascular volume status, 
the type of mechanical ventilation used, body position at 
the time of physiologic measurements, simultaneous sur-
gical procedures, changes in arterial blood pressure, con-
comitant use of vasopressors and local anesthetics, and 
alterations in hemoglobin and arterial oxygen concen-
trations. Yet reasonably firm conclusions can be reached 
regarding the impact and probable clinical significance 
of anesthetic drugs on hepatic function in normal and 
cirrhotic patients.

The impact of volatile anesthetics on hepatic blood 
flow (including hepatic arterial and portal venous blood 
flow), oxygen delivery, and hepatic oxygen supply-to-
demand ratios has been determined for all the major 
volatile anesthetics, primarily in rat and pig experimental 
models. Human studies also support the findings of these 
early experimental investigations.2,3 Many measurement 
techniques have been used to assess hepatic and portal 
venous blood flow, although plasma clearance of indo-
cyanine green is most commonly used to assess hepatic 
blood flow. Transesophageal echocardiography can also 
evaluate hepatic vein flow, but it is only an indirect mea-
surement of hepatic perfusion and oxygenation (see also 
Chapter 46). A novel technique involving pulsed Doppler 
probes implanted in animals and in humans undergo-
ing cholecystectomy has allowed accurate measurement 
of hepatic arterial and portal vein blood flow.4 Most 
anesthetics decrease portal blood flow (PBF) because of 
decreased cardiac output; however, hepatic arterial blood 
flow (HABF) may increase, although often not sufficiently 
to restore total hepatic blood flow (THBF) to normal val-
ues.5 THBF is equal to the sum of PBF and HABF. Mean 
arterial blood pressure (MAP) and cardiac output decrease 
with all volatile anesthetics, but a more pronounced 
reduction in PBF, HABF, and THBF occurs with halothane 
and enflurane than with isoflurane and sevoflurane (Fig. 
73-1).2-4,6-10 These changes generally apply across a range 
of minimum alveolar concentrations (MACs). Volatile 
anesthetics also alter portal venous and hepatic arterial 
vascular resistance to variable degrees; these changes, in 
conjunction with decreases in cardiac output, MAP, and 
mesenteric sympathetic tone, modify the hepatic vascu-
lar supply.11

Although all volatile anesthetics decrease MAP and PBF, 
halothane has a more consistently dramatic impact on 
HABF. Halothane causes vasoconstriction in the hepatic 
arterial vascular bed, as reflected by an increase in hepatic 
arterial resistance.4,12 In vivo videomicroscopy after halo-
thane exposure in rats demonstrated reduced sinusoidal 
blood flow as a result of decreased sinusoidal diameter, 
thus providing direct evidence of vasoconstriction at the 
microvascular level.12 In contrast, isoflurane increased 
flow velocity in hepatic sinusoids and in this way pre-
served microvascular blood flow more than halothane or 
enflurane.12 Benumof and colleagues demonstrated mark-
edly reduced HABF after halothane administration in two 
patients during hepatic arteriography; hepatic blood flow 
returned to normal 20 minutes after discontinuation of 
halothane anesthesia.13

Halothane also reduces hepatic oxygen delivery and 
hepatic venous oxygen saturation (Fig. 73-2).14 These 
changes are related to decreased MAP and more dramatic 
reductions in cardiac output with halothane than with 
any other volatile anesthetics.5 Gelman and associates 
demonstrated that during surgical stress in pigs, fentanyl 
or isoflurane anesthesia, which decreases MAP by less 
than 30%, provided adequate oxygen supply, whereas 
halothane anesthesia, which decreases arterial blood pres-
sure more than 30%, provided inadequate hepatic oxygen 
supply.9 This finding also applied to episodes of hepatic 
ischemia, in which fentanyl or isoflurane provided better 
protection than halothane or enflurane. In addition to 
vascular changes, hepatic function, as measured by serum 
transaminase levels, also suggests an unfavorable impact 
of halothane versus isoflurane.3

Volatile anesthetic–induced alterations in hepatic 
blood flow are, in part, mediated by an autoregulatory 
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Figure 73-1. Impact of halothane, enflurane, isoflurane, and sevoflu-
rane at 1.0 and 2.0 minimum alveolar concentration (MAC) on total 
hepatic blood flow (THBF) in dogs. THBF decreased with increasing 
anesthetic concentrations of each volatile agent. Sevoflurane and iso-
flurane were similar in their modest effect on THBF, whereas halothane 
caused a dramatic decrease in THBF, especially at 2-MAC exposure. 
*Differs from sevoflurane and isoflurane at comparable MAC values  
(P < .05). (Data from Frink EJ, Morgan SE, Coetzee A, et al: The effects of 
sevoflurane, halothane, enflurane, and isoflurane on hepatic blood flow 
and oxygenation in chronically instrumented greyhound dogs, Anesthesi-
ology 76:85-90, 1992.)
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mechanism that maintains constant THBF. This physi-
ologic adaptation is termed the hepatic arterial buffer 
response (HABR), which matches reductions in PBF with 
increases in HABF to maintain total blood flow to the 
liver constant in the presence of profound hypovolemia, 
indirect effects of major abdominal surgery, or severe 
hemorrhage.15 Halothane disrupts this compensatory 
response, whereas sevoflurane and isoflurane maintain 
HABR.15,16 Sevoflurane further suppresses hepatic arte-
rial vasoconstriction and thus maintains HABF more 
effectively than does halothane.17 Sevoflurane is also 
consistently equivalent or superior to isoflurane in 
maintaining HABF, hepatic oxygen delivery, and oxy-
gen delivery-to-consumption ratios.10,18,19 In addition, 
laboratory studies demonstrated insignificant changes 
in conventional liver function test results after exposure 
to isoflurane or desflurane, with the most favorable pro-
files with desflurane and sevoflurane as compared with 
other volatile anesthetics.3,20-23

The encouraging results obtained with sevoflurane ver-
sus older volatile anesthetics are further supported by the 
observation that compound A produced by prolonged, 
low-flow sevoflurane anesthesia does not adversely affect 
hepatic function in adult surgical patients as determined 
by liver function testing or measurement of arterial 
ketone body ratios, a putative measure of hepatocyte 
function.24-28 In a large clinical study of sevoflurane, Bito 
and co-workers noted mild postoperative increases in bil-
irubin and transaminase values in 100 surgical patients 
receiving low- and high-flow sevoflurane or isoflurane 
anesthesia, but no evidence of clinical hepatotoxic-
ity.28 Routine liver function test results are often mildly 
increased after surgery and anesthesia with volatile anes-
thetics, although the specific contribution of the anes-
thetic itself is debatable.3,24,25,29
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Figure 73-2. Impact of halothane, enflurane, isoflurane, and sevoflu-
rane at 1.5 and 2.0 minimum alveolar concentration (MAC) on hepatic 
arterial oxygen delivery in chronically instrumented dogs. Halothane 
produced the greatest reduction in hepatic arterial oxygen delivery, 
whereas sevoflurane and isoflurane had insignificant effects on oxygen 
delivery at any MAC level. *Differs from isoflurane and sevoflurane at 
comparable MAC values (P < .05). †Differs from sevoflurane at com-
parable MAC values (P < .05). (Data from Frink EJ, Morgan SE, Coetzee 
A, et al: The effects of sevoflurane, halothane, enflurane, and isoflurane 
on hepatic blood flow and oxygenation in chronically instrumented grey-
hound dogs, Anesthesiology 76:85-90, 1992.)
Administration of either sevoflurane26,27,30 or desflu-
rane31,32 to human volunteers not undergoing surgery 
produced no significant abnormalities in liver function 
test results, thus suggesting that other perioperative sur-
gical factors may induce mild, transient alterations in 
plasma transaminase levels. In fact, early human investi-
gations found steep decreases in estimated hepatic blood 
flow immediately after the induction of anesthesia cor-
related with the decreases in arterial blood pressure.33 
Hepatic blood flow rapidly returned to normal soon after 
the start of surgery, a finding suggesting global reduc-
tions in cardiac output and blood pressure as mecha-
nisms responsible for the reduced hepatic blood flow, 
rather than a sustained adverse influence of specific vola-
tile or intravenous anesthetics on hepatic blood flow. In 
experimental and human ischemia-reperfusion injury 
studies,34,35 sevoflurane had favorable effects on hepatic 
function through an ischemic-preconditioning effect. 
These data are consistent with the favorable cardiac isch-
emic-preconditioning effect of sevoflurane.

Desflurane had effects similar to those of isoflurane 
on hepatic blood flow and function when assessed in 
animal and human investigations. In chronically instru-
mented dogs, Merin and associates demonstrated slight 
but significant decreases in THBF at 1.75 MAC as a result 
of decreased PBF, but no significant differences between 
desflurane and isoflurane in any measure of hepatic blood 
flow over a range of MAC values.36 Armbruster and co-
workers observed decreased THBF at 1 MAC desflurane 
in pigs, but only at levels of hypotension unlikely to be 
encountered clinically and without alterations in liver 
function test results.21 Other canine data suggested bet-
ter preservation of THBF with desflurane than with halo-
thane or isoflurane (Fig. 73-3).37 Subsequent studies in 
human volunteers examining hepatic function rather 
than hepatic blood flow failed to demonstrate any hepa-
totoxic effects of desflurane.30-32

In contrast to healthy volunteers and surgical patients, 
substantially less information is available describing the 
impact of anesthetics on hepatic function in patients 
with advanced liver disease. Desflurane and isoflurane 
may not change perioperative liver function test results 
in adult surgical patients with chronic liver disease.38 
Experimental models of hepatic injury showed lesser 
increases in hepatic enzymes and no evidence of micro-
scopic hepatocyte injury with sevoflurane compared with 
halothane-treated rats.39 Isoflurane was more efficient at 
preserving hepatic blood flow in cirrhotic animals than is 
ketamine or halothane,40 although other studies showed 
no difference in hepatic function in cirrhotic rats exposed 
to fentanyl, halothane, enflurane, or isoflurane.41 How-
ever, halothane decreases both hepatic blood flow and 
hepatic function and should not be given to patients 
with advanced liver disease. Given the current availabil-
ity of other volatile anesthetics and the overall marked 
decreased use of halothane, this issue is primarily of his-
torical interest. Moreover, as a consequence of the hepa-
totoxic potential of halothane, halothane should not be 
used in healthy adults or in any patient with significant 
hepatic dysfunction.

In this regard, other anesthetics devoid of hepatotox-
icity are available. Xenon, an inert gas first described as 



having anesthetic properties in 1951,42 has been consid-
ered to be an ideal inhaled anesthetic because it is nonex-
plosive and nonflammable, exhibits low toxicity, has no 
known teratogenic effects, and has rapid induction and 
recovery profiles resulting from its extremely low blood-
gas coefficient of 0.115, the lowest of all known anesthet-
ics.43,44 Xenon has no significant effect on left ventricular 
function, systemic vascular resistance, or systemic blood 
pressure. 44-46 Its hemodynamic profile is similar to that of 
propofol anesthesia in humans,45 and it caused less hypo-
tension and had no effect on left ventricular function 
when compared with isoflurane in human studies.46,47 
Although animal investigations suggested a substantial 
increase in cerebral perfusion with xenon when com-
pared with intravenous anesthetics, xenon has no effect 
on other regional organ perfusion, including liver perfu-
sion. It does not alter HABF, and given the absent effect 
on cardiac output, it should, in theory, have no impact 
on THBF (unlike all other volatile anesthetics). It also does 
not alter liver function tests. In an experimental model, 
Reinelt and colleagues noted higher hepatic venous oxy-
gen content levels in pigs exposed to 73% to 78% xenon 
versus intravenous anesthesia with pentobarbital and 
buprenorphine.48 These observations were believed to 
be secondary to a possible reduction of plasma catechol-
amine levels and subsequent reduced hepatic metabolism 
and increased hepatic venous oxygen content. Xenon 
may therefore prove to be an ideal anesthetic with regard 
to hepatic perfusion. Larger clinical trials in patients with 
both normal and abnormal hepatic function are necessary 
before definitive conclusions can be reached relative to its 
safety in patients with acute and chronic liver disease.

In summary, the influence of volatile anesthetics on 
hepatic blood flow and function is complex and is related 
not only to features unique to the anesthetic itself but also 
to other patient-related variables such as the severity of 
underlying liver dysfunction, the presence of advanced age, 

Desflurane
Isoflurane
Halothane

40

0

160

200

120

80

*

Control Low dose High dose

C
on

tr
ol

 (
%

)

Figure 73-3. Influence of low- and high-dose desflurane, halothane, 
and isoflurane on total hepatic blood flow (THBF) as measured with 
radioactive microspheres in chronically instrumented dogs. In contrast 
to desflurane and isoflurane, which increased THBF, halothane caused 
a significant decrease in THBF at high doses. *Significantly different 
from conscious control (P < 0.05). (Data from Hartman JC, Pagel PS, 
Proctor LT, et al: Influence of desflurane, isoflurane and halothane on 
regional tissue perfusion in dogs, Can J Anaesth 39:877-887, 1992.)
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and the impact of surgical stress and intraabdominal sur-
gical manipulation. However, sevoflurane, desflurane, and 
isoflurane have been consistently shown to preserve hepatic 
blood flow and function better than halothane or enflurane.

INTRAVENOUS ANESTHETICS

When compared with volatile anesthetics, less informa-
tion is available regarding the impact of intravenous 
anesthetics on hepatic function (see also Chapters 31 to 
33). Early investigations suggested that etomidate and 
thiopental decreased hepatic blood flow, either from 
increased hepatic arterial vascular resistance or from 
reduced cardiac output and blood pressure,49 whereas 
ketamine has little impact on hepatic blood flow, even 
in large doses.50 With the use of sensitive radiolabeled 
microsphere determinations of organ blood flow in ani-
mals, propofol was found to increase THBF in both the 
hepatic arterial and portal venous circulations, thus sug-
gesting a significant splanchnic vasodilator effect of this 
drug.51,52 THBF was maintained in some animal models 
even with significant reductions in MAP,53 whereas other 
animal models showed decreased mean hepatic blood 
flow despite increased MAP, a finding attributed to spe-
cies-specific effects of propofol.54 Limited human data 
suggest a more favorable splanchnic and hepatic oxygen 
delivery balance with propofol than with halothane.55 
Meierhenrich and colleagues demonstrated increased 
hepatic blood flow with propofol in humans by using 
transesophageal echocardiographic, Doppler-derived 
measurements of hepatic blood flow, a technique con-
sidered more accurate than hepatic clearance of indica-
tor dyes.56 Studies using indicator dyes in humans and 
animals suggested decreased hepatic blood flow with 
propofol,57,58 whereas other animal investigations using 
techniques not involving dye showed improved hepatic 
blood flow under propofol anesthesia.52,59 Overall, an 
antioxidant effect may occur with propofol in patients 
undergoing liver surgery and orthotopic liver transplan-
tation (see also Chapter 74),60,61 although the ultimate 
effect of this drug on ischemia-reperfusion injury may 
be modest, at best, in these patient populations. In sum-
mary, based on limited clinical and experimental data, it 
appears that intravenous anesthetics have only a modest 
impact on hepatic blood flow and no meaningful adverse 
influence on postoperative liver function when blood 
pressure and cardiac output are adequately maintained.

CENTRAL NEURAXIAL ANESTHESIA

The effect of spinal or epidural anesthesia on liver blood 
flow and hepatic function is not clearly an anesthetic 
drug–induced alteration in hepatic function (see Chap-
ter 56). Kennedy and colleagues showed that hepatic 
blood flow decreased during high spinal and epidural 
anesthesia and appeared to mirror simultaneous reduc-
tions in MAP.62,63 Other animal data suggested reduced 
PBF and unchanged HABF with high epidural blockade, 
thus causing a decrease in THBF.64 This finding was con-
firmed in humans undergoing thoracic epidural anes-
thesia in which echocardiography confirmed reductions 
in hepatic venous blood flow.65 These adverse changes 
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may be reversed and hepatic blood flow maintained with 
the administration of vasopressors (e.g., dopamine or 
ephedrine) to restore PBF66–68 or fluid administration to 
maintain normal arterial blood pressure,69 although vaso-
pressors may actually further reduce hepatic blood flow.65 
Presumably, hypotension-induced reductions in hepatic 
blood flow are secondary to decreased splanchnic blood 
flow and thus reduced PBF. The impact of absorbed local 
anesthetic, with or without epinephrine, on cardiac out-
put or splanchnic vascular resistance is unknown.

EFFECT OF HEPATIC DYSFUNCTION AND 
HEPATOBILIARY DISEASE ON ANESTHETIC 
DRUG PHARMACOKINETICS

Liver disease may have a significant impact on drug 
metabolism and pharmacokinetics as a result of altera-
tions in protein binding, reduced levels of serum albumin 
and other drug-binding proteins, altered volume of distri-
bution because of ascites and increased total-body water 
compartments, and reduced metabolism secondary to 
abnormal hepatocyte function (see Chapters 24 and 74). 
In addition, sedatives and opioids may have exaggerated 
effects in patients with advanced liver disease and may 
either induce or worsen hepatic encephalopathy.70 The 
impact of long-term alcohol ingestion on hepatic enzyme 
induction may also influence the ultimate effect of drugs 
in patients with cirrhosis.

The impact of liver disease on drug disposition depends 
not only on the elimination pathways for a given drug 
but also on the severity of the underlying hepatic dys-
function. The efficiency of drug removal by the liver is 
determined by several factors, including hepatic blood 
flow, hepatic enzyme activity and efficiency, the extent 
of plasma protein binding, cholestasis-induced altera-
tions in the enterohepatic circulation and metabolism of 
enteral drugs, and the presence of portosystemic shunts 
that exclude certain drugs from elimination by the dis-
eased liver.71 In addition, the influence of liver disease 
on drug elimination differs for enteral and parenteral 
drugs.70 In general, severe liver disease predictably alters 
the metabolism of drugs with large extraction ratios, 
such as lidocaine and meperidine, in which clearance pri-
marily depends on hepatic blood flow or portosystemic 
shunting. Conversely, the metabolism of low-extraction 
drugs, such as the benzodiazepines, is influenced mainly 
by protein binding, in which unbound drug is available 
for elimination, and by intrinsic hepatic clearance and 
metabolism, which are reduced in accordance with the 
severity of hepatocellular dysfunction.70,71 However, an 
increased free fraction of a drug because of reduced levels 
of plasma proteins may counter the impact of reduced 
hepatic metabolism and lead to modest changes in the 
ultimate effect of the drug.71 Finally, greater free frac-
tions of available drug as a result of reduced protein bind-
ing may lead to greater drug deposition in tissues (and 
a potentially increased volume of distribution), which 
in conjunction with reduced hepatic metabolism may 
increase drug half-life.71 It is thus evident that drug phar-
macokinetics in the presence of advanced liver disease is 
complex. The impact on different classes of drugs is dis-
cussed separately.
OPIOIDS

The significantly reduced metabolism of morphine in 
patients with advanced cirrhosis leads to a prolonged 
elimination half-life, markedly increased bioavailability 
of orally administered morphine, decreased plasma pro-
tein binding, and potentially exaggerated sedative and 
respiratory-depressant effects (see also Chapter 31).71 
Although extrahepatic metabolism may contribute to 
morphine clearance in patients with cirrhosis, the admin-
istration interval should be increased 1.5- to 2-fold in these 
patients and the oral dose of the drug reduced because 
of increased bioavailability.71 Similar changes occur with 
meperidine, in which a 50% reduction in clearance and a 
doubling of the half-life have been observed. In addition, 
clearance of normeperidine is reduced, and patients with 
severe liver disease may experience neurotoxicity from 
accumulation of normeperidine.71

In contrast to these drugs, fentanyl is a highly lipid-
soluble synthetic opioid that has a short duration of 
action after a single intravenous bolus dose because of 
rapid redistribution into storage sites. With repeated 
administration or continuous infusions, accumulation 
may occur and lead to prolonged effects.71 Because fen-
tanyl is almost completely metabolized in the liver, its 
elimination should be predictably prolonged in patients 
with advanced liver disease. However, fentanyl elimi-
nation is not appreciably altered in patients with cir-
rhosis.71,72 Whether the limited extent of liver disease 
in the study patients affected the pharmacokinetic data 
or whether continuous infusions or repeated doses in 
cirrhotic patients produce more exaggerated and pro-
nounced effects is unknown.

Sufentanil, a more potent but similar synthetic lipo-
philic opioid, is also extensively metabolized by the liver 
and is highly protein bound. Single-dose pharmacoki-
netics is not significantly altered in patients with cir-
rhosis, although the impact of continuous infusions and 
reduced protein binding is as ill-defined for sufentanil 
as for fentanyl.73 Alfentanil, a short-acting opioid less 
potent than fentanyl, is also exclusively metabolized by 
the liver and is highly protein bound.71 However, unlike 
with fentanyl or sufentanil, the half-life of alfentanil is 
almost doubled in patients with cirrhosis, and higher 
free fractions of the drug are observed; these higher free 
fractions can potentially lead to a prolonged duration of 
action and enhanced effects.74,75 Remifentanil is a syn-
thetic opioid with an ester linkage that allows for rapid 
hydrolysis by blood and tissue esterases; such hydrolysis 
leads to high clearance, rapid elimination, and recov-
ery that is almost independent of the dose or duration 
of infusions.76 Predictably, the clearance and elimina-
tion of remifentanil are indeed unaltered in patients 
with severe liver disease or in those undergoing liver 
transplantation.71,77-79

SEDATIVE-HYPNOTIC DRUGS

Thiopental has a small hepatic extraction ratio, and 
therefore its metabolism and clearance should be 
adversely affected in patients with liver disease (see 
also Chapter 32). However, the elimination half-life of 
thiopental is unchanged in cirrhotic patients, possibly 
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because of a large volume of distribution.80,81 A pro-
longed effect from standard doses of thiopental thus 
seems unlikely in this patient population. In contrast, 
other intravenous anesthetics, including methohexital, 
ketamine, etomidate, and propofol, are highly lipid sol-
uble, are metabolized by the liver, have a large hepatic 
extraction ratio, and should have diminished clearance 
in the presence of advanced liver disease.76 Despite 
this pharmacokinetic profile, etomidate clearance is 
unchanged in cirrhotic patients, although increased vol-
umes of distribution may prolong the elimination half-
life and result in unpredictable recovery times.82 Other 
investigators have shown altered pharmacokinetics of 
etomidate infusions in cirrhotic patients, presumably 
because of the drug’s impaired hepatic clearance.83 In 
contrast to the situation in cirrhotic patients, etomidate 
requirements in individuals with obstructive jaundice, 
as measured by predefined bispectral index values, were 
significantly less than in control patients. 84 Methohexi-
tal and propofol also have an elimination kinetic profile 
in cirrhotic individuals that is similar to that observed 
in normal patients,76 both after single-bolus adminis-
tration of propofol85 and after propofol infusion,86 an 
effect that may result from extrahepatic metabolism of 
propofol.87 However, mean clinical recovery times may 
be longer after discontinuation of propofol infusions 
in cirrhotic patients.86 The reduced clearance of mid-
azolam in patients with end-stage liver disease produces 
prolonged elimination half-lives.88,89 In conjunction 
with reduced protein binding and increased free frac-
tions of midazolam, a prolonged duration of action and 
an enhanced sedative effect should be anticipated in 
patients with severe liver disease, especially after mul-
tiple doses or prolonged infusions. Similar changes have 
also been observed with diazepam.89

Dexmedetomidine, an α2-adrenergic agonist with 
sedative and analgesic properties, is primarily metabo-
lized in the liver with minimal renal clearance. Data 
from patients with hepatic failure of varying severity 
demonstrated significantly decreased clearance, pro-
longed half-lives, and lower bispectral index values 
than in normal control patients.90 Dosage adjustments 
are therefore indicated when dexmedetomidine is used 
in patients with significant hepatic dysfunction. This 
evidence mirrors, in part, findings from dexmedeto-
midine use in individuals with renal dysfunction, in 
whom prolonged sedation despite unchanged pharma-
cokinetics has been attributed to altered protein bind-
ing, a factor that also applies to patients with hepatic 
dysfunction.91,92

In summary, despite substantial hepatic metabolism 
of most intravenous anesthetic induction agents, limited 
evidence from single-dose pharmacokinetic studies sug-
gests that cirrhosis has minimal impact on the pharmaco-
kinetic profile of sedative-hypnotic drugs. Given that the 
clinical effect and duration of action of benzodiazepines 
are more pronounced in the presence of severe liver dis-
ease, it would therefore be prudent to administer these 
drugs cautiously when using repeated dosing or pro-
longed infusions, either in the operating room or in the 
intensive care unit, where drug accumulation, prolonga-
tion of effects, and increased risk of hepatic encephalopa-
thy can be anticipated.
NEUROMUSCULAR BLOCKING DRUGS

In contrast to opioids and intravenous anesthetics, more 
comprehensive information is available regarding the 
impact of cirrhosis on the pharmacokinetics and phar-
macodynamics of neuromuscular blocking drugs (see also 
Chapter 34). Vecuronium is a steroidal muscle relaxant that 
undergoes hepatic elimination.93,94 This drug has decreased 
clearance, a prolonged elimination half-life, and pro-
longed neuromuscular blockade in patients with cirrhosis  
(Fig. 73-4).95,96 The impact of alcoholic liver disease is less 
definite, with clearance and elimination half-lives typically 
unchanged.97 Rocuronium also undergoes hepatic metabo-
lism and elimination.98 Hepatic dysfunction can increase 
the volume of distribution of rocuronium, thus prolonging 
its elimination half-life,98 as well as producing a longer clini-
cal recovery profile and return of normal twitch tension.98,99 
Gao and associates observed a 24% decrease in rocuronium 
infusion requirement in 17 patients during the anhepatic 
phase of liver transplantation.100 Although the initial clini-
cal recovery of neuromuscular function is not affected by 
liver disease, larger initial doses or repeated administration 
will typically prolong the effect of rocuronium in the pres-
ence of significant hepatic dysfunction.98

The increased volume of distribution for some drugs 
observed in cirrhotic patients can also prolong the elimi-
nation half-life of pancuronium.101 Muscle relaxants that 
undergo organ-independent elimination, such as atra-
curium (nonspecific ester hydrolysis) and cisatracurium 
(Hofmann elimination), have elimination half-lives and 
clinical durations of action similar to those observed in 
normal patients and in patients with end-stage liver dis-
ease.102-104 The unique elimination of mivacurium by 
plasma cholinesterase is, however, altered by cirrhosis.

Mivacurium is associated with significantly longer recov-
ery of twitch tension and has a longer elimination half-life 
(18 versus 34 minutes in normal versus cirrhotic patients, 
respectively) and a longer residence time in patients with 
hepatic failure than in normal patients, a finding closely cor-
related to reduced plasma cholinesterase activity in cirrhotic 
patients.105-107 This reduced activity is related to reduced 
clearance by plasma cholinesterase of the two active isomers 
of mivacurium, cis-trans and trans-trans.107 Infusion rates of 
mivacurium should be adjusted accordingly in patients with 
advanced liver disease. The impact of liver disease on miva-
curium’s pharmacokinetics is likely of historical interest, 
as the drug is no longer available in the United States. The 
changes observed with mivacurium are predictably expected 
with succinylcholine if decreased plasma cholinesterase lev-
els are present because of advanced liver disease. Lowered 
cholinesterase levels have been observed in these individu-
als,108 and they may prolong the effect of succinylcholine.

Sugammadex “reverses” neuromuscular blockade from 
steroidal neuromuscular blocking drugs (vecuronium 
and rocuronium) by a mechanism completely different 
from that of neostigmine. Sugammadex encapsulates 
rocuronium, so it cannot cause neuromuscular blockade. 
The sugammadex-rocuronium complex is then trans-
ported through perfusion mainly to the kidney for excre-
tion. Sugammadex is excreted unchanged in the urine.109

In summary, cirrhosis and other forms of advanced liver 
disease predictably reduce the elimination of vecuronium, 
rocuronium, and mivacurium and prolong the duration 
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of neuromuscular blockade, especially after repeated doses 
or the use of prolonged infusions. Atracurium and cisatra-
curium are not dependent on hepatic elimination and can 
be used without modification of dosing in patients with 
end-stage liver disease. Careful monitoring of neuromus-
cular function is recommended whenever muscle relax-
ants are used in this patient population.

RISK FACTORS FOR POSTOPERATIVE 
HEPATOBILIARY COMPLICATIONS

The anesthesia literature is replete with detailed descrip-
tions of preoperative assessment of cardiac and renal risk 
for noncardiac surgery.110,111 Because preoperative risk 
factors for the development of postoperative hepatic dys-
function or failure after nonhepatic surgery have not been 
clearly elucidated, anesthesiologists have based decisions 
regarding the care of patients with preoperative hepatic 
dysfunction on data derived in the 1960s and 1970s. 
Unfortunately, prospective studies addressing these issues 
in the current era of newer anesthetic and surgical tech-
niques are lacking. Assessment of risk factors for postop-
erative hepatic insufficiency requires consideration of the 
following: (1) asymptomatic elevations in preoperative 
liver enzyme test results; (2) acute hepatitis (viral, drug, 
toxin), steatosis, chronic  hepatitis, and cirrhosis; and (3) 
the types of surgical procedures that potentially predis-
pose to postoperative liver dysfunction.
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Figure 73-4. Disappearance of vecuronium from plasma after a 
single bolus dose of 0.2 mg/kg. A semilogarithmic plot of plasma 
concentration versus time shows that the vecuronium concentra-
tion remained at a much higher level during the elimination phase 
in patients with cirrhosis (open circles) than in normal control patients 
(black circles). This difference reflects the markedly decreased plasma 
clearance of vecuronium, increased elimination half-life, and increased 
duration of neuromuscular blockade in patients with cirrhosis versus 
normal individuals. (From Lebrault C, Berger JL, D’Hollander AA, et al: 
Pharmacokinetics and pharmacodynamics of vecuronium (ORG NC 45) in 
patients with cirrhosis, Anesthesiology 62:601-605, 1985.)
ASYMPTOMATIC PREOPERATIVE LIVER 
ENZYME TEST ABNORMALITIES

Unnecessary laboratory test screening may reveal abnor-
mally elevated liver enzyme test results in otherwise 
healthy patients. Abnormalities in standard liver enzyme 
tests, including aspartate aminotransferase (AST), alanine 
aminotransferase (ALT), and alkaline phosphatase, occur in 
0.1% to 4% of the general population,112,113 as well as in 
as many as 36% of psychiatric patients, in whom alcohol 
and illicit drug abuse is prominent.114 However, the overall 
prevalence of clinically significant hepatic dysfunction in 
asymptomatic patients is less than 1%. A retrospective anal-
ysis of 91 noncirrhotic patients with serum liver enzyme 
levels greater than 1.5 times normal who were undergoing 
surgery reported no development of hepatic failure or post-
operative complications related to hepatic dysfunction.115 
Of these patients, 34 had hepatology consultations result-
ing in additional laboratory and ultrasonographic testing 
that failed to influence either the management or outcome 
of their cases. Thus, pursuing more extensive evaluation 
with costly tests such as ultrasonography, radionuclide 
imaging, or liver biopsy is rarely indicated.

In general, the most appropriate initial approach to a 
surgical patient with abnormal liver enzyme test results 
consists of a detailed history and physical examination. 
Symptoms of fatigue, anorexia, nausea, vomiting, biliary 
colic, pruritus, fever, or dark-colored urine warrant further 
evaluation because these findings may suggest clinically 
active hepatobiliary disease and thus potentially preclude 
elective surgery. If, however, the patient is asymptomatic, 
the significance of abnormal enzyme test results can be 
questioned. The patient should be further asked about a his-
tory of associated diseases such as chronic hepatitis, a family 
history of Wilson disease, hemochromatosis, α1-antitrypsin 
deficiency, diabetes mellitus, hyperthyroidism or hypothy-
roidism, and previous transfusion history. All medications, 
including vitamins and herbal or other homeopathic rem-
edies, should be reviewed for potential hepatotoxic side 
effects. The patient should be further questioned regarding 
alcohol or other illicit drug use, the presence of tattoos, sex-
ual promiscuity, and consumption of raw seafood because 
they are potential risk factors for infectious hepatitis.

Physical examination may reveal findings consistent 
with active liver disease, such as icterus, palmar erythema, 
spider angiomas, gynecomastia, hepatosplenomegaly, 
ascites, or peripheral edema. Although these findings 
invariably suggest a diagnosis of cirrhosis, it is reasonable 
to repeat the test if a complete history and physical exam-
ination fail to suggest a cause of the biochemical abnor-
mality. Minor increases in liver enzyme test results are 
defined as less than twice the normal value,116 and, given 
a negative history and physical examination, they do 
not warrant additional testing before anesthesia and sur-
gery.115 Assessment of larger increases in liver enzyme test 
results requires an analysis of the specific abnormality.

AST and ALT are sensitive indicators of hepatocyte 
integrity. AST is present in hepatocyte cytoplasm and 
mitochondria, but it is also ubiquitous in cardiac and 
skeletal muscle; in kidney, brain, pancreas, and lung tis-
sue; and in red and white blood cells. AST is therefore a 
less specific index of cellular injury than is ALT, which is 
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primarily found in the cytoplasm of hepatocytes. Both 
enzymes are released when the hepatic cell membrane is 
injured, although a correlation appears to exist between 
the degree of injury and serum aminotransferase levels. 
The AST/ALT ratio may also be helpful in distinguishing 
between alcohol-induced hepatitis and viral hepatitis. 
Alcohol tends to damage hepatocyte mitochondria pref-
erentially, thereby causing an elevation in AST usually 
greater than twice the ALT.117 In addition, ALT activity 
is diminished in patients with alcohol-induced liver dis-
ease because these individuals tend to have deficiencies 
of pyridoxal 5-phosphate, a vitamin necessary for ALT 
function. In contrast, a decrease in the AST/ALT ratio is 
more consistent with a diagnosis of viral hepatitis. Ami-
notransferases also increase in choledocholithiasis, chol-
angitis, and ischemic hepatitis. Ischemic hepatitis may 
not uncommonly produce levels greater than 10,000 
International Units/L.

Similar to AST, alkaline phosphatase is present in many 
tissues, including bone, intestine, kidney, and placenta, as 
well as in leukocytes. The enzyme catalyzes the hydroly-
sis of orthophosphate from ester substrates at an alkaline 
pH. In hepatocytes, alkaline phosphatase is synthesized 
by biliary epithelial cells and is released in relation to 
the degree of bile duct obstruction. Measuring serum 
γ-glutamyltransferase (GGT), an enzyme found predomi-
nantly in hepatocytes and biliary epithelial cells, may 
aid in distinguishing between hepatic and bone causes of 
increased alkaline phosphatase. Although GGT is a very 
sensitive indicator of the presence or absence of hepatobi-
liary disease, by itself it lacks specificity because it is also 
increased in patients with myocardial infarction, renal 
disease, diabetes mellitus, and chronic obstructive pulmo-
nary disease. If both alkaline phosphatase and GGT levels 
are elevated, the abnormality probably reflects hepatobili-
ary disease. Increased levels of alkaline phosphatase and 
GGT usually occur in extrahepatic bile duct obstruction 
and intrahepatic cholestasis from infiltrative diseases such 
as sarcoidosis, from mass lesions such as primary or meta-
static carcinoma, or from drug-induced cholestasis.

Although liver enzyme elevation is an indication of 
active disease, synthetic hepatic function is best measured 
by serum bilirubin, albumin, and the prothrombin time. 
The bilirubin concentration in plasma varies in accor-
dance with its production and inversely with hepatic 
clearance. Hepatic microsomal enzymes convert uncon-
jugated bilirubin to the more water-soluble form, thereby 
permitting excretion in bile and preventing central ner-
vous system toxicity. Total bilirubin levels represent both 
conjugated (direct bilirubin) and unconjugated (indi-
rect bilirubin) forms. Unconjugated hyperbilirubinemia 
suggests hemolysis or an inherited disorder of bilirubin 
metabolism such as Gilbert syndrome. If more than 50% 
of the total serum bilirubin is conjugated, cholestasis or 
hepatocellular dysfunction is implied. Albumin is synthe-
sized solely in the liver and, in healthy adults, has a half-
life of approximately 21 days. The normal level of 3.5 g/dL 
usually decreases in long-standing and severe liver disease 
but is also influenced by overall nutritional status.

Finally, hepatobiliary dysfunction can cause an abnor-
mal prothrombin time by impairing synthesis of the 
essential clotting factors II (prothrombin), VII, IX, and X. 
Hepatic synthesis of these factors depends on vitamin K, 
a fat-soluble vitamin found in certain foods and produced 
by intestinal bacteria, so abnormalities in prothrombin 
activity (as expressed by the international normalized 
ratio [INR]) may also occur in patients with malnutri-
tion or malabsorption syndromes. The plasma half-time 
of these vitamin K–dependent factors is very short (<24 
hours), and hence the INR responds rapidly to changes 
in synthetic function. This rapid response makes this test 
a more sensitive index of hepatic function than serum 
albumin.

Although no prospective, randomized, controlled 
studies have been designed to assess the perioperative risk 
of anesthesia or surgery in asymptomatic patients with 
elevated liver enzyme test results, a suggested approach 
to these patients is outlined in Figure 73-5.

ACUTE HEPATITIS

The diverse roles of the liver in drug metabolism, hemosta-
sis, and coagulation function, in association with surgery 
and anesthesia-related alterations in hepatic perfusion, 
make it an organ extremely susceptible to clinically 
important hepatocellular injury induced by viruses or by 
alcohol or other drugs. Consensus opinion, based largely 
on data derived from older, predominantly retrospec-
tive studies, is that acute hepatitis, whether viral, alcohol 
induced, or drug induced, is a risk for the development 
of hepatic failure or death after elective surgery. In 1982, 
Powell-Jackson and co-workers described 36 patients who 
underwent exploratory laparotomy for either suspected 
extrahepatic biliary tract obstruction or intraabdomi-
nal malignancy, all of whom were ultimately found to 
have viral or alcoholic hepatitis, cirrhosis, or Budd-Chiari 
syndrome.118 Of these patients, 61% suffered significant 
morbidity, including postoperative liver failure, and 31% 
died within 1 month of surgery. One hundred percent of 
patients with histologically proven hepatitis died. Green-
wood and associates also reported high mortality rates in 
patients with alcoholic hepatitis who were undergoing 
open liver biopsy.119 Bell and colleagues, however, noted 
that survival rates were not influenced by the presence 
of biopsy-proven hepatitis in 164 patients with alcoholic 
cirrhosis who required emergency portocaval shunts for 
esophageal variceal bleeding.120

In the current era of advanced diagnostic testing 
and imaging in which nonoperative management of 
extrahepatic biliary tract obstruction can be performed 
with endoscopic retrograde cholangiopancreatography 
(ERCP), invasive procedures such as open liver biopsy 
or exploratory laparotomy can be avoided. The prepon-
derance of earlier information on perioperative morbid-
ity and mortality indicates that elective surgery should 
be delayed in patients with acute hepatitis of any origin 
until resolution of hepatocellular dysfunction can be con-
firmed.70 The influence of the type of surgery on patients 
with hepatitis is described later.

STEATOSIS AND STEATOHEPATITIS

Patients with chronic, asymptomatic increases in serum 
aminotransferase levels are often found by liver biopsy to 
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Figure 73-5. Approach to asymp-
tomatic patients with abnormal 
liver test results who are presenting 
for surgery. ALT, Alanine amino-
transferase; AST, aspartate amino-
transferase; ETOH, ethanol; GGT, 
γ-glutamyltransferase; HX, history; 
INR, international normalized ratio; 
NL, normal; R/O, rule out.
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have steatosis (fatty liver) or steatohepatitis.121 Hultcrantz 
and co-workers studied 149 asymptomatic patients with 
at least a 6-month history of elevated aminotransferase 
levels that were found incidentally during routine labora-
tory screening.122 Liver biopsy confirmed the diagnosis 
of steatosis in 64% of these patients, most of whom were 
obese or diabetic or had a history of excessive alcohol use. 
In a subsequent study, Hay and colleagues demonstrated 
a 21% incidence of steatohepatitis in a similar patient 
population.121 Both studies concluded that chronic hepa-
titis or cirrhosis cannot be differentiated from steatosis or 
steatohepatitis based solely on clinical laboratory or non-
invasive radiologic or ultrasonographic criteria. In a retro-
spective analysis of 135 patients who underwent hepatic 
resection, Behrns noted an increased incidence of postop-
erative liver failure and mortality when histopathologic 
examination revealed hepatocytes with greater than 30% 
fatty infiltration.123 Brolin and associates noted a 6% inci-
dence of biopsy-proven nonalcoholic steatohepatitis and 
subclinical cirrhosis in patients undergoing gastric bypass 
surgery; postoperative mortality was higher in affected 
patients than in those with normal hepatic histologic 
features.124 Despite recommendations to the contrary,125 
steatosis and steatohepatitis should probably be consid-
ered significant risk factors for postoperative complica-
tions, especially after abdominal procedures. For this 
reason, patients with asymptomatic, chronic (>6 months) 
elevations in hepatic enzyme levels should be thoroughly 
evaluated before elective surgery.

CHRONIC HEPATITIS

The extent of anesthetic or surgical risk imposed by 
chronic forms of hepatitis primarily relates to the sever-
ity of associated hepatic synthetic dysfunction. Runyon 
retrospectively studied 20 asymptomatic patients who had 
chronic hepatitis B or C and were undergoing general or 
spinal anesthesia for a total of 34 surgical procedures, most 
of which were at operative sites distant from the liver.126 
Liver enzyme test results did not worsen postoperatively, 
nor did any patient experience postoperative liver failure 
or death. Higashi and colleagues assessed the postopera-
tive outcomes of 119 patients with chronic hepatitis who 
were undergoing liver resection for primary hepatocellular 
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carcinoma (HCC).127 Patients with the most impaired liver 
enzyme test results had a higher incidence of hepatic fail-
ure, recurrent HCC, and death.128 Abnormal liver enzyme 
test results in an otherwise healthy patient reflect either a 
subclinical acute process such as viral or toxin-mediated 
hepatitis or a chronic disorder such as chronic hepatitis.

Asymptomatic patients with any form of chronic 
hepatitis should be screened before elective surgery for 
evidence of hepatic dysfunction, with the INR being the 
most sensitive indicator of the severity of hepatocellular 
dysfunction. When surgery cannot be avoided, hepatic 
perfusion should be maintained, and factors that could 
precipitate liver failure, hepatic encephalopathy, or both, 
should be avoided (see later).

CIRRHOSIS AS A PERIOPERATIVE RISK 
FACTOR

Cirrhosis is a syndrome of end-stage liver disease patho-
logically characterized by severe fibrosis and nodular 
regeneration of the liver parenchyma (see also Chapter 
74). Alcohol abuse remains the most common cause of 
cirrhosis. Other causes include chronic hepatitis, primary 
biliary cirrhosis, hemochromatosis, Wilson disease, and 
idiopathic cirrhosis. The Child-Turcotte-Pugh (CTP) and 
the Model for End-Stage Liver Disease (MELD) scoring 
systems are the most frequently used tools to predict peri-
operative risk in cirrhotic patients undergoing abdomi-
nal surgery, exclusive of portosystemic shunt procedures 
(Table 73-1).129,130 The CTP scoring system assigns points 
based on levels of serum albumin and bilirubin, the 
INR, the degree of ascites, and the presence and grade of 
encephalopathy and stratifies risk in order of severity as 
class A, B, or C. Several studies have used this system to 
predict perioperative outcome in cirrhotic patients under-
going a variety of surgical procedures. Originally used to 
predict mortality following transjugular intrahepatic por-
tosystemic shunt (TIPS) procedures, the MELD (see later) 
scoring system uses serum bilirubin, creatinine, and INR 
in a calculation that predicts survival in patients with 
end-stage liver disease: MELD = 3.78 (serum bilirubin) 
(mg/dL) + 11.2 (INR) + 9.57 (serum creatinine) + 6.43. A 
score of 40 or more is equated with a predicted mortality 
rate higher than 70%, whereas a score lower than 9 pre-
dicts less than a 2% mortality rate.

Garrison and co-workers retrospectively evaluated out-
comes in 100 patients with histologically proven cirrhosis 
who were undergoing surgery predominantly for biliary 
tract procedures (cholecystectomy, choledochotomy), as 
well as for gastroduodenal repair, colon and small bowel 
resection, and open liver biopsy.131 An overall operative 
mortality rate of 30% and an additional perioperative 
morbidity rate of 30% were noted, with sepsis-mediated 
multiorgan system failure the major cause of death 
(87%). When stratified to CTP classes A, B, or C, mortality 
was 10%, 31%, and 76%, respectively. Excluding the CTP 
classification, the authors also performed a multivariate 
analysis of other perioperative variables and concluded 
that preoperative prolongation of the prothrombin time, 
decreased serum albumin, and a total leukocyte count 
greater than 10,000/cm3 predicted increased mortality. 
Finally, operative mortality was considerably higher in 
patients requiring urgent versus elective surgery (57% 
versus 10%). More than a decade later, Mansour and asso-
ciates retrospectively analyzed 92 cirrhotic patients who 
were undergoing abdominal procedures and described 
nearly identical results, with mortality rates of 10%, 30%, 
and 82% in patients with CTP classes A, B, and C, respec-
tively.132 Other retrospective studies have also shown 
increased perioperative risk during major abdominal sur-
gery, especially under emergency circumstances and in 
CTP class C cirrhotic patients.133-136

Rice and colleagues, however, described the lack of 
predictability of the CTP classification in patients with 
chronic liver failure who were undergoing not only 
abdominal surgery but also coronary bypass grafting, 
orthopedic procedures, and other peripheral surgical pro-
cedures.137 In this retrospective analysis of 40 patients, 
perioperative prolongation of the INR and clinical evi-
dence of encephalopathy were the only variables most 
closely associated with increased mortality (10 and 35 
times that of normal individuals, respectively).

Ziser and co-workers, in the largest of all these retro-
spective studies, established an 11.6% 30-day mortality 
rate in 773 patients with cirrhosis who were undergoing 
a variety of surgical procedures involving local, regional, 
or general anesthesia.138 Multivariate analysis identified 
male gender, CTP class C, ascites, azotemia, perioperative 
infection, higher American Society of Anesthesiologists 
(ASA) physical classification, a diagnosis of cryptogenic 
cirrhosis, and surgery of the respiratory system as risk 
factors independently associated with mortality. Further 
analysis identified additional risk factors for perioperative 
complications (Fig. 73-6). Teh and associates retrospec-
tively reported the utility of the MELD score in predicting 
mortality of cirrhotic patients undergoing nonhepatic 
surgery.139 Comparing 777 cirrhotic patients undergo-
ing major surgery with 303 cirrhotic patients undergoing 
minor procedures, the authors showed that MELD score, 
age, and ASA classification could quantify risk of mortal-
ity in cirrhotic patients, independent of the procedure 

TABLE 73-1 MODIFIED CHILD-TURCOTTE-PUGH 
SCORING SYSTEM 

Modified CTP Score*

Parameters A B C

Albumin (g/dL) >3.5 1.8-3.5 <2.8
Prothrombin time
Seconds prolonged <4 4-6 >6
International 

normalized ratio
<1.7 1.7-2.3 >2.3

Bilirubin (mg/dL)† <2 2-3 >3
Ascites Absent Slight-moderate Tense
Encephalopathy None Grade I-II Grade 

III-IV

From Pugh RNH, Murray-Lyon IM, Dawson JL, et al: Transection of oesopha-
gus for bleeding of oesophageal varices, Br J Surg 60:646-649, 1973.

CTP, Child-Turcotte-Pugh.
*Class A = 5 to 6 points, B = 7 to 9 points, and C = 10 to 15 points.
†For cholestatic diseases (e.g., primarily biliary cirrhosis), the bilirubin 

level is disproportionate to the impairment in hepatic function, and an 
allowance should be made. For these conditions, assign 1 point for a 
bilirubin level less than 4 mg/dL, 2 points for a bilirubin level of 4 to 10 
mg/dL, and 3 points for a bilirubin level greater than 10 mg/dL.
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performed.139 The MELD scoring system appears to be 
accurate in predicting perioperative mortality in cirrhotic 
patients undergoing nontransplant surgery.140-142

Despite the lack of prospective studies, cirrhosis is 
likely a major risk factor for patients undergoing non-
hepatic surgery; elective surgery is considered contrain-
dicated in CTP class C patients.143 In addition, elective 
surgery probably should be avoided in cirrhotic patients 
with a prolonged INR, hypoalbuminemia, and evidence 
of preoperative infection or encephalopathy. Alternatives 
to extensive abdominal procedures, such as cholecystos-
tomy or laparoscopic cholecystectomy versus open cho-
lecystectomy, should be considered for the treatment of 
cholelithiasis.144,145 Preoperative decompression of portal 
hypertension by TIPS may also improve postoperative 
outcomes in certain patients.146 Finally, elective abdomi-
nal surgery should probably be avoided if a diagnosis of 
cirrhosis is made fortuitously at the time of surgery.124

SURGICAL PROCEDURES THAT INCREASE 
THE RISK OF POSTOPERATIVE LIVER 
FAILURE

In addition to the severity of preoperative hepatic dys-
function, the actual surgical procedure performed may be 
the most important risk factor for postoperative liver fail-
ure.147 Under normal circumstances, the liver is able to 
adapt to changes in perfusion pressure by altering either 
HABF or PBF. In a diseased state, pathologic changes 
may diminish the capacity of this dual blood supply and 
predispose the liver to the deleterious effects of surgery. 
Abdominal surgery per se appears to reduce THBF signifi-
cantly. Surgical manipulation of the splanchnic bed may 
reduce both PBF and HABF, in part because of resultant 
systemic arterial hypotension mediated by prostacyclin-
induced dilation of the venous capacitance vessels.148 
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Figure 73-6. Effect of the number of risk factors on the perioperative 
complication rate in cirrhotic patients undergoing surgery. Risk fac-
tors included the Child-Turcotte-Pugh score, the presence of ascites, 
a diagnosis of cirrhosis other than primary biliary cirrhosis, serum cre-
atinine concentration, a diagnosis of chronic obstructive pulmonary 
disease, preoperative infection, preoperative upper gastrointestinal 
bleeding, higher American Society of Anesthesiologists physical status 
score, intraoperative hypotension, and higher surgical severity score. 
(From Ziser A, Plevak DJ, Wiesner RH, et al: Morbidity and mortality in 
cirrhotic patients undergoing anesthesia and surgery, Anesthesiology 
90:42-53, 1999.)
The effect of pneumoperitoneum on hepatic blood flow 
remains controversial. However, Meierhenrich and col-
leagues, using transesophageal echocardiography, noted 
an increase in hepatic perfusion with carbon dioxide 
insufflation in healthy patients undergoing laparoscopic 
hernia repair.149

In addition to surgery of the biliary tract, stomach, and 
colon, hepatic resection for HCC is a known risk factor for 
the development of liver failure in patients with preoper-
ative hepatic dysfunction. Most patients with HCC have 
liver dysfunction associated with either chronic hepati-
tis or cirrhosis.128,150 The diminished functional hepatic 
reserve of these patients may decrease the amount of tis-
sue that can be resected without compromising viable 
parenchyma and causing liver failure, the most common 
cause of death after this surgical procedure. Wu and co-
workers retrospectively analyzed cirrhotic patients under-
going hepatic resection for HCC based on their degree 
of hepatic dysfunction.151 By limiting the amount of 
tissue resection in patients with significant hepatic dys-
function (i.e., poorer CTP class), the authors noted 5-year 
survival rates comparable to those in patients with less 
severe forms of cirrhosis who underwent more exten-
sive resections. Perioperative hemorrhage is a common 
occurrence in cirrhotic patients undergoing resection for 
HCC because of contributing factors such as portal hyper-
tension, coagulation abnormalities, and highly vascular 
adhesions in patients with previous abdominal surgery. 
Preoperative evaluation of patients with HCC by indo-
cyanine green 15-minute retention,151,152 or by direct 
measurement of the hepatic venous pressure gradient,153 
can be beneficial in predicting postoperative outcomes in 
cirrhotic patients undergoing hepatic resection for HCC.

Cardiothoracic surgery is associated with a high mortal-
ity rate in patients with preexisting liver disease.138,154,155 
Hepatic dysfunction is often exacerbated by cardiopul-
monary bypass (CPB), although the precise mechanism 
of this dysfunction has not been clearly elucidated. In a 
canine model of hypothermic nonpulsatile CPB, Koizumi 
and colleagues noted a decrease in PBF and HABF without 
a concomitant change in hepatic oxygen metabolism.158 
Normothermic CPB was associated with a similar decline 
in PBF, but HABF was maintained. Increasing the dose of 
fentanyl from 10 to 50 μg/kg/hr significantly suppressed 
HABF and impaired hepatic oxygen metabolism in both 
normothermic and hypothermic CPB, thus suggesting the 
possibility of fentanyl-mediated peripheral venous pool-
ing and subsequent lowering of cardiac output. Okano 
and co-workers assessed hepatosplanchnic oxygenation 
in 25 patients with no history of hepatic dysfunction who 
were undergoing elective coronary artery bypass graft-
ing with either normothermic (>35° C) or hypothermic 
(<32° C) CPB.156 Hepatic venous desaturation and func-
tional impairment of hepatic sinusoidal endothelial cells 
occurred in both groups, but hepatocellular dysfunction 
was not observed.

In addition to the possible effects of hepatic artery and 
portal venous perfusion, other potential determinants of 
hepatic dysfunction after CPB include hypotension, low 
cardiac output syndrome, hypoxemia, microembolism or 
macroembolism, cytokine and oxygen free radical forma-
tion, and the influence of vasoactive and anesthetic drugs. 
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Small retrospective studies showed 11% to 30% mortal-
ity rates in CTP class A and B patients undergoing non-
emergency cardiac surgery.154,155,157 Although more deaths 
occurred in the CTP class B group, significant morbidity, 
particularly in the form of postoperative hemorrhage and 
infection, was seen in the CTP class A patients. Noncardiac, 
thoracic surgery has also been suggested as a risk factor for 
postoperative mortality in patients with cirrhosis, although 
the basis for this association remains speculative.138

Finally, patients with cirrhosis have an increased risk 
of developing both inguinal and umbilical hernias pos-
sibly related to an increase in intraabdominal pressure 
related to ascites. Successful surgical repair of an umbili-
cal hernia under general anesthesia and of an inguinal 
hernia under local anesthesia have been described for all 
CTP classifications.159,160

POSTOPERATIVE JAUNDICE

Postoperative jaundice occurs as a result of overproduc-
tion and underexcretion of bilirubin, direct hepatocellular 
injury, or extrahepatic obstruction.161 Most causes of post-
operative jaundice manifest within 3 weeks of surgery and 
can be classified as either mild (<4 mg/dL) or severe (>4 
mg/dL). Box 73-1 lists the most common causes of post-
operative jaundice based on the nature of the pathophysi-
ology.161 If jaundice is secondary to hemolysis, the liver’s 
capacity to conjugate bilirubin (normal rate of produc-
tion, ≈250 to 300 mg/day) has been exceeded. Hemolysis-
induced anemia is therefore associated with unconjugated 
(indirect) hyperbilirubinemia and, in the perioperative 
period, can usually be attributed to either drug-induced 
or mechanically induced erythrocyte destruction. The 
primary mechanisms by which certain drugs cause hemo-
lysis and subsequent jaundice are as follows: (1) the drug 
adsorption type, whereby an antibody (immunoglobulin 

Immediate postoperative jaundice (<3 wk)
Hemolysis
Anesthesia
Hypotension or hypovolemia
Drugs
Infection or sepsis
Bleeding or resorption of hematoma
Bile duct ligation, stricture, or surgical injury
Hepatic artery ligation
Retained common duct stone
Postoperative pancreatitis or cholecystitis
Acute viral hepatitis
Gilbert syndrome or Dubin-Johnson syndrome
Inflammatory bowel syndrome
Heart failure
Pulmonary postoperative jaundice
Blood transfusion

Delayed postoperative jaundice (>3 wk)
Drugs
Blood transfusion
Status after intestinal bypass
Total parenteral nutrition

BOX 73-1 Etiology of Postoperative Jaundice 
by Time Course
G [IgG]) reacts with a drug bound to the red blood cell 
membrane; (2) the neoantigen type (so-called innocent 
bystander), whereby the drug combines with the eryth-
rocyte membrane and an antibody reacts with the newly 
formed antigenic site to activate the complement cascade; 
and (3) the autoimmune type, caused by an autoantibody 
(IgG) to erythrocytes. Medications commonly used periop-
eratively and associated with one or more forms of hemo-
lytic anemia are listed in Box 73-2.162

The degree of associated jaundice is related to the rate 
of hemolysis and excess production of bilirubin, with the 
neoantigen mechanism most likely to cause acute ane-
mia, hemoglobinuria, and renal failure. The diagnosis is 
made by the laboratory constellation of anemia, indirect 
hyperbilirubinemia, positive direct antiglobulin test, low 
serum haptoglobin, and a peripheral blood smear note-
worthy for fragmented erythrocytes and reticulocytosis. 
Mechanical destruction of erythrocytes can also occur 
from surgically implanted prosthetic heart valves or from 
intrinsically diseased valves.163

Multiple blood transfusions can increase levels of uncon-
jugated bilirubin because approximately 10% of stored 
whole blood undergoes hemolysis within 24 hours of trans-
fusion (see also Chapter 61). Each 0.5-L unit of blood stored 
in citrate-phosphate-dextrose-adenine (CPDA-1) yields 7.5 
g of hemoglobin, which is then converted to approximately 
250 mg of bilirubin.164 Multiple units of blood may there-
fore overwhelm the liver’s ability to conjugate and excrete 
bilirubin. Finally, reabsorption of extravasated blood, as 
occurs with retroperitoneal or intraabdominal hematomas, 
may increase the bilirubin load and cause postoperative 
jaundice. This cause is not uncommon after major trauma 
or repair of ruptured aortic aneurysms.

Hepatocellular injury can cause postoperative jaun-
dice (as previously discussed) by drug-induced, ischemic, 
or virally mediated mechanisms. In addition to poten-
tial anesthetic-induced hepatotoxicity, some commonly 
prescribed drugs can cause hepatocellular injury that 
mimics either hepatitis or cholestasis based on liver test 
abnormalities (Tables 73-2 and 73-3). With the exception 
of acetaminophen, which can directly cause hepatocyte 
necrosis, drug-induced hepatotoxicity is primarily the 
result of either idiosyncratic reactions or alterations in 
bile flow resulting in cholestasis.

Postoperative jaundice may also result from hepatic 
hypoperfusion. Cardiogenic and noncardiogenic shock 
can decrease HABF and PBF and cause hepatocellular 

Acetaminophen
Cephalosporins
Hydralazine
Ibuprofen and other nonsteroidal antiinflammatory drugs (e.g., 

diclofenac, tolmetin)
Insulin
Intravenous contrast media
Penicillin and all derivatives (e.g., ampicillin, methicillin)
Procainamide
Ranitidine
Sodium thiopental

BOX 73-2 Medications Associated With 
Hemolysis
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necrosis. Marked elevations in aminotransferase levels 
are common, with hyperbilirubinemia usually a late find-
ing. In addition to hemodynamic alterations in hepatic 
blood flow, sepsis or the systemic inflammatory response 
syndrome is associated with cholestasis and jaundice, 
presumably because of the effects of circulating endotox-
ins or other inflammatory mediators on bile formation 
and flow.165 Finally, viral hepatitis should be eliminated 
as the cause of postoperative jaundice because viral expo-
sure may have occurred before surgery.
TABLE 73-2 DRUG-INDUCED HEPATOTOXICITY

Agent Hepatocellular Cytotoxicity Cholestasis Steatosis

Acetaminophen204 ✓
Alcohol205 ✓
Allopurinol206 ✓
Amiodarone207 ✓
Amoxicillin/clavulanic acid208 ✓
Aspirin209 ✓ ✓
Azathioprine208 ✓ ✓
Bleomycin210 ✓
Bosentan211 ✓
Calcium channel blockers208 ✓
Captopril212 ✓
Carbamazepine208 ✓ ✓
Chlorpromazine213 ✓
Cisplatin214 ✓
Cyclosporine208

Danazol215 ✓
Dantrolene216 ✓
Dapsone217 ✓ ✓
Disulfiram218 ✓
Enalapril208 ✓
Erythromycin219 ✓
FeSO4

220 ✓
Floxuridine191 ✓
Gold205 ✓
Isoniazid221 ✓
Ketoconazole212 ✓ ✓
Methimazole222 ✓
Methotrexate223 ✓ ✓
Methyldopa224 ✓
Nafcillin205 ✓
Nevirapine212 ✓
Niacin225 ✓
Nitrofurantoin211 ✓
NSAIDs226-228 (diclofenac, naproxen, indomethacin, 

piroxicam, etodolac, oxaprozin)
✓ ✓ 

(sulindac)
Pemoline229 ✓
Penicillins (oxacillin)219 ✓
Phenytoin216 ✓
Propafenone212

Propylthiouracil228 ✓ ✓
Quinidine227

Rifampin230 ✓ ✓
Riluzole231 ✓ ✓
Steroids, anabolic232 ✓
Steroids, oral contraceptives193 ✓
Sulfonamides228 ✓
Tacrine233 ✓
Tamoxifen212 ✓ ✓ ✓
Tetracycline IV234 ✓ ✓
Ticlopidine227 ✓
Tolcapone235 ✓
Total parenteral nutrition236 ✓
Trazodone216 ✓ ✓
Valproic acid237 ✓
Vitamin A238 ✓ ✓
Zafirlukast239 ✓

FeSO4, Ferrous sulfate; IV, intravenous; NSAIDs, nonsteroidal antiinflammatory drugs.
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Obstruction of the common bile duct by a gallstone, 
stricture, or tumor can result in failure to excrete con-
jugated bilirubin (obstructive jaundice) with significant 
perioperative morbidity and mortality. Factors associ-
ated with a poor outcome after surgery in patients with 
obstructive jaundice include extrahepatic obstruction as 
a result of malignancy, malnutrition, hypoalbuminemia, 
low hematocrit (<30%), azotemia, and the level and dura-
tion of hyperbilirubinemia.166,167 Dixon and colleagues 
cited an overall mortality rate of 9.1% in a retrospective 
analysis of 373 patients requiring surgery for obstruc-
tive jaundice, but a 60% mortality rate for patients with 
anemia, malignancy, and marked hyperbilirubinemia  
(>11 mg/dL).168 Of paramount significance is the associa-
tion of acute renal failure with obstructive jaundice.169,170 
The incidence of postoperative acute renal failure is 
approximately 8% to 10% and correlates directly with the 
degree of hyperbilirubinemia, with mortality rates as high 
as 70% to 80% reported. Neither bilirubin nor bile acids 
themselves are directly nephrotoxic, but experimental 
evidence suggests a negative chronotropic, vasodilatory, 
and diuretic effect of bile salts that results in systemic 
and thus renal hypoperfusion. The changes appear to be 
related to enhanced absorption of endotoxin from the 
gastrointestinal tract because of low intestinal levels and 
high serum levels of bile acids. This process stimulates 
release of inflammatory mediators, in particular endo-
thelin, a potent renal vasoconstrictor that leads to a fur-
ther decline in renal perfusion.171,172 Other experimental 
data have implicated endotoxemia-induced nitric oxide 
release as a further mediator of renal hypoperfusion.173 
Clinicians rely on the limitations of urine output as a 
method of monitoring renal perfusion. It is more reliable 
to monitor effective blood volume and cardiac function 
with either a central venous or pulmonary artery catheter 
or to perform transesophageal echocardiography, with 
the goal of maintaining renal perfusion by augmenting 
cardiac output.114 No data have documented the clinical 
benefit of mannitol, furosemide, or dopamine in periop-
erative renal protection,111,174 and the potential benefit 
of endothelin receptor blockers has yet to be thoroughly 
assessed in clinical studies.171

TABLE 73-3 HERBAL PRODUCTS AND 
HEPATOTOXICITY

Herbal Hepatocellular Cholestasis

Black cohosh240 ✓
Celandine241 ✓
Chaparral242 ✓
Comfrey243 ✓
Echinacea244

Germander245 ✓
Jin bu huan (levotetra-

hydropalmatine)246
✓

Kava247 ✓
Margosa oil208 ✓
Mu huang248 ✓
Sassafras208 ✓
Skullcap249 ✓
Yerba208 ✓
PERIOPERATIVE MANAGEMENT OF 
PATIENTS WITH ASYMPTOMATIC OR 
CHRONIC LIVER DYSFUNCTION

The goal of perioperative management of patients with 
asymptomatic elevations in aminotransaminase, alka-
line phosphatase, or bilirubin levels or in patients with 
preexisting chronic liver disease is prevention of acute 
liver failure or further hepatic deterioration. Acute liver 
failure, defined by encephalopathy in the setting of 
acute liver injury (e.g., viral hepatitis, toxin ingestion, 
idiosyncratic drug reaction, sepsis, or shock), is further 
categorized into hyperacute, acute, or subacute forms 
based on the time interval between the onset of jaun-
dice and encephalopathy (0 to 7 days, 8 to 28 days, or 
>28 days, respectively).175 Patients with the hyperacute 
form of acute liver failure tend to have a more favorable 
survival rate (35%), whereas those with the acute and 
subacute forms have poorer prognoses, with mortality 
rates of 93% and 86%, respectively.175 Perioperative risks 
should be identified, and therapy should be directed to 
minimize hepatotoxicity and maximize hepatic oxygen 
delivery. For example, drugs such as acetaminophen or 
combined drugs such as acetaminophen with hydroco-
done probably should not be administered to patients 
with asymptomatic increases of liver enzyme test results 
or chronic liver dysfunction. In patients with choleli-
thiasis and biliary tract obstruction, the use of opiates 
should be limited preoperatively because these drugs 
can cause spasm of the choledochoduodenal sphincter 
(sphincter of Oddi) and a subsequent increase in intrabil-
iary tract pressure.176,177 These effects appear to be more 
pronounced for fentanyl, morphine, and meperidine and 
less severe for opiate agonist-antagonists.176,177 Intraop-
eratively, opiates may be used with the recognition that 
the possible development of sphincter of Oddi spasm can 
be treated directly with naloxone or by relaxing smooth 
muscle tone with either glucagon or nitroglycerin177,178 
(which induces release of nitric oxide179,180).

Remifentanil has an effect similar to that of other opi-
ates on the sphincter of Oddi. Fragen and colleagues stud-
ied remifentanil given to six healthy adult volunteers who 
underwent radionuclide imaging of the gallbladder before 
and after remifentanil infusion.181 The recovery time for 
dye to appear in the duodenum after discontinuation of 
the infusion was significantly greater than in the control 
phase of the study. The authors noted, however, that this 
delay in recovery of gallbladder function was shorter than 
in studies using morphine or meperidine. Finally, no data 
support the benefit or detriment of regional versus gen-
eral anesthesia, nor do data suggest particular anesthetic 
agents that should be administered or avoided in patients 
with preexisting hepatic dysfunction, with the exception 
of halothane, as previously discussed.

Patients with more advanced liver disease (e.g., CTP 
class B or C cirrhosis) require an anesthetic plan designed 
to maximize hepatic oxygen delivery and prevent and 
treat the complications of encephalopathy, cerebral 
edema, coagulopathy, hemorrhage, and portal hyper-
tension. Hepatic encephalopathy commonly occurs in 
patients with chronic liver disease because of the fol-
lowing: accumulation of circulating neurotoxins such as 
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unmetabolized ammonia, gut-derived false neurotrans-
mitters, γ-aminobutyric acid (GABA), and endogenous 
GABA receptor agonists; altered neurotransmission by the 
excitatory neurotransmitter glutamate; or altered cere-
bral energy homeostasis.182 Clinically, hepatic encepha-
lopathy is manifested by neuropsychiatric abnormalities 
ranging from subtle personality changes and cognitive 
dysfunction to more advanced depression of conscious-
ness, delirium, and coma. Clinical signs include abnor-
malities in psychometric testing and apraxia, as well as 
the more severe findings of asterixis, hyperreflexia, and 
decerebration. When hepatic encephalopathy occurs 
with acute liver failure, it often has a rapid onset and 
is invariably complicated by cerebral edema. Cerebral 
edema develops as a result of the osmotic effect of accu-
mulated glutamine that produces astrocyte cell swelling 
or as a result of cerebral vasodilation caused by loss of 
autoregulation, or because of both mechanisms.183 These 
patients invariably require urgent liver transplantation.

Many factors may precipitate hepatic encephalopathy 
in patients with chronic liver disease. Potassium levels 
should be monitored, and hypokalemia should be treated 
to decrease the effect of decreased potassium levels on 
renal production of ammonia. Arterial pH should be 
maintained near normal because systemic alkalemia is 
also noted to increase the diffusion of ammonia across 
the blood-brain barrier, a process that can potentially 
worsen the degree of encephalopathy.182 Effective circu-
lating blood volume should be maintained, and anemia 
should be corrected to maintain hepatic oxygenation 
and promote the metabolism of circulating toxins. Ben-
zodiazepines should be used judiciously because they 
may activate the central GABA-benzodiazepine recep-
tor ligand and worsen hepatic encephalopathy. All psy-
choactive drugs have potentially deleterious effects on 
hepatic encephalopathy by further suppressing a vul-
nerable central nervous system. Moreover, propofol can 
be used as an anesthetic for cirrhotic patients undergo-
ing endoscopic procedures. Compared with benzodiaz-
epines and opioids, propofol appears to have a greater 
safety profile; it allows for a more rapid and predictable 
awakening, it does not precipitate hepatic encephalopa-
thy, and it is associated with few side effects, as well as 
having no effects on liver function tests.184-189 Hepatic 
encephalopathy is also a recognized complication of the 
TIPS procedure.190

When patients remain obtunded or comatose after 
anesthesia and surgery, therapy is often directed toward 
decreasing ammonia production. Lactulose is admin-
istered either by nasogastric tube or by enema to create 
an osmotic, cathartic effect and to lower intestinal pH, 
thereby decreasing the survival of ammonia-producing 
bacteria.191 Flumazenil, a specific antagonist of cen-
tral benzodiazepine receptors, can improve the level of 
consciousness in selected cirrhotic patients with severe 
hepatic encephalopathy.192

Perioperative hemorrhage in patients with significant 
liver dysfunction may occur because of bleeding diathe-
ses or the complications of portal hypertension, or both. 
Synthetic hepatic function, as measured by the INR, is 
useful to assess the severity of the coagulopathy and to 
gauge therapy, including the subcutaneous administra-
tion of vitamin K, transfusion of fresh frozen plasma, use 
of recombinant factor VII or other factors, and plasma-
pheresis.193 In patients with acute liver failure, plasma-
pheresis may have potential benefit because it promotes 
rapid correction of coagulopathy while minimizing 
the chances of excessive intravascular volume, but this 
approach has not been validated.194

Hemorrhage may also occur as a result of gastroin-
testinal bleeding from rupture of esophageal or gastric 
varices as a complication of portal hypertension. Intra-
operatively, it is advisable to avoid the placement of a 
transesophageal echocardiography probe, to avoid ini-
tiation of bleeding in patients with esophageal varices. 
Pharmacologic therapy for acute esophageal variceal 
bleeding includes use of the combination of vasopressin 
and nitroglycerin, somatostatin, or octreotide, a synthetic 
analogue of somatostatin.195,196

Portal hypertension may also lead to the develop-
ment of ascites. Ascites occurs in patients with advanced 
liver disease secondary to renal retention of sodium and 
water and localization of this excess fluid in the perito-
neal cavity because of portal hypertension. In addition 
to the general measures of sodium and water restric-
tion and diuretic therapy, therapeutic paracentesis may 
be indicated if a patient presents for surgery with tense 
ascites.197 Relief of tense ascites may improve pulmonary 
gas exchange and reduce the risk of gastric aspiration. 
Care should be taken, however, to prevent circulatory 
collapse by the concomitant administration of intrave-
nous colloid solutions because intravascular volume re-
equilibration occurs 6 to 8 hours after the removal of a 
larger volume of ascitic fluid.195 Finally, patients with 
end-stage liver disease are at risk for the development 
of either hepatorenal or hepatopulmonary syndrome. 
Hepatorenal syndrome is a state of functional renal failure 
characterized by azotemia, hyperosmolar urine, and uri-
nary sodium excretion less than 10 mEq/L.198 Although 
the pathogenesis of this syndrome has not been clearly 
elucidated, there appears to be a decrease in renal per-
fusion pressure related to systemic vasodilation in com-
bination with a loss of renal autoregulation because of 
increased sympathetic activity.197 The diagnosis of hepa-
torenal syndrome in patients with end-stage liver disease 
usually signals the need for orthotopic liver transplanta-
tion. In the event that transplantation is not possible, 
 management is supportive and consists of the use of 
intravenous volume challenges and large-volume para-
centesis to relieve tense ascites.

Hepatopulmonary syndrome, which is defined by the triad 
of end-stage liver disease, increased alveolar-arterial gradi-
ent, and intrapulmonary vascular dilation, is characterized 
by the clinical features of digital clubbing, cyanosis, dyspnea, 
platypnea, and orthodeoxia, in addition to the other clinical 
characteristics of portal hypertension. Orthodeoxia, defined 
as arterial oxygen desaturation that is more pronounced in 
the upright position and relieved by recumbency, is a com-
mon phenomenon of hepatopulmonary syndrome.199 The 
pathogenesis of hepatopulmonary syndrome is considered 
to be primarily related to intrapulmonary vascular dilation, 
which is diagnosed by contrast-enhanced echocardiogra-
phy, perfusion lung scanning, or pulmonary arteriography. 
Current pharmacologic therapy for this disorder is limited; 
however, orthotopic liver transplantation may lead to a 
reversal of these pulmonary changes.



ANESTHETIC CONSIDERATIONS FOR 
PROCEDURES INVOLVING THE LIVER AND 
BILIARY SYSTEM

TRANSJUGULAR INTRAHEPATIC 
PORTOSYSTEMIC SHUNT PROCEDURE

TIPS is a percutaneously created intrahepatic connection 
of the portal and systemic circulations. This procedure is 
typically used in patients with end-stage liver disease to 
decrease portal pressure and attenuate the complications 
related to portal hypertension, such as variceal bleeding 
or refractory ascites. Diversion of PBF into the hepatic 
vein is achieved by placement of an expandable intrapa-
renchymal tract (Fig. 73-7).

Although most patients can undergo TIPS placement 
with sedation, some clinicians prefer to use general anes-
thesia in selected patients because of the prolonged nature 
of the procedure, the potential respiratory-depressant 
effects of sedatives in cirrhotic patients with underlying 
pulmonary dysfunction as a result of ascites and/or hypox-
emia from the hepatopulmonary syndrome, and concern 
regarding possible gastric aspiration. Regardless of the 
anesthesia technique chosen, appropriate intravascular 
volume resuscitation is often necessary before the proce-
dure, especially in patients who have had variceal bleeding. 
In addition, patients with cirrhosis who are undergoing a 
TIPS procedure frequently have severe coagulopathy that 
requires preprocedural procoagulant therapy.

Several complications can occur during placement 
of TIPS that may require intervention by the anesthesi-
ologist. Pneumothorax or neck vessel injury can occur 
during vessel puncture. These complications may be 
reduced by ultrasonographic guidance during jugular 
vein puncture. Additionally, cardiac dysrhythmias can be 
mechanically induced during intracardiac catheter pas-
sage. Finally, acute, life-threatening hemorrhage caused 
by hepatic artery puncture in conjunction with a hepatic 
capsular tear or by extrahepatic portal venous puncture 
can occur. Hemodynamic status can deteriorate, with the 
development of pulmonary edema and congestive heart 
failure, in patients with borderline cardiac reserve.200

HEPATIC RESECTION

Preoperative considerations (as previously described) 
before hepatic resection involve risk assessment primarily 
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using CTP and MELD scores (see also Chapter 74). Surgical 
procedures should be limited to patients with CTP class A 
and significantly compensated CPT B status. MELD scores 
higher than 10 pose significant risk of postoperative liver 
failure in cirrhotic patients with HCC. Severe thrombo-
cytopenia or large varices represent major perioperative 
risk factors and should preclude surgery.201 Significant 
anemia and coagulopathy, if present, should be corrected 
preoperatively. Decisions regarding the choice and doses 
of anesthetics should account for any baseline hepatic 
parenchymal dysfunction, as well as the potential post-
operative dysfunction resulting from resection of a major 
portion of the liver parenchyma. No data show hepatox-
icity with either sevoflurane or desflurane, and thus both 
drugs are safe to administer, provided hepatic hypoper-
fusion is avoided. Indeed, hepatic preconditioning with 
sevoflurane has been shown to decrease postoperative 
complications in patients undergoing hepatic resection.35

Although the risk of significant intraoperative blood 
loss is well known and the need for appropriate monitor-
ing and sufficient vascular access to permit rapid transfu-
sion is widely accepted, overall fluid management during 
major hepatic resection is controversial. At some centers, 
fluid and blood administration is used liberally, begin-
ning early in the course of resection, with the goal of 
increasing intravascular volume as a buffer against sud-
den blood loss. Other centers favor maintenance of low 
central venous pressure during resection to minimize 
blood loss from hepatic venous radicals, major hepatic 
veins, or the vena cava. These sites typically contribute to 
most bleeding during hepatic resection. Notably, reduc-
tion of intrahepatic venous pressure can also be achieved 
by using a modest degree of the Trendelenburg position, 
an approach that potentially maintains or even increases 
cardiac preload and cardiac output, as well as reducing 
the risk of air embolism from disrupted hepatic veins. In 
patients without preexisting renal dysfunction, the latter 
approach does not appear to have a significant impact on 
postoperative renal function.202

Although basic postoperative management concerns are 
similar to those of other major abdominal procedures, sev-
eral aspects of care are notable. Intravenous fluids should be 
supplemented with either sodium or potassium phosphate, 
which is often needed to prevent severe hypophosphatemia 
and to facilitate liver regeneration. Decreased clearance of 
hepatically metabolized drugs is important in selecting and 
titrating methods of postoperative analgesia.
Hepatic vein

Portal veinA

Hepatic vein

Portal veinB

Hepatic vein

Portal veinC

EVEV

Figure 73-7. Transjugular intrahepatic portosystemic shunt (TIPS) procedure. A stent (or stents) is passed through the internal jugular vein over a 
wire into the hepatic vein (A); dilated esophageal varices (EV) are apparent. The wire and stent or stents are then advanced into the portal vein (B), 
after which blood can pass through the portal vein into the hepatic vein and bypass and decompress dilated esophageal veins (C). (Reproduced 
with permission from University of Michigan Health System: <www.med.umich.edu/1libr/topics/liver09.htm/>

http://www.med.umich.edu/1libr/topics/liver09.htm/
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HEPATIC CRYOTHERAPY

Hepatic cryotherapy involves the application of material 
at subzero temperature by multilumen probes positioned 
intraoperatively under sonographic guidance. This pro-
cedure is used to treat nonresectable malignant hepatic 
tumors. Preanesthetic considerations for hepatic cryo-
therapy are similar to those for hepatic resection. Heat 
conservation measures should be instituted during the 
procedure, with continual monitoring of core tempera-
ture. Intraoperative bleeding is rarely significant enough 
to cause hemodynamic instability. Postoperative pulmo-
nary, renal, and coagulation problems may manifest as 
sequelae of the “cryoshock syndrome,” even after a proce-
dure with unequivocal intraoperative stability.203
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Anesthesia for Abdominal Organ 
Transplantation
RANDOLPH H. STEADMAN • CHRISTOPHER L. WRAY

K e y  P o i n t s

 •  Survival after abdominal organ transplantation continues to improve.
 •  The imbalance between organ supply and demand is increasing.
 •  To increase the supply of organs, living donors and extended criteria deceased 

donors are being used more frequently.
 •  Knowledge of the pathophysiologic changes associated with end-stage disease is 

required to provide optimal care for patients undergoing transplant surgery.
 •  The kidney is the most frequently transplanted organ.
 •  Kidney transplant recipients are older and are more likely to have chronic illnesses 

than in the past.
 •  The perioperative and long-term risk of cardiovascular disease is increased in 

patients with end-stage renal disease.
 •  Maintenance of renal perfusion pressure in the perioperative period is critical for 

graft function.
 •  Liver transplant recipients are older in age and have more comorbidities than in 

the past.
 •  The Model for End-stage Liver Disease (MELD) score prioritizes candidates for 

organ allocation.
 •  The pathophysiologic changes associated with liver disease affect nearly every 

organ system.
 •  Intraoperative care requires preparation for massive transfusion, management of 

coagulation abnormalities, and hemodynamic instability.
 •  Pancreatic transplantation is definitive treatment for diabetes mellitus.
 •  Pancreatic transplants are performed simultaneously with kidney transplantation 

(SPK), after kidney transplantation (PAK), or alone (PTA).
 •  Patients who are younger than 50 years with diabetes and end-stage renal disease 

benefit from simultaneous kidney and pancreas transplantation.
 •  Frequent monitoring of blood glucose concentrations is required during the 

perioperative period.
 •  Diabetic patients are at significant risk for cardiovascular disease.

Acknowledgment: The editors and the publisher would like to thank Drs. C. Spencer Yost and Claus U. Niemann who were 
contributing authors to this topic in the prior edition of this work. It has served as the foundation for the current chapter.
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ABDOMINAL ORGAN TRANSPLANTATION

The success of transplantation over the past decade cor-
responds to improved survival for recipients. Three-year 
posttransplant recipient survival is 80% for livers and 
90% for patients receiving kidneys (Fig. 74-1). Three-year 
survival for liver transplantation matches that of heart 
transplantation. Increasingly, indications for transplanta-
tion have broadened. Patients with conditions previously 
considered contraindications, such as advanced age and 
some types of cardiopulmonary disease, are no longer 
precluded from transplantation.

Among the various organs, the kidney is the most 
transplanted organ. In 2011, more than 17,000 kidney 
transplants were performed. In the same year, liver was 
the second most commonly transplanted organ, with 
more than 6300 transplants performed. The heart is third, 
with more than 2000 transplants.

As of mid-year 2011, there are over 275,000 patients 
living with functioning transplants in the United States. 
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This number has nearly doubled in the past 8 years. The 
majority of these patients are kidney recipients (180,000), 
followed by liver (62,000), heart (25,000) and lung 
(10,000) recipients. Thoracic organ transplantation is 
reviewed elsewhere (see Chapters 66 and 67). Approxi-
mately 1000 intestinal recipients are living with function-
ing grafts.

Despite these successes, the number of patients who 
could benefit from transplantation far exceeds those 
who receive an organ. The imbalance between supply 
and demand is highlighted by the size of the waitlists for 
each organ, which is approximately threefold the num-
ber of annual transplants for kidney (more than 54,000) 
and double the number of annual transplants (more than 
12,000) for liver. In 2011, for every two patients who 
undergo liver transplantation, one patient dies on the 
liver waitlist. For every three patients who undergo kid-
ney transplantation, one patient dies while waiting for a 
kidney.1

Solutions to organ shortage include living donor trans-
plantation, which is used more commonly for kidney 
transplants (one third of kidney transplants in 2011) than 
liver transplantation (less than 5% of liver transplants in 
2011). Other strategies include the use of extended cri-
teria donors, which is discussed in detail elsewhere (see 
Chapter 75).

The evaluation of patients for transplantation var-
ies among transplant centers, but the goals are similar. 
These include ascertaining that: (1) transplantation is 
indicated for the management of the prospective recipi-
ent, (2) comorbidities do not preclude transplantation, 
and (3) emotional and social resources permit a major 
surgery and its associated rehabilitation, including com-
pliance with long-term immunosuppression therapy. The 
center’s transplant selection committee typically consists 
of physicians (nephrologist and hepatologist for kid-
ney and liver transplantation, respectively), transplant 
surgeon, psychiatrist, dietitian, social worker, and addi-
tional consultants as indicated. Anesthesiologists consult 
for patients with high operative risk, such as pulmonary 
hypertension, coronary artery disease (CAD), or patients 
with prior anesthetic complications.
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Figure 74-1. Patient survival 1, 3, and 5 years after transplant, by 
organ. Data are for U.S. transplants performed during 1997 to 2004. 
(From http://optn.transplant.hrsa.gov/latestData/rptStrat.asp. Accessed 
December 2012)
Reasons to deny transplantation vary among trans-
plant centers. Critically ill patients receiving life support, 
vasopressors, or dialysis have decreased posttransplant 
survival.2 Additional comorbidities can exacerbate the 
risk to a level that may be unacceptable to some centers. 
Medical reasons include comorbidities such as significant 
CAD, moderate or severe pulmonary hypertension, meta-
static disease, uncontrolled intracranial hypertension, 
and untreated sepsis. Psychosocial contraindications 
include alcohol or recreational drug use, and the lack of 
social support, which might preclude compliance with 
immunosuppression regimens, follow-up care, or both. 
Age alone is generally not a contraindication.

The success of organ transplantation relies heavily on a 
highly specialized team approach that includes the organ 
procurement organization, transplant coordinators, 
nurses, physicians, and allied health care providers. With 
the exception of kidney transplantation, most abdominal 
organ transplants are performed at tertiary medical cen-
ters with extensive resources available to support the pro-
gram. Many of these centers have specialized anesthesia 
teams, particularly for liver transplantation.

This chapter reviews the anesthetic considerations for 
kidney, liver, pancreas, and intestinal transplantation in 
adults. The overall care of pediatric patients is described 
in Chapter 93. The management of heart and lung, but 
not renal, is described in Chapter 94. In Chapter 95, 
the intensive care clinical care is described in pediatric 
patients who are receiving a kidney transplant.

KIDNEY TRANSPLANTATION

The first kidney transplantations were performed in the 
1950s; however, renal transplantation did not become 
widespread until the development of effective immunosup-
pression in the 1960s. Since then, kidney transplantation 
has become the most common organ transplant surgery 
performed. Kidney transplants have steadily increased over 
the past 40 years worldwide, with the growth of kidney 
transplant programs throughout Europe, North America, 
and Asia, as well as in many developing countries. There 
are differences in the distribution of living versus cadaveric 
donor organs between regions; many countries in Africa 
and Asia rely exclusively on living donation, whereas many 
countries in Europe perform mainly cadaveric renal trans-
plants.3 During the past decade in the United States, there 
has been a steady increase in the number of patients on the 
kidney transplant waitlist (Fig. 74-2). The demographics of 
patients on the waitlist have changed; patients are older 
(more than half are older than age 50) and are more likely 
to have developed end-stage renal disease (ESRD) second-
ary to chronic hypertension and advanced diabetes. The 
incidence of chronic kidney disease (CKD) among indi-
viduals older than 65 years continues to increase in the 
United States (Fig. 74-3). Although it is not known how 
many patients with CKD progress to ESRD, the prevalence 
of ESRD in the United States has steadily increased over the 
past 30 years. At the end of 2009, nearly 900,000 people in 
the United States were being treated for ESRD.4 The waiting 
time for kidney transplantation has increased in the United 
States as well, reflecting that the need for organs outstrips 

http://optn.transplant.hrsa.gov/latestData/rptStrat.asp
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the organ supply. Recent data showed that there were 
more than 80,000 patients on the waitlist in the United 
States (active and inactive), and approximately 16,000 
kidney transplants were performed in 1 year. More than 
5000 patients were removed from the waitlist in the same 
year because of death, whereas almost 2000 were removed 
after becoming too ill for transplantation.5 These national 
trends reflect a kidney transplant population that is older 
and more likely to suffer from chronic diseases, which has 
significant implications regarding perioperative risk during 
kidney transplant. Nevertheless, current 3-year posttrans-
plant survival for adults is 96% for living donor kidney 
transplants and 90% for deceased-donor transplants.1

Paired kidney donations have increased from fewer 
than 100 per year in 2006 to more than 400 per year 
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Figure 74-2. Prevalent rates of end-stage renal disease (ESRD). 
Although the prevalence is increasing, the number of new cases per 
year has been stable since 2001. (From Kidney Disease Statistics for 
the United States, National Kidney and Urologic Diseases Information 
Clearinghouse, NIH Publication No. 12-3895, June 2012.)
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Figure 74-3. Adult kidney transplants in thousands, by year. The 
lines illustrate trends in recipient age. The number of recipients aged 
50 to 64 years and older than 65 years is increasing over the past 
decade. (OPTN & SRTR Annual Data Report 2011. U.S. Department of 
Health and Human Services Health Resouces and Services Administration, 
p 28, figure KI 4.2)
in 2011. Paired donation consists of two incompatible 
donor-recipient pairs exchanging kidneys to create two 
compatible pairs. With the development of donor chain 
transplants and establishment of a national system for 
paired donation, these techniques are expected to become 
more common.

INDICATIONS FOR KIDNEY 
TRANSPLANTATION

Kidney transplantation is indicated in patients with ESRD 
caused by any one of a variety of underlying conditions. 
Glomerular disease, congenital diseases, and polycys-
tic kidney disease are common indications in younger 
patients. Nephropathies associated with hypertension 
and diabetes are now the most common indications for 
kidney transplantation in the United States.6 Renal graft 
failure is an increasingly common indication for trans-
plantation in the United States as well.7

PATHOPHYSIOLOGY OF END-STAGE  
RENAL DISEASE

End-stage renal disease refers to the final progression of 
CKD, when renal function is irreversibly impaired and the 
development of uremia is imminent. Essential functions 
of the kidney include regulation of the ionic composition 
of the plasma, maintenance of fluid volumes, elimination 
of nitrogenous wastes and drugs, synthesis of erythropoi-
etin, and adjustment of plasma pH. Significant declines 
in glomerular filtration rate (GFR) and urine production 
occur when these critical functions are significantly dam-
aged, resulting in the clinical manifestations of uremia. 
After the development of ESRD, renal replacement ther-
apy is required. ESRD has an effect on nearly every organ 
system, and it has a major impact on patient mortality 
despite chronic therapy including hemodialysis.

ESRD results in abnormalities of fluid balance and elec-
trolytes. With the onset of uremia and oliguria, expansion 
of the extracellular fluid volume ensues, presenting with 
edema, hypertension, and signs and symptoms of volume 
overload. Disorders of sodium, calcium, magnesium, and 
phosphate can result in chronic changes in bone metabo-
lism, hyperparathyroidism, and vascular calcifications. 
The development of hyperkalemia, with its effects on the 
myocardium, is the most critical electrolyte abnormality. 
Failure of the renal elimination of organic acids results in 
the development of an anion-gap metabolic acidosis.

ESRD has a significant effect on the cardiovascular sys-
tem. Cardiovascular disease is the most common cause of 
morbidity and mortality in patients with ESRD, accounting 
for 35% to 40% of all deaths in patients receiving hemo-
dialysis.8 As GFR decreases, the risk of cardiac mortality 
increases.9 Following successful kidney transplantation, 
cardiovascular disease remains the most common cause 
of death.10 Kidney transplant recipients are at increased 
risk for the development of myocardial infarction (MI), 
congestive heart failure, and atrial fibrillation.11-13 ESRD 
increases the development of atherosclerosis and is a major 
risk factor for the development of ischemic vascular dis-
ease, which can affect the coronary, cerebrovascular, and 
peripheral vascular systems. The likelihood of CAD, which 
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can present as angina, MI, arrhythmia, or sudden cardiac 
death, is even greater in patients with ESRD, hyperten-
sion, and diabetes. Hypertension may be the etiology of 
ESRD in nearly 30% of patients, or conversely, hyperten-
sion may result from hyperreninemia, hypervolemia, and 
renal vasculature changes associated with ESRD. Concen-
tric left ventricular hypertrophy and diastolic dysfunction 
occur in the early stages of CKD, and are the two most 
common echocardiographic abnormalities in patients 
with ESRD.14 Patients with ESRD are at particular risk for 
diastolic congestive heart failure, especially in the setting 
of excessive intravascular volume. Heart failure owing to 
dilated cardiomyopathy with decreased systolic function 
can occur in patients with ESRD as well. The cardiorenal 
syndrome is defined by an interconnection between the 
renal and cardiac systems, where the decline of one organ 
influences the decline of the other. There is evidence that 
correction of renal function by renal transplantation can 
improve systolic dysfunction and reverse left ventricular 
dilation and hypertrophy.15 A variety of arrhythmias can 
occur in ESRD because of progression of cardiac disease, 
myocardial ischemia, or electrolyte disturbances. Atrial 
fibrillation occurs in 13% to 27% of patients on hemodial-
ysis, and it is associated with a significant risk of stroke.16 
Pericardial disease is common in patients with uremia, 
manifesting as pericarditis or pericardial effusion.

Characteristic hematologic and hemostatic abnormali-
ties occur with ESRD. Normochromic, normocytic ane-
mia secondary to lack of erythropoietin is common and 
may be exacerbated by iron deficiency, chronic inflam-
mation, and bone marrow fibrosis. Anemia decreases 
quality of life in ESRD and is associated with adverse 
cardiac outcomes. Erythropoiesis-stimulating drugs and 
iron are commonly prescribed for the treatment of ure-
mic anemia, and hemoglobin levels of 11 to 12 gm/dL 
are typically achieved17 (see Chapters 61 and 63). ESRD is 
associated with abnormal hemostasis because of a broad 
spectrum of platelet function abnormalities, including 
decreased platelet activity, aggregation, and adhesive-
ness. Production of von Willebrand factor and factor VIII 
is decreased. Historically, renal failure increases the likeli-
hood of bleeding; however, ESRD is also associated with 
a hypercoagulable state owing to complex abnormalities 
involving increased coagulation and endothelial activa-
tion.18 These hematologic changes of  hypercoagulability 
resolve in patients with ESRD after successful kidney 
transplantation.19

Gastrointestinal signs and symptoms including nau-
sea, vomiting, abdominal pain, and abnormal gastric 
motility occur in ESRD patients. Using electrogastrogra-
phy, impairments in gastric myoelectrical activity exist in 
patients with symptomatic ESRD as compared to patients 
with normal renal function.20 Patients with ESRD have 
delayed gastric emptying, regardless of the timing of their 
last oral intake. The presence of diabetes, obesity, or both 
can further impair gastric emptying.

Central nervous system and neuromuscular abnormal-
ities can occur in ESRD secondary to uncleared nitroge-
nous molecules. These abnormalities can range from mild 
changes in memory or attention to signs and symptoms 
of neuromuscular irritability. Severe neurologic manifes-
tations of uremia with asterixis, seizures, and decreased 
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mental status are rare with regular dialysis. Autonomic and 
peripheral neuropathies can occur in patients with ESRD 
and are possibly reversible with kidney transplantation.

ANESTHESIA FOR KIDNEY 
TRANSPLANTATION: PREOPERATIVE 
EVALUATION

Before kidney transplantation, patients typically undergo 
a prolonged and intense pretransplant evaluation by a 
multidisciplinary transplant committee to determine 
their candidacy for transplantation. In general, the preop-
erative evaluation of patients for kidney transplant should 
focus on the multiorgan manifestations of ESRD, with the 
goals of risk stratification and optimization of the medical 
status of the patient before transplant (see Chapter 39). 
Cadaveric kidney transplantation is an urgent procedure, 
because harvested organs tolerate a finite duration of cold 
ischemia, usually less than 24 hours. Living donor kidney 
transplants are scheduled well in advance, allowing for 
a more thorough preoperative assessment before surgery.

Before surgery, patients receiving hemodialysis should 
be maintained on their regular dialysis schedules, whether 
hemodialysis or peritoneal dialysis. Ideally, dialysis 
should be performed before surgery, especially in patients 
with excessive intravascular volume or with documented 
hyperkalemia or acidosis. A comprehensive laboratory 
panel that includes electrolytes, complete blood count, 
and platelet count is appropriate before surgery. A type 
and screen or type and cross for packed red blood cells 
should be obtained (see Chapter 61). Although major 
blood loss during routine kidney transplantation is not 
common, the surgery involves major vascular structures 
with the potential for rapid bleeding. Documentation of 
an increased potassium level immediately before surgery, 
especially with electrocardiogram (ECG) changes consis-
tent with hyperkalemia, should prompt consideration of 
immediate dialysis to correct potassium levels before sur-
gery. Preoperative vital signs should be closely assessed, 
especially heart rate and arterial blood pressure trends in 
hospitalized patients. Preoperative intravascular volume 
status should be assessed. Comparing the patient’s cur-
rent weight to their known euvolemic weight, or “dry 
weight,” may be helpful. Patients undergoing surgery 
immediately after dialysis may be significantly hypovole-
mic and prone to intraoperative hypotension. Orthostatic 
assessments and the presence of resting hypotension and  
increased heart rate may identify significant hypovolemia. 
Preoperative volume resuscitation with non–potassium-
containing saline solutions or colloids can prevent hypo-
tension on induction of anesthesia. Conversely, patients 
who have preoperative body weights heavier than their 
euvolemic weight may have an excessive intravascular 
volume, and they may be prone to congestive heart fail-
ure during kidney transplantation. A thorough cardio-
pulmonary examination is indicated in all patients, and 
findings of significant excessive intravascular volume 
may be an indication for immediate preoperative dialysis 
before surgery.

As discussed previously, the current demographic 
of kidney transplant patients has a frequent associa-
tion with cardiac disease, which has a major effect on 
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posttransplant outcome. As a result, preoperative cardiac 
evaluation is of critical importance in this patient group 
(see Chapter 39). Compared with the routine preopera-
tive evaluation of noncardiac surgery patients, which 
focuses on the perioperative period, the renal transplant 
patient should be assessed to consider both short- and 
long-term cardiac outcomes. The goal of the preoperative 
cardiac evaluation is ultimately to decrease the morbidity 
and mortality associated with cardiovascular disease in 
kidney transplant candidates. Although decisions regard-
ing candidacy in high-risk patients are usually made well 
before surgery, the anesthesiologist should be involved in 
the routine cardiac risk assessment of the kidney trans-
plant patient before surgery. The main focus of the pre-
operative cardiovascular assessment in kidney transplant 
patients is to identify occult ischemic heart disease in an 
asymptomatic patient.

The 2007 American College of Cardiology Founda-
tion/American Heart Association (ACC/AHA) Guidelines 
on Perioperative Cardiovascular Evaluation and Care for 
Noncardiac Surgery suggests a preoperative algorithm 
designed to assist in the risk stratification of surgical 
patients. The algorithm identifies active cardiac condi-
tions that are associated with major risk (unstable coro-
nary syndromes, decompensated heart failure, significant 
arrhythmia, and severe valvular disease) and then strati-
fies patients based on functional capacity. No further test-
ing is recommended when functional status is adequate 
(more than four metabolic equivalent tasks [METS]). If 
functional status is less than four METS, further ischemia 
testing is then determined by the type of surgery (low, 
intermediate, or high risk) and by the presence of fur-
ther risk factors (history of ischemic heart disease, heart 
failure, diabetes, renal insufficiency, and cerebrovascular 
disease).21 Kidney transplantation is considered an inter-
mediate-risk procedure in the ACC/AHA Guidelines. The 
utility of the 2007 ACC/AHA Guidelines to detect patients 
with ischemic heart disease has been called into question 
in the kidney transplant population.22 Silent myocar-
dial ischemia can occur more frequently in patients with 
ESRD than in the general population, making the detec-
tion of unstable coronary syndromes more difficult. One 
study reported that chest pain presenting at the time of 
acute MI was less common in patients with ESRD requir-
ing dialysis compared with patients not using dialysis 
(44% versus 68%).23 Decreased functional status might 
not be a specific or sensitive indicator of cardiovascular 
risk in kidney transplant candidates. One study of 204 
kidney transplant candidates examined the effectiveness 
of various guidelines to detect asymptomatic CAD. Of 
the 204 patients, 178 underwent noninvasive ischemia 
testing; 17 patients with ischemia were identified. The 
authors determined that if the ACC/AHA guidelines had 
been strictly applied to this group of patients, only 39 
of the 178 candidates would have undergone noninva-
sive testing, and only 4 of the 17 patients with ischemia 
would have been detected.24 Finally, renal insufficiency 
is itself a risk factor. The unique characteristics of ESRD 
patients, along with discrepancies among guidelines, has 
called into question the applicability of available recom-
mendations regarding cardiac testing in the kidney trans-
plant population.22
Noninvasive testing methods for CAD have been well 
studied in the kidney transplant population. In studies 
that compared either dobutamine stress echocardiogra-
phy (DSE) or myocardial perfusion studies with angiog-
raphy in patients with renal failure, both methods had 
decreased accuracy compared to their accuracy in nonre-
nal failure patients. DSE had sensitivities of 0.44 to 0.89 
and specificities of 0.71 to 0.94. Myocardial perfusion 
studies had sensitivities of 0.29 to 0.92 and specificities of 
0.67 to 0.89.22 Although noninvasive testing has variable 
sensitivity and specificity for CAD in transplant cohorts, 
abnormal noninvasive test results correlate with adverse 
cardiac events and mortality in patients with ESRD. A 
meta-analysis of studies using either DSE or myocardial 
perfusion studies in patients with ESRD demonstrated 
that patients with inducible ischemia or fixed defects had 
a significantly increased risk of cardiac death compared to 
patients with normal studies.25

Before 2010, several guidelines and consensus-based 
recommendations regarding preoperative cardiac risk 
assessment in kidney transplant candidates had been 
published. The risk assessment of asymptomatic kidney 
transplant candidates is of prime importance.26,27 Like-
wise, surveys of practice patterns in the United States 
demonstrate a spectrum of approaches for the screen-
ing of asymptomatic kidney transplant candidates.28,29 
Although preoperative cardiac evaluation recommenda-
tions have not been standardized for kidney transplant 
candidates, a stepwise process including a comprehensive 
cardiovascular history and assessment of signs and symp-
toms of advanced cardiac disease, assessment of func-
tional status, and identification of risk factors should be 
assessed.

A baseline ECG is an appropriate initial screening 
test in most kidney transplant patients, especially in 
patients older than 40 years. ECG abnormalities associ-
ated with cardiac disease are common in patients with 
ESRD. A preoperative ECG should be obtained in patients 
with known CAD, peripheral vascular disease, and car-
diac symptoms.22 Noninvasive testing may be considered 
in asymptomatic patients with multiple risk factors for 
CAD. Using a revised list of risk factors, one study demon-
strated an improvement in the sensitivity and specificity 
for the detection of occult CAD in transplant candidates 
compared to using the established ACC/AHA risk fac-
tors.24 Based on this study’s results, risk factors associated 
with an increased risk of CAD in renal transplant candi-
dates include diabetes, history of cardiovascular disease, 
more than 1 year of dialysis, left ventricular hypertrophy, 
age older than 60 years old, smoking, hypertension, and 
dyslipidemia.22 Preoperative assessment of left and right 
ventricular function by echocardiography is an appropri-
ate test in most kidney transplant candidates.22 The likeli-
hood of structural cardiac abnormalities and the potential 
for left ventricular dysfunction in ESRD is significant, and 
transthoracic echocardiography provides detailed infor-
mation regarding resting cardiac function and structure 
with few testing risks.

An increased prevalence of occult pulmonary hyper-
tension occurs in patients with ESRD receiving dialy-
sis. A 40% incidence of pulmonary hypertension 
existed in a series of 58 ESRD patients receiving chronic 



Chapte
hemodialysis. The mechanism involves both uremia-
induced pulmonary vasoconstriction and increased 
cardiac output secondary to an arteriovenous fistula. 
Pulmonary hypertension may be reversible after kidney 
transplantation. The identification of pulmonary hyper-
tension is important because its presence in patients with 
ESRD is associated with decreased survival.30 A screening 
ECG can identify patients with pulmonary hypertension 
(see Chapter 47). In addition, right heart catheterization 
is likely indicated in patients with evidence of signifi-
cant pulmonary hypertension by echocardiography.

Patients with cardiac conditions may remain on trans-
plant lists for a long duration (i.e., many months or even 
years) before undergoing transplantation. During this 
time, cardiac disease can progress. Although routine peri-
odic noninvasive screening in asymptomatic patients 
awaiting transplant is not warranted, patients with 
known cardiac disease should undergo regular repeat car-
diac assessments; however, the ideal frequency of assess-
ments is not known.22

A detailed list of the patient’s cardiovascular medica-
tions should be obtained, and the patient should be clearly 
advised which medications should be taken before sur-
gery. In general, most patients with ESRD receive multiple 
medications for the chronic treatment of hypertension; 
however, the ideal combination of drugs is not clear. Strate-
gies for the perioperative administration of antihyperten-
sive blood pressure medications are important; however, 
the urgency of donor kidney transplantation often allows 
only the immediate preoperative administration of antihy-
pertensive medications. Perioperative β-adrenergic blocker 
therapy apparently decreases the incidence of perioperative 
MI and mortality in high-risk and intermediate-risk surgi-
cal patients,31,32 but perioperative β-adrenergic blockade 
has not been effective in other studies with low–cardiac 
risk patients and with patients with diabetes.33,34 One study 
demonstrated that perioperative β-adrenergic blockade 
decreased short- and long-term mortality in renal failure 
patients undergoing vascular surgery.35 To clarify this issue, 
there are unfortunately no randomized, prospective trials 
that have investigated perioperative β-adrenergic block-
ade in kidney transplant patients. The ACC/AHA 2007 
Guidelines recommend that patients previously receiving 
β-adrenergic blockers should continue to receive them.21 
Based on recommendations for nontransplant surgical 
patients, perioperative β-adrenergic blockade may be initi-
ated in renal transplant candidates with known CAD, with 
CAD risk factors (diabetes, heart failure, and atheroscle-
rosis), and with myocardial ischemia that occurs during 
preoperative noninvasive stress testing.22 In asymptom-
atic kidney transplant patients not previously receiving 
β-adrenergic blockers without two or more CAD risk factors, 
perioperative β-adrenergic blockade should not be initiated 
because of the risk of perioperative bradycardia and hypo-
tension observed in nontransplant cohorts.22

Patients with ESRD are at risk for atherosclerosis and 
may be receiving lipid-lowering medications at the time 
of surgery. Although there are no studies that definitively 
show that hyperlipidemia therapy improves outcomes 
in ESRD, lipid-lowering medications probably should be 
continued during the perioperative period in patients 
previously receiving them.22
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As mentioned previously, there is an increasing preva-
lence of diabetes in the kidney transplant population. 
There have been many studies assessing the risks and ben-
efits of glycemic control with intravenous insulin therapy 
in surgical patients. A recent meta-analysis found that 
the use of perioperative insulin infusions is associated 
with episodes of hypoglycemia, although overall mortal-
ity may be reduced.36 A multinational randomized trial in 
intensive care unit (ICU) patients comparing “tight” glu-
cose control with intensive insulin therapy (target glucose 
levels ranging 81 to 108 mg/dL) to conventional insulin 
therapy (target glucose levels < 180 mg/dL) demonstrated 
a more frequent 90-day mortality with tight glucose con-
trol.37 Perioperative glycemic therapy should be started in 
patients with diabetes who are undergoing kidney trans-
plant, yet a benefit from strict blood glucose control in the 
kidney transplant population has not been demonstrated 
in the literature. On the morning of surgery, blood glucose 
levels should be measured, and insulin therapy may be ini-
tiated in patients before surgery for significant hyperglyce-
mia, with appropriate serial blood glucose measurements 
during the perioperative period. As in all types of sur-
gery, orally administered antihyperglycemic medications 
should be withheld on the morning of surgery in patients 
with non–insulin-dependent diabetes (see Chapter 39).

ANESTHESIA FOR KIDNEY TRANSPLANT: 
INTRAOPERATIVE MANAGEMENT

General anesthesia with endotracheal intubation is 
the preferred anesthetic method for kidney transplan-
tation in most kidney transplant centers. The goals of 
anesthesia are to facilitate an adequate depth of anes-
thesia while maintaining hemodynamic stability and 
to provide appropriate muscle relaxation to facilitate 
surgical conditions. As mentioned previously, patients 
with ESRD are considered a risk for aspiration of gastric 
contents secondary to the presence of uremic gastropa-
thy and other conditions, such as obesity (see Chapter 
71) and diabetes. An oral nonparticulate antacid and 
intravenous administration of an H-2 blocker, such as 
ranitidine, probably should be given before induction 
of anesthesia. A rapid-sequence induction of anesthesia 
with continuous cricoid pressure is the preferred method 
of induction for general anesthesia. Succinylcholine can 
be used safely in standard doses in patients with ESRD 
when potassium levels are within normal limits (usu-
ally <5.5 mEq/L). Potassium transiently increases 0.5 
to 1.0 mEq/L for 10 to 15 minutes before returning to 
baseline levels in patients with ESRD and those with nor-
mal renal function.38 A modified rapid sequence induc-
tion using rocuronium 0.8 to 1.2 mg/kg intravenously 
is an appropriate substitute for succinylcholine when 
hyperkalemia or other contraindications to succinylcho-
line exist. A meta-analysis of 26 studies that compared 
the intubating conditions produced by succinylcho-
line and rocuronium found that intubation conditions 
were clinically similar when propofol was used as the 
induction anesthetic.39 The hemodynamic response to 
laryngoscopy may be accelerated in patients with ESRD 
with underlying chronic hypertension. Tachycardia 
and hypertension can be attenuated with supplemental 
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opioids, esmolol, lidocaine, or nitroglycerin titrated to 
effect. Following the stress of tracheal intubation kid-
ney transplant patients may develop hypotension before 
surgical incision, especially in patients who have been 
rendered hypovolemic from recent dialysis or in patients 
receiving renin-angiotensin blocking drugs.

Intraoperative monitoring may be limited to stan-
dard noninvasive monitors in younger, healthier trans-
plant recipients and in select living donor recipients. 
 Intraarterial blood pressure monitoring can be benefi-
cial, especially in patients with uncontrolled hyperten-
sion, CAD, or heart failure. Pulmonary artery catheter 
or transesophageal echocardiographic monitoring may 
be considered in patients with advanced CAD, left or 
right ventricular dysfunction, and pulmonary hyper-
tension. Central venous pressure monitoring is a 
standard monitoring technique in some centers; how-
ever, central venous pressure is not a reliable monitor 
of fluid status or responsiveness.40 The insertion of a 
central line provides reliable venous access for intra-
vascular fluid resuscitation and transfusion, and access 
for administration of immunosuppression drugs and 
vasoactive infusions. Large-bore venous access is nec-
essary for appropriate intravascular volume admin-
istration in the perioperative period. Intravenous 
access can be challenging in some kidney transplant 
patients, because intravenous sites may be limited by 
the presence of an upper extremity arteriovenous fis-
tula. Conversely, central venous access may be difficult 
to accomplish in patients with ESRD who have under-
gone multiple previous central venous dialysis catheter 
placements, especially if central venous thrombosis has 
been documented.

Maintenance of anesthesia is typically performed using 
a combination of intravenous and inhaled anesthetics. 
Volatile inhaled anesthetics are titrated to the level of sur-
gical stimulation, which varies during the phases of the 
procedure. Desflurane and isoflurane are not associated 
with nephrotoxicity. Although sevoflurane has potential 
nephrotoxic effects from the metabolites compound A 
and fluoride ion, detrimental effects on renal function 
have not been demonstrated in patients with renal insuf-
ficiency41,42 (see Chapter 26). A study of 200 renal trans-
plant recipients retrospectively compared outcomes in 
recipients that received anesthetics using sevoflurane ver-
sus isoflurane. There was no difference between patient 
groups in postoperative creatinine levels, the need for 
dialysis, or graft rejection up to 6 months after transplan-
tation.43 Although large prospective studies are lacking in 
kidney transplant patients, the use of sevoflurane during 
kidney transplantation appears to be a reasonable anes-
thetic choice.

Analgesia during the intraoperative period can be pro-
vided with the synthetic opioids fentanyl, sufentanil, 
alfentanil, and remifentanil, because their pharmacoki-
netics and pharmacodynamics are not affected by renal 
insufficiency. Morphine, oxycodone, and meperidine 
should be used sparingly in patients with renal failure, 
because these drugs have active metabolites that accumu-
late in these patients (see Chapter 30).

Appropriate neuromuscular blockade during kidney 
transplantation is important for optimizing surgical 
conditions (see Chapters 34 and 35); however, recovery 
from neuromuscular blockade may be variable in patients 
with ESRD, regardless of the drug used.6 Both vecuronium 
and rocuronium have prolonged durations of action in 
renal failure patients, because their clearances rely both 
on renal and hepatic metabolism. Cisatracurium is likely 
the muscle relaxant of choice in patients with ESRD, 
because it undergoes organ-independent clearance. Pan-
curonium is primarily eliminated by the kidneys, and 
probably should be avoided in patients with renal fail-
ure. For patients with ESRD who are undergoing kidney 
transplantation, judicious use of neuromuscular blocking 
drugs is a necessity. Titration to surgical conditions and 
close monitoring of the level of neuromuscular blockade 
are crucial (see Chapter 53).

The surgical procedure involves placement of the 
renal allograft in the left or right extraperitoneal fossa, 
although the right side is usually preferred (Fig. 74-4). A 
vertical curvilinear incision 20 to 25 cm long is typically 
made, extending from the pubis symphysis to above the 
anterior superior iliac spine. The abdominal musculature 
is divided, and the peritoneum is entered and retracted. 
During the initial incision and dissection, surgical 
stimulation is increased and hemodynamic responses 
may be exaggerated in some patients. Adequate analge-
sia, depth of anesthesia, and muscle relaxation should 
be appropriately titrated to effect. The external iliac 
vein and artery are identified and mobilized. Occa-
sionally, different vascular structures are chosen for 
the renal anastomoses. Heparin may be administered 
before clamping of the vessels. The external iliac vein 
is clamped first, and the renal vein anastomosis is per-
formed. Next, the external iliac artery is clamped and 
the renal artery anastomosis is performed. During the 
anastomoses of the renal vessels, expansion of intra-
vascular volume with normal saline should be initi-
ated. Furosemide and mannitol are administered before 
reperfusion to stimulate diuresis. Mannitol, along with 
adequate intravascular volume resuscitation, decreases 
the likelihood of acute tubular necrosis in renal trans-
plantation.44 Adequate intravascular volume expansion 
with crystalloid or colloids increases renal blood flow, 
which improves immediate graft function.6 At the time 
of removal of the vascular clamps, additional intravas-
cular volume expansion may be required to stabilize 
hemodynamics. On rare occasions, removal of vascular 
clamps may be associated with acute bleeding requiring 
further resuscitation and transfusion. Hypotension fol-
lowing reperfusion will result in hypoperfusion of the 
graft. Hypotension may precipitate renal injury owing 
to ischemia and can contribute to vascular thrombo-
sis of the graft. Appropriate decreases in the depth of 
volatile anesthetic and volume expansion will maintain 
adequate renal perfusion pressures in most patients. 
In the event of hypotension, adrenergic vasopressors 
are typically avoided because of renal vasoconstrictive 
effects. Hypotension unresponsive to volume expansion 
may require interventions to increase cardiac output, 
especially in high-risk patients. Invasive hemodynamic 
monitoring is invaluable in this situation. Dopamine 
is typically the first vasoactive infusion used in kidney 
transplant patients; however, this is controversial. In an 
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observational study of 105 kidney transplants, there was
no difference in renal function parameters in recipients
who received dopamine versus those who did not.45

Furthermore, dopamine can increase heart rate and
myocardial oxygen requirements potentially inducing
myocardial ischemia in patients with CAD. The routine
perioperative use of dopamine in kidney transplants
has not been recommended because it has not been
proven to prevent graft complications.22 After comple-
tion of the vascular anastomoses, the donor graft ureter
is implanted into the recipient bladder. The bladder is
filled with antibiotic saline irrigation solution by way
of a three-way Foley catheter, allowing for implantation
of the donor ureter. A temporary ureteral stent may be
placed as well. After completion of the bladder anasto-
mosis, the wound is closed in layers. Neuromuscular
blockade should be maintained until the fascial layer
has been closed to prevent straining or coughing that
could potentially disrupt the graft position or vascular
connections. During emergence, exaggerated hemody-
namic responses are common, especially in patients
with poorly controlled hypertension. Appropriate titra-
tion of short-acting drugs to attenuate these responses
upon emergence is helpful, especially in patients at risk
for CAD. Careful neuromuscular blockade monitoring
and appropriate administration of reversal agents are
central to avoiding postoperative pulmonary complica-
tions (see Chapters 34 and 35). Likewise, ESRD patients
may demonstrate delayed emergence from anesthe-
sia and have exaggerated responses to opioids and
 sedative-hypnotics. Extubation of the trachea should
occur after the patient demonstrates the ability to pro-
tect the airway, because kidney transplant patients are
still considered a risk for aspiration of gastric contents at
the completion of surgery.

A

B

C

Figure 74-4. Renal transplantation. A, Renal artery anastomosis
performed end-to-side to the external iliac artery. B, Renal vein anas-
tomosis performed end-to-side to the external iliac vein. C, Ureteral
anastomosis to the bladder mucosa. (From Hardy JD: Hardy’s Textbook
of Surgery, ed 2. Philadelphia, 1988, JB Lippincott.)
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ANESTHESIA FOR KIDNEY TRANSPLANT: 
POSTOPERATIVE MANAGEMENT

After extubation of the trachea, the kidney transplant 
recipient requires careful monitoring in the postanes-
thesia care unit. Close monitoring of urine output in the 
initial postoperative period is important. Acute decreases 
in urine output should initiate a rapid evaluation of the 
etiology and appropriate treatment. A prerenal etiol-
ogy should be treated with aggressive intravascular vol-
ume resuscitation. In some patients, additional invasive 
hemodynamic monitoring may be required. Postrenal 
etiologies owing to technical problems with the ureteral 
anastomosis may require early surgical re-exploration. 
Postoperative complications include vascular throm-
boses (1% to 2%), wound hematomas (1% to 2%), and 
infection. High-risk patients with advanced cardiac and 
pulmonary disease may require further postoperative 
monitoring in the intensive care setting. Variable rates 
of admission to ICUs have been reported by different 
centers, but in general, postoperative intensive care 
admissions for kidney transplant recipients are much less 
common than for liver and kidney-pancreas transplant 
recipients. One single-center study of 1015 consecutive 
kidney transplants over a 10-year period found an ICU 
admission rate of 6%. The mortality rate in patients that 
required intensive care admission may be more frequent 
(40%) than in other nontransplant ICU patients (20%). 
Most patients were admitted for sepsis and required ven-
tilator support.46

Postoperative pain control is usually provided with 
synthetic opioid analgesics without active metabolites 
(see Chapter 98). Pain after kidney transplant is highly 
variable; in some patients, pain may be severe and chal-
lenging to treat effectively. Patient-controlled opioid 
analgesia is commonly initiated in the postanesthesia 
care unit. Regional anesthesia for kidney transplantation 
is controversial. One report demonstrated effective post-
operative analgesia in kidney transplant recipients with 
epidural analgesia.47 However, the concern for uremic 
coagulopathy and the potential for hypotension with 
epidural analgesia has limited its use in kidney transplant 
recipients. One pilot study in kidney transplant recipients 
demonstrated that a supplemental transversus abdominis 
plane block before incision improved postoperative pain 
scores and decreased opioid requirements compared with 
control patients who received standard opioid therapy 
and acetaminophen.48

ORGAN MATCHING AND ALLOCATION

Organ matching for kidney transplantation involves sev-
eral steps to determine compatibility between donor and 
recipient. Initially, matching of the major ABO blood 
group is determined for all donors and recipients. Before 
the transplant surgery, a crossmatch is performed by mix-
ing recipient blood with donor blood cells. This cross-
match is performed to identify any recipient antibodies 
that are reactive against donor antigens. Histocompatibil-
ity matching is an important part of the matching process, 
in which the human lymphocyte antigen (HLA) profile of 
the recipient is determined and compared with the HLA 
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profile of the donor. Organ rejection by the recipient’s 
immune system is mediated by the recognition of mis-
matched (non-self) HLAs located on the surface of donor 
cells. Many standard HLAs are compared between poten-
tial donors and recipients before transplantation. In gen-
eral, survival rates are worse with HLA-mismatched grafts. 
Although better immunosuppression has improved the 
overall survival rates for kidney transplants during the 
past 3 decades, the graft loss rate for HLA-mismatched 
kidneys has remained twice as frequent as HLA-matched 
grafts.49 For all potential recipients awaiting a deceased 
donor, their HLA profile is compared to the donor profile, 
and an appropriate donor-recipient pairing is made based 
on the best match. For living donors, HLA matching is 
performed well in advance of the surgery.

Currently, deceased-donor kidneys in the United 
States, unlike other organs, are allocated primarily based 
upon the recipient’s accrued time on the waitlist. With 
improvements in immunosuppression, HLA matching 
is not as prominently weighted in the kidney allocation 
process as previously. Despite the increase in living donor 
transplants within the past 20 years, efforts have been 
made to revise the current deceased-donor kidney alloca-
tion system in the United States to allocate organs to the 
highest acuity patients, similar to liver graft allocation. 
Ideally, a new allocation system would decrease the num-
ber of recipient deaths before transplant while matching 
donor and recipient characteristics to maximize post-
transplant recipient survival.

ANESTHESIA FOR PATIENTS AFTER KIDNEY 
TRANSPLANTATION

After successful kidney transplantation, most patients are 
classified as having National Kidney Foundation stage  
2 or 3 CKD with usual GFRs more than 30 mL/min. GFR 
typically deteriorates by 1.4 to 2.4 mL/min/yr in renal 
transplant recipients.50 Posttransplant mortality increases 
as renal graft function deteriorates. Renal function is fol-
lowed closely within the first few years after transplant 
to assess for rejection, which is identified by worsen-
ing organ function. In post–kidney transplant patients 
undergoing nontransplant surgery, renal function should 
be assessed before surgery. Most patients will be under the 
care of a nephrologist within the first years of a kidney 
transplant; assessment of the patient’s medical records or 
renal function tests should be obtained preoperatively. 
Rejection should be ruled out before nontransplant 
surgery, as surgery during an episode of rejection can 
increase morbidity.51

Cardiovascular disease is the most common cause of 
death in kidney transplant patients. As described previ-
ously, cardiovascular disease is involved in the patho-
genesis of renal failure and is a consequence of kidney 
disease. Ischemic heart disease, cerebrovascular disease, 
and peripheral vascular disease significantly affect the 
survival of kidney transplant patients. Progression of 
preexisting CAD can occur in the posttransplant patient, 
as immunosuppression contributes to the development 
of de novo hyperlipidemia, hypertension, and diabe-
tes. The incidences of hypertension (80%), hyperlipid-
emia (60% to 80%), and new-onset diabetes (25%) are 
increased in kidney transplant recipients.50 Obesity and 
the development of metabolic syndrome are common 
after kidney transplant (see Chapter 71). More than 
60% of renal transplant patients received a diagnosis 
of metabolic syndrome within 6 years following kidney 
transplant in one study.52 Because long-term studies on 
cardiac outcomes following nontransplant surgery in 
kidney transplant recipients are lacking, specific recom-
mendations for regular cardiovascular testing are lacking 
as well. For previous kidney transplant patients under-
going nontransplant surgery, the ACC/AHA guidelines 
for the preoperative evaluation for noncardiac surgery 
should be used to guide preoperative cardiovascular test-
ing21 (see Chapter 38).

Other disease processes related to kidney disease and 
immunosuppression should be sought. Kidney transplant 
patients are at increased risk for posttransplant malignan-
cies, anemia, and osteodystrophy. Infection is a constant 
concern in kidney transplant recipients, because they are 
at risk for both opportunistic and community-acquired 
infections. Cytomegalovirus (CMV) infection is the most 
common infection in kidney transplant patients, and it is 
rarely acquired by transfusion (see Chapter 61). CMV-neg-
ative blood should be used when transfusions are required 
in patients who are CMV negative.

Anesthesia for nontransplant surgery can be accom-
plished safely with general, regional, and local sedation 
techniques. Most anesthetic drugs are safe in post-
transplant patients, assuming the presence of adequate 
hepatic and renal function.51 Although preoperative cre-
atinine may be near normal in kidney transplant recipi-
ents, GFR in these patients is usually reduced, resulting in 
prolongation of the activity of drugs cleared by the kid-
neys. Obviously, drugs that cause nephrotoxicity should 
be avoided.

PANCREAS TRANSPLANTATION

Surgical treatment for diabetes includes pancreas trans-
plant alone (PTA) and, in patients with diabetes and ESRD, 
pancreas after kidney transplant (PAK) and simultaneous 
pancreas-kidney transplant (SPK). Usually, whole pancreas 
is transplanted from deceased donors. Less commonly, 
the distal pancreas is transplanted from a living donor. In 
2008, there were 432 pancreas transplants performed in 
the United States (223 PTAs and 209 PAKs), and 826 SPKs. 
The total number of pancreas transplants performed in the 
United States for all three groups has decreased annually 
over the past several years (Fig. 74-5). The reasons for this 
decline are not well understood.53 The 5-year patient sur-
vival for pancreas transplant is 90% for PTA, 86% for PAK, 
and 88% for SPK. The 5-year graft survival for pancreas 
transplant is 73% for SPK, 52% for PTA, and 55% for PAK.5

INDICATIONS FOR PANCREAS AND KIDNEY-
PANCREAS TRANSPLANTATION

Pancreas transplantation provides patients with insulin-
dependent diabetes mellitus a permanent source of endog-
enous insulin, thus restoring normoglycemia. SPK and 
PAK transplants are indicated in patients with diabetes 
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and ESRD who are deemed appropriate candidates for 
kidney transplantation or who have already undergone 
kidney transplantation. PTA is indicated in patients with 
diabetes without indications for kidney transplantation 
and who have a history of severe frequent metabolic 
complications, or who have a history of problems main-
taining insulin therapy that result in intractable diabetic 
complications.54 Most patients who undergo pancreas 
transplant have type 1 diabetes mellitus. Rare indications 
for pancreas transplant include select cases of type 2 dia-
betes mellitus, chronic pancreatitis that has developed 
endocrine deficiency, cystic fibrosis with endocrine defi-
ciency, and prior total pancreatectomy.

For patients with diabetes and ESRD, those younger 
than 50 years have better survival than older patients 
when undergoing pancreas transplantation at the time of 
kidney transplantation.55 The survival benefit in SPK may 
be due to long-term decreases in CAD complications.56 
For patients with normal renal function who undergo 
PTA, long-term survival appears be the same as in patients 
receiving chronic insulin therapy57; however, pancreas 
transplant has a favorable effect on the progression of 
retinopathy. The progression of retinopathy is decreased 
or reversed in a significant percentage of PTA patients 
compared to diabetic patients treated with conventional 
insulin therapy.58

PATHOPHYSIOLOGY OF PANCREATIC 
INSUFFICIENCY

Type 1 diabetes mellitus occurs secondary to destruction 
of pancreatic islet cells resulting in a permanent functional 
loss of the endogenous production of insulin, necessitat-
ing life-long exogenous insulin therapy. The underly-
ing cause of type 1 diabetes mellitus remains unknown. 
Type 2 diabetes mellitus results from peripheral resistance 
to the effects of insulin. Both diseases produce chronic 
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Figure 74-5. Pancreas transplant rates per 100 waitlist years. The pan-
creas transplantation rate is decreasing. PTA, Pancreas transplant alone; 
SPK, simultaneous pancreas-kidney transplant; PAK, pancreas transplant 
after kidney transplant. (OPTN & SRTR Annual Data Report 2011. U.S. 
Department of Health and Human Services Health Resouces and Services 
Administration, p 7, Figure PA 1.4)
increases of blood glucose concentrations resulting in the 
multiorgan manifestations of diabetes.

The chronic complications of diabetes that have the 
greatest effect on patient morbidity and survival are those 
that affect the cardiovascular system. CAD, cerebrovas-
cular disease, and peripheral vascular disease occur in 
patients with diabetes owing to acceleration of athero-
sclerosis. Both macrovascular and microvascular disease 
occurs. Patients with diabetes develop CAD earlier, are 
more likely to have atypical symptoms, and have a higher 
mortality rate from MI than nondiabetics.59 Peripheral 
and autonomic neuropathies develop in diabetes, result-
ing in gastroparesis, lower extremity paresthesia, ulcer-
ations, orthostatic hypotension, and labile heart rate and 
arterial blood pressure. Patients with diabetes have a high 
cumulative prevalence of blindness (16%), renal failure 
(22%), lower extremity amputation (12%), MI (21%), and 
stroke (10%)60 (see Chapter 39).

Acute complications of type 1 diabetes mellitus typi-
cally involve conditions associated with severe hypergly-
cemia, such as diabetic ketoacidosis and hyperglycemic 
hyperosmolar nonketotic coma. Hypoglycemia is a direct 
result of exogenous insulin administration. Patients with 
type 1 diabetes are prone to large fluctuations in blood 
glucose levels. Hypoglycemic episodes contribute to acute 
morbidity and mortality in diabetic patients.

ANESTHESIA FOR PANCREAS 
TRANSPLANTATION: PREOPERATIVE 
EVALUATION

The preoperative evaluation for the patient undergoing pan-
creas transplantation involves an assessment of all of the 
potential acute and chronic complications of type 1 diabetes. 
Pancreas transplant centers pursue a comprehensive, multi-
disciplinary evaluation and selection process before listing 
candidates. This evaluation should address the organ sys-
tems most affected by long-standing diabetes, including the 
cardiovascular, renal, and neurologic systems. Assessment 
for the presence and severity of CAD should be undertaken 
in all candidates, including noninvasive ischemia testing, 
evaluation of ventricular function, and coronary angiogra-
phy in select patients. Previously, patients considered for 
pancreas transplantation were younger than 40 years and 
had a lower risk for the cardiac and vascular sequelae of dia-
betes. Older patients are now considered for pancreas trans-
plantation, but have a significantly higher risk for CAD and 
vascular disease.61 Strategies to reduce cardiac complications, 
such as maintenance of β-adrenergic blockade and continu-
ation of drugs that decrease blood lipid concentrations 
during the perioperative period, should be applied when  
appropriate.21

In most cases, pancreas transplantation involves a 
deceased-donor organ with a 24-hour maximum cold 
ischemia time; therefore, pancreas transplantation is con-
sidered an urgent procedure. Preoperative evaluation by 
the anesthesiologist should focus on any acute changes 
in the patient’s medical status, especially those involv-
ing acute diabetic complications such as ketoacidosis and 
hypoglycemia. Blood glucose measurements should be 
assessed closely before surgery, and recent insulin admin-
istration should be noted. Evaluation of renal function in 
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all candidates is important before surgery. Most patients 
with diabetes listed for pancreas transplant have ESRD 
as well and will undergo SPK. A full evaluation of elec-
trolytes, including creatinine and potassium, should be 
obtained before surgery. Serial trends in heart rates and 
arterial blood pressures in hospitalized patients should be 
assessed, as most patients will have a history of hyperten-
sion requiring multiple medications, especially patients 
with renal failure. Preoperative assessment of intravascu-
lar volume status is especially important in patients with 
ESRD on hemodialysis (see Chapter 38). Finally, a directed 
physical examination focusing on the airway and cardio-
pulmonary system should be performed. The incidence of 
difficult tracheal intubations in patients with long-stand-
ing diabetes was thought to be more frequent because 
of anatomic changes of the upper airway; however, two 
recent reports did not concur.62,63 Nevertheless, atten-
tion to anatomic signs of a potentially difficult airway is 
important in patients with diabetes, especially those with 
cervical arthritis and significant obesity.

ANESTHESIA FOR PANCREAS 
TRANSPLANTATION: INTRAOPERATIVE 
MANAGEMENT

General anesthesia with endotracheal intubation is 
required for all types of pancreas transplantation. The sur-
gical procedure is typically prolonged, and an adequate 
depth of anesthesia and muscle relaxation is required for 
optimal surgical conditions. Diabetic patients and those 
with ESRD have a high likelihood of gastropathy and may 
have an increased risk for aspiration of gastric contents. 
Administration of an oral nonparticulate antacid preop-
eratively should be considered. A rapid-sequence induc-
tion of anesthesia with continuous cricoid pressure is the 
safest approach to securing the airway. Patients with dia-
betes, ESRD, cardiovascular disease, and autonomic neu-
ropathy may be prone to wide fluctuations in heart rate 
and arterial blood pressure. Vital signs should be closely 
monitored, and maintenance of hemodynamic stability 
should be a primary anesthetic goal, especially during 
and immediately following anesthetic induction. Inva-
sive monitoring is standard for pancreas transplantation. 
Arterial monitoring allows for beat-to-beat arterial blood 
pressure measurements, as well as access for analysis of 
arterial blood gases and blood glucose monitoring. Cen-
tral venous access may be indicated for central adminis-
tration of vasoactive infusions and immunosuppression 
drugs. Central venous pressure monitoring is used in 
some centers; however, the usefulness of this practice 
has been questioned, as central venous pressure might 
not be a reliable indicator of intravascular fluid respon-
siveness.40 Arterial line placement before induction of 
anesthesia may be considered, especially in patients 
with severe hypertension or CAD. Anesthesia is typically 
maintained with a balanced technique using volatile 
anesthetics, opioids, and muscle relaxants. In patients 
with renal failure, medications should be chosen that 
are not dependent on the kidneys for elimination. All 
the caveats for the anesthetic management of patients 
undergoing kidney transplantation should be applied for 
patients undergoing SPK.
A midline surgical incision is made for both pancreas 
and kidney-pancreas transplant surgeries. Extensive 
retraction necessitates adequate muscle relaxation. Pro-
longed exposure of the abdominal viscera results in sig-
nificant third-space losses; adequate volume expansion 
with crystalloid or colloids is often required. The pancreas 
graft is usually placed in the iliac fossa. The arterial vas-
cular supply to the pancreas graft is usually provided by 
an anastomosis to the iliac artery. Venous drainage from 
the pancreas graft can be delivered to either the iliac vein 
or the native portal vein. Usually the venous outflow 
from the pancreas is delivered to the iliac vein, which is 
associated with a lower rate of venous thrombosis. Alter-
natively, venous outflow may be directed to the native 
portal vein, which is the physiologically normal pattern 
of pancreatic venous efflux. There appears to be no signif-
icant advantage to portal venous drainage over systemic 
venous drainage for pancreas transplantation.56

Pancreatic exocrine drainage can be delivered to 
either the bladder or the intestine (Fig. 74-6). Although 
enteric pancreatic drainage is physiologically normal, this 
method is associated with surgical complications that can 
result in graft dysfunction, thrombosis, and early rejec-
tion. Exocrine drainage to the bladder allows for mea-
surement of urinary amylase levels, which can be used 
to diagnose early rejection episodes before blood glucose 
levels are affected. Exocrine bladder drainage is associated 
with urologic complications and metabolic acidosis. Cur-
rently, most pancreas transplants utilize enteric drainage 
as there is no difference in graft or patient survival com-
pared to bladder drainage.64,65

Prior to completion of the vascular anastomoses dur-
ing pancreas transplantation, blood glucose levels should 
be assessed at least hourly as levels frequently fluctu-
ate in brittle diabetic patients. Blood glucose should be 
maintained at less than 200 mg/dL, using intravenous 
insulin and dextrose infusions if necessary. Sliding scale 
insulin infusion protocols may be applied. Dextrose pre-
vents the development of ketoacidosis during the early 
stages of the procedure. Before unclamping of the vas-
cular anastomoses, adequate volume resuscitation should 
be initiated. Adequate cardiac preload and normal arterial 
blood pressures should be the hemodynamic goals before 
unclamping.

After unclamping of the vascular connections, ade-
quate perfusion pressure to the graft is critical. Hypo-
tension should be corrected rapidly, and intravascular 
volume status should be optimized. If hypotension occurs 
because of myocardial dysfunction, intracardiac pressure 
monitoring or transesophageal echocardiography can 
assist in the diagnosis and may help to guide therapy. 
Blood transfusions, colloids, and vasoactive medications 
may be required for the treatment of hypotension after 
reperfusion of the pancreatic graft. Therapy should also 
be guided by frequent arterial blood gas analyses with 
assessment of electrolytes and hemoglobin.

One of the most important intraoperative care points 
for pancreas transplantation is the management of blood 
glucose following pancreas reperfusion. After unclamp-
ing, the pancreas may release insulin into the circulation 
within several minutes. Blood glucose should be mea-
sured approximately every 30 minutes for the remainder 
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Figure 74-6. Pancreas transplantation. Bladder drain-
age is through a pancreatic duodenocystostomy. A renal 
transplant is shown with the common iliac vessels used for 
vascular anastomoses. (Modified from Moody FG, editor: Sur-
gical Treatment of Digestive Diseases, ed 2. St Louis, 1990, 
Mosby–Yearbook.)
of the procedure. After successful transplantation, insu-
lin requirements rapidly decline, and patients may be 
at risk for hypoglycemia. Delayed graft function can 
be identified by the presence of hyperglycemia. In this 
event, insulin infusion should be titrated to maintain 
blood glucose levels less than 200 mg/dL.60

ANESTHETIC MANAGEMENT OF PANCREAS 
TRANSPLANTATION: POSTOPERATIVE 
MANAGEMENT

After the completion of surgery, complete reversal of neu-
romuscular blockade, hemodynamic stability, normother-
mia, and the ability of the patient to protect the airway 
will facilitate tracheal extubation. Pancreas transplant 
patients should be monitored closely in the postanesthesia 
care unit and ICU. Regular blood glucose measurements 
should be continued in the postoperative period to avoid 
hypoglycemia. Electrolytes, complete blood count, and 
analysis of arterial blood gas should be obtained immedi-
ately postoperatively, because  acid-base disturbances, ane-
mia, and electrolyte imbalances are common. Euvolemia 
should be maintained. Depending on the patient’s age 
and underlying risk for CAD, serial troponins and ECG 
may be assessed for the presence of myocardial ischemia 
or infarction, because cardiac symptoms may be lacking 
in this population. Postoperative pain can be severe, given 
the extensive surgical wound and duration of surgery. 
Postoperative pain usually is managed with opioids in the 
perioperative period with transition to patient controlled 
analgesia in the early postoperative period (see Chapter 
98). Epidural analgesia may be appropriate for pancreas 
transplant recipients, although the possibility of hypoten-
sion in the early postoperative period can be problematic. 
For SPK, the usual postoperative strategies for kidney trans-
plant patients including close monitoring of urine output 
should be applied.

Surgical complications occur in 7% to 9% of all pancreas 
transplants and usually require reoperation. Technical com-
plications are associated with the potential for graft loss and 
patient morbidity.66 Graft thrombosis is the most impor-
tant early complication and requires emergent surgical 
exploration. Intra-abdominal bleeding can occur secondary 
to coagulopathy induced by anticoagulation for the treat-
ment of graft thrombosis. Late complications include blad-
der or enteric leaks, intra-abdominal sepsis, and rejection.

ORGAN MATCHING AND ALLOCATION

The organ matching process for pancreas transplantation 
is similar to that for kidney transplant organ matching. 
Blood group and HLA matching are initially performed 
to match the donor and recipient, followed by a cross-
match at the time of surgery. There has been a trend 
over the past decade toward less stringent HLA match-
ing for all forms of pancreas transplantation. Despite this 
trend, pancreas transplant graft survival rates continue to 
improve, likely because of enhancements in surgical tech-
niques and immunosuppression.66,67

Most organs allocated for pancreas transplantation are 
for diabetic recipients younger than 40 years. However, 
over the past decade, the average transplant recipient’s 
age has become older because of the allocation of more 
organs for patients with type 2 diabetes.61 In the United 
States, pancreas allocation is regulated initially for local 
distribution, followed by regional and national distribu-
tion. Unlike kidney transplantation, technical complica-
tions are the most common cause of pancreas transplant 
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graft failure. Donor risk factors that affect pancreas graft 
survival include donor age older than 45 years, donor 
body mass index (BMI) greater than 30 kg/m2, and cere-
brovascular or nontraumatic cause of death.68 These fac-
tors have a significant effect on donor organ selection.

ANESTHESIA FOR PATIENTS AFTER 
PANCREAS TRANSPLANTATION

After successful pancreas transplantation, long-term nor-
moglycemia is expected. For patients with a history of 
previous pancreas transplant presenting for surgery, a 
comprehensive posttransplant history of any episodes of 
surgical complications and episodes of rejection should 
be obtained. Blood glucose concentrations should be 
measured on the day of surgery. A detailed history and 
review of medical records focusing on CAD, renal disease, 
and vascular disease is critical, because pancreas trans-
plant patients have a high prevalence of these condi-
tions. Furthermore, disease progression can occur despite 
successful pancreas transplantation. There are no studies 
of cardiac outcomes in pancreas recipients undergoing 
nontransplant surgery; therefore, a stepwise approach to 
the preoperative cardiac evaluation, guided by the 2007 
ACC/AHA Guidelines, is a reasonable approach for pan-
creas recipients undergoing subsequent nontransplant 
surgery.21

LIVER TRANSPLANTATION

In 1963, shortly after the effectiveness of azathioprine 
and prednisone was established for renal transplanta-
tion, Dr. Thomas Starzl performed the first human liver 
transplant.69 The recipient, a 3 year-old child with biliary 
atresia, died in the operating room from massive hem-
orrhage caused by venous collaterals and uncontrollable 
coagulopathy. Four years later, Starzl performed the first 
successful transplant in an 18-month-old infant with 
hepatocellular carcinoma. The advent of cyclosporine 
in 1979, followed by the 1983 pronouncement of the 
National Institutes of Health Consensus Conference that 
liver transplantation was no longer experimental, ush-
ered in the era of liver transplantation. Over the ensuing 
decades, liver transplantation centers were established 
around the world, and the field matured following con-
tinued improvements in surgical technique, immuno-
suppression, and the management of coagulopathy and 
infections.

The number of disciplines that have contributed to 
the advances in liver transplantation illustrates the team 
approach involved in the care of the liver transplant 
recipient. Hepatologists, surgeons, nephrologists, special-
ists in critical care medicine and infectious disease, anes-
thesiologists, pediatricians, radiologists, and pathologists 
have important roles. Key team members extend beyond 
physicians and include transplant coordinators, nurses, 
blood bank personnel, and procurement organizations.

Liver transplantation is unique among abdominal organ 
transplants in that a dedicated team is typically involved 
because of the unique challenges encountered during liver 
transplant surgery. The United Network of Organ Sharing 
(UNOS), which manages the U.S. organ transplant system 
under contract with the U.S. Department of Health and 
Human Services, recognizes the important role of anes-
thesiologists in the perioperative care of liver transplant 
candidates. In 2011, UNOS instituted a requirement that 
U.S. liver transplant programs designate a Director of Liver 
Transplant Anesthesia who meets qualifications based on 
experience and training. These qualifications parallel simi-
lar requirements for the transplant surgeon and physician 
(hepatologist). In addition, UNOS delineated the clinical 
responsibilities of the Director of Liver Transplant Anesthe-
sia, which include preoperative assessment of transplant 
candidates, participation in candidate selection, intraop-
erative management, postoperative visits, and participa-
tion in mortality and morbidity conferences.70 Lastly, the 
director is expected to maintain current knowledge in the 
field of transplant anesthesia by participating in continu-
ing medical education activities related to transplantation.

INDICATIONS FOR LIVER 
TRANSPLANTATION

Liver transplantation is the only definitive treatment for 
decompensated cirrhosis, unresectable primary hepatic 
malignancies, acute liver failure, and metabolic disease. 
Of these indications, decompensated cirrhosis accounted 
for 75% of adult liver transplants performed in the United 
States in 2011, followed by malignancy in 21%, acute 
liver failure in 4%, and metabolic disease in 2%.1

Cirrhosis is further categorized into hepatitis C viral 
disease (23% of the total transplants performed in 2011 
in the United States), alcoholic liver disease (18%), cho-
lestatic disease (9%), and a miscellaneous category (22%) 
that includes nonalcoholic steatohepatitis (NASH), auto-
immune disease, and others (Fig. 74-7).

Advances in the treatment of chronic liver disease, 
particularly antiviral therapy and transjugular intrahe-
patic portosystemic shunt (TIPS) placement, have led 
to improvements in survival over the past decade.71 
In selected patients with advanced cirrhosis and active 
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Figure 74-7. Indications for Adult Liver Transplants in the United 
States, 2011. HCV: hepatitis C virus. (Adapted from OPTN & SRTR Annual 
Data Report 2011. U.S. Department of Health and Human Services Health 
Resouces and Services Administration, p 88, Figure Li 4.9)
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variceal bleeding, early placement of TIPS improved 
1-year survival to 86% compared with 61% in a group 
randomized to similar therapy without early TIPS.72 How-
ever, when life-threatening complications of liver failure 
such as encephalopathy, ascites, gastrointestinal bleeding 
or uremia develop, survival is improved by liver trans-
plantation (90% 1-year survival) compared with medical 
therapy (Table 74-1). Referral for liver transplantation is 
appropriate in the presence of an index complication of 
cirrhosis.

Chronic liver disease and cirrhosis is the fifth leading 
cause of death in the United States for individuals aged 45 
to 64 years; it is surpassed only by cancer, heart disease, 
accidents (unintentional injury), and chronic respiratory 
diseases. Among all age groups, liver disease accounted for 
more than 33,000 deaths in 2011, making it the twelfth 
leading cause of death.73

TRENDS IN LIVER TRANSPLANTATION

Over the past decade, the proportion of transplants per-
formed for malignancy and cirrhosis owing to NASH is 
increasing. Malignancy accounted for just 4% of liver 
transplants in 2001, whereas it accounted for 21% in 
2011. Currently NASH is the third most common indi-
cation for transplantation, and by 2025 it is expected to 
overtake cirrhosis owing to hepatitis C as the single most 
frequent indication for liver transplantation.74 The num-
ber of transplants performed for hepatitis C has decreased 
from 31% to 23% of liver transplants over the past decade 
(2001 to 2011).1

The total number of liver transplants performed in 
the United States increased from 3900 in 1998 to 6000 in 
2006. The number has since stabilized at approximately 
6000 per year.1 European transplant centers perform a 
similar number of transplants per year (approximately 
6000) for similar indications.75 During the past decade, 
the number of patients (adult and pediatric) living with 
a functioning liver transplant more than doubled, from 
30,000 in 2001 to 62,000 in 2011.1

The median time to transplant in the United States 
for the period ending in 2011 was 12.6 months (inter-
quartile range, 1.6-72 months).76 Waiting times in the 
United States decreased drastically with the implemen-
tation of the current allocation system in 2002, which 

TABLE 74-1 PROGNOSIS: COMPLICATIONS OF 
CIRRHOSIS

Event Survival

Variceal bleeding 65%-70% at 1 year*

Ascites 48%-60% at 1 year†

Hepatorenal syndrome 50% at 3 months‡

Encephalopathy (grade 2/3) 40%-50% at 1 year§

Survival after complications is poor compared with 90% patient survival 
at 1 year after liver transplantation.

*Thomopoulos K, Theocharis G, Mimidis K, et al: Dig Liver Dis 38:899, 
2006.

†Fernandez J, Navasa M, Planas R, et al: Gastroenterology 133:818, 2007.
‡Alessandria C, Ozdogan O, Guevara M, et al: Hepatology 41:1282, 2005.
§Stewart C, Malinchoc M, Kim W, Kamath P: Liver Transplant 13:1366, 

2007.
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deemphasized wait times for organ allocation. Median 
wait times have steadily increased since 2005; however, 
this is overshadowed by geographic variation in waiting 
times across various regions, termed donation service areas, 
within the United States.77

Over the past decade, the proportion of recipients aged 
50 years or older increased from 58% to 77%. The propor-
tion of recipients aged 65 years or older has increased by 
50%.1 Although fewer females undergo liver transplant 
compared to males, the gender gap is narrowing. Finally, 
the trend toward combined organ transplantation, partic-
ularly liver-kidney transplant, has continued and in 2011 
represented approximately 7% of transplants.

The primary limitation to liver transplantation is the 
continuing organ shortage, which has resulted in the 
death of approximately 12% of waitlisted transplant can-
didates each year for the past decade.1 This number has 
plateaued, but the number of patients removed from the 
waitlist because they are too sick to undergo transplant 
has doubled over the past 3 years. Responses to these 
concerns have resulted in the use of expanded-criteria 
donors, including grafts donated after cardiac death, 
which increased from less than 2% of liver transplants 
in 2001 to 6% in 2011.1 Living donation has decreased 
over the past 10 years, particularly for adult recipients. 
In 2001, more than 400 living donor grafts were trans-
planted into adult recipients. In 2011, fewer than 200 
adults received living donor grafts.1 This change high-
lights the concern over postoperative complications in 
living donors, particularly those providing a larger liver 
mass, as is the case with right lobe donation. Two living 
donor deaths were reported in 2010, further illustrating 
the risk to living donors.

The recurrence of hepatitis C after successful liver 
transplantation has been increasingly recognized as 
a challenge. Because hepatitis C is the most common 
indication for transplantation, recurrent infection and 
graft failure represents a formidable issue. The deleteri-
ous effects of immunosuppression on viral replication 
have led many centers to attempt to withdraw steroids in 
selected patients with viral infections.

The number of pediatric liver transplants in the United 
States has been stable at 500 to 600 per year over the past 
decade (2002 to 2011; see Chapter 93). During the same 
period, approximately 10% to 15% of pediatric recipients 
in the United States received grafts from living donors, 
down from 20% to 25% in the prior decade.1 The most 
common indication for transplant in pediatric recipi-
ents is cholestatic disease (47%), followed by malignancy 
(14%), metabolic disease (13%), and acute hepatic necro-
sis (11%).1 The European Liver Transplant Registry (ELTR) 
reports similar numbers of pediatric recipients, approxi-
mately 10% of the total number of liver recipients.78

PATHOPHYSIOLOGY OF END-STAGE  
LIVER DISEASE

Cirrhosis is the end product of chronic parenchymal 
inflammation and necrosis, which results in fibrosis and 
disruption of hepatic architecture. Resistance to blood 
flow leads to portal hypertension and the formation of 
vascular shunts between portal and systemic veins.79 
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When the pressure gradient between the portal and 
hepatic veins exceeds 10 to 12 mm Hg, portal hyperten-
sion is severe, and complications such as ascites, esopha-
geal variceal bleeding, encephalopathy, and hepatorenal 
syndrome occur. Decompensated cirrhosis affects nearly 
every other organ system.80 The preoperative assessment 
of liver transplant candidates requires a knowledge of the 
pathophysiologic changes associated with decompen-
sated cirrhosis.

Cardiovascular Complications
Hyperdynamic circulation—characterized by a high car-
diac output, low arterial blood pressure, and low systemic 
vascular resistance—is the hallmark of end-stage liver dis-
ease. Patients appear well perfused despite systolic arte-
rial pressures less than 100 mm Hg. Pulmonary arterial 
pressures may be mildly elevated because of increased 
flow; however, the pulmonary vascular resistance (PVR) 
is usually within the normal range. These patients have 
an elevated intravascular volume that is sequestered into 
a dilated splanchnic vascular bed. The effective circulat-
ing volume is typically reduced.

Hyperdynamic circulation is the result of portal 
hypertension-induced production of vasodilators such as 
natriuretic peptides, vasoactive intestinal peptide, endo-
toxin, glucagon, and particularly nitric oxide.81 Elevated 
production of nitric oxide has been observed to precede 
the formation of the hyperdynamic circulation in cirrho-
sis. The overproduction of vasodilators is responsible for 
reduced circulatory responsiveness to sympathetic stimu-
lation.82 Clinically, this frequently results in a need for 
increased doses of vasopressors.

In addition, patients with cirrhosis can have other car-
diac functional abnormalities that are not immediately 
apparent in the baseline state. These abnormalities define 
a condition termed cirrhotic cardiomyopathy and include 
systolic and diastolic dysfunction, cardiac resistance to 
β-adrenergic stimulation, and electrophysiologic abnor-
malities. Systolic incompetence is revealed by physiologic 
or pharmacologic stress and is manifested by an inability 
to increase cardiac output in response to exercise, and an 
inability to increase ejection fraction despite an increase 
in end-diastolic volume. The severity of cardiac dysfunc-
tion seems to be correlated directly with the severity of 
liver disease.83 Diastolic dysfunction has been described 
in patients with cirrhosis as well, on the basis of diagnos-
tic echocardiographic findings of abnormalities in trans-
mitral flow during diastole. These abnormalities consist 
of a decrement or reversal of the E/A wave ratio and pro-
longation of E wave deceleration time, reflecting ventric-
ular resistance to diastolic filling. Diastolic dysfunction 
manifests as sensitivity to changes in cardiac filling and 
results in vulnerability to heart failure.

Autonomic dysfunction is present in a significant pro-
portion of cirrhotic patients. It presents as chronotropic 
and hemodynamic incompetence in response to hemody-
namic challenges. Prolonged QTc interval is also observed 
in patients with cirrhosis, and care should be taken when 
treating these patients with drugs known to prolong the 
QT interval.84

Risk factors for CAD in patients with cirrhosis are simi-
lar to those of other patient populations: hypertension, 
dyslipidemia, age, gender, and obesity. However, NASH 
has been recognized as an increasingly important cause 
for transplantation and carries with it the risks of obe-
sity, diabetes, and chronic inflammatory state. The opti-
mal test for identifying cirrhotic patients with significant 
CAD is unclear. Because many of these patients cannot 
exercise, pharmacologic stress testing is most commonly 
used. Unfortunately, studies investigating the predic-
tive value of noninvasive functional testing, particularly 
dobutamine stress echocardiography, have generally 
shown poor sensitivity and varying negative predictive 
value (75% to 89%).85 Thus, among liver transplantation 
candidates, consideration should be given to proceed-
ing with coronary angiography if the patient is judged 
to have a high likelihood of CAD.86 For less complex 
surgeries, however, this may not be warranted. There is 
evidence that patients with treated CAD have posttrans-
plant survival similar to patients without angiographic 
evidence of CAD.87

Pulmonary Complications
As many as 50% to 70% of patients with chronic liver 
disease complain of shortness of breath.88 The differ-
ential diagnosis includes ventilation-perfusion abnor-
malities associated with underlying obstructive airways 
disease, fluid retention, pleural effusion, and decreased 
lung capacities secondary to large volume ascites. Alpha-1 
antitrypsin deficiency has both lung and liver manifesta-
tions, as does cystic fibrosis. In addition, there are two 
types of vascular abnormalities unique to the setting of 
portal hypertension, and they have significant morbid-
ity and mortality. These abnormalities, hepatopulmo-
nary syndrome (HPS) and portopulmonary hypertension 
(PPHTN), are unique entities that have discrete implica-
tions on liver transplant candidacy.

HPS is present in up to 20% of patients who present 
for liver transplantation.89 The diagnostic criteria for 
HPS include portal hypertension, PaO2 less than 80 mm 
Hg on room air (or alveolar-arterial oxygen gradient 
greater than 15 mm Hg), and evidence of intrapulmo-
nary vascular dilation (IPVD).90 Demonstration of IPVD 
can be made by contrast-enhanced echocardiography or 
by perfusion lung scanning using  technetium-labeled 
macroaggregated albumin. In the absence of HPS, 
microbubbles and albumin macroaggregates injected 
into the venous circulation are trapped by the pul-
monary capillary bed. The delayed (more than three 
cardiac cycles) appearance of microbubbles in the left 
atrium (on echocardiography) or increased (>5%) extra-
pulmonary uptake of technetium-labeled macroaggre-
gated albumin suggests the presence of IPVD, which 
results in a massive increase in pulmonary capillary 
diameter, from between 8 to 15 μm to 50 to 500 μm. 
This increase, together with the usually hyperdynamic 
circulation of the cirrhotic patient, allows insufficient 
time for oxygen diffusion through the entire stream of 
capillary blood. As a result, the central stream of poorly 
oxygenated blood is functionally shunted. This lesion 
is typically correctable with the administration of oxy-
gen. Because IPVDs predominate in the bases of the 
lungs, standing worsens hypoxemia compared with the 
supine position (orthodeoxia).
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TABLE 74-2 RIGHT HEART CATHETERIZATION DATA FROM FOUR REPRESENTATIVE PATIENTS WITH 
CIRRHOSIS AND SIMILAR ELEVATIONS IN MEAN PULMONARY ARTERY PRESSURE*

Patient
Mean PA Pressure 
(mm Hg)

Pulmonary Capillary 
Wedge Pressure 
(mm Hg)

Cardiac Output 
(L/m)

Pulmonary 
Vascular Resistance 
(dynes·sec·cm–5) Diagnosis

1 35 10 5 400 Primary pulmonary hypertension
2 35 10 10 200 Hyperdynamic circulation
3 35 25 5 160 Fluid overload
4 35 25 10 80 Fluid overload in a patient w/ 

hyperdynamic circulation

PA, Pulmonary artery.
*Note that only the first patient has primary pulmonary hypertension, as evidenced by elevated pulmonary vascular resistance.
The natural history of HPS is usually one of progres-
sive hypoxemia. Liver transplantation can be expected 
to correct hypoxemia in greater than 85% of patients, 
although it may take up to 1 year to do so.91 In patients 
with HPS, survival with transplantation is considerably 
more frequent than without transplantation. Previously, 
PaO2 ≤ 50 mm Hg was considered a predictor of increased 
mortality with or without transplantation. However, in 
the largest single-center series of liver transplantation for 
HPS, the overall 5-year survival was 76%, comparable to 
transplantation in patients without HPS.92 These findings 
suggest that timely transplantation in patients with HPS 
results in good outcomes. Accordingly, allocation excep-
tion points have been assigned to patients with HPS and 
room air PaO2 < 60 mm Hg.93

PPHTN is defined as pulmonary hypertension in the 
presence of portal hypertension in a patient without 
other predisposing factors. The European Respiratory 
Society Task Force on Hepatopulmonary Disease diagnos-
tic criteria are: (1) clinical evidence of portal hypertension 
with or without hepatic disease; (2) mean pulmonary 
artery pressure of 25 mm Hg at rest or 30 mm Hg during 
exercise; (3) mean pulmonary artery occlusion pressure 
less than 15 mm Hg or transpulmonary gradient (mean 
PA pressure minus wedge pressure) greater than 12 mm 
Hg; and (4) PVR greater than 240 dyn·s·cm–5 or 3 Wood 
Units.94

The requirement for calculation of the PVR is a reflec-
tion of the fact that many patients with cirrhosis have 
mildly elevated mean pulmonary artery pressure based 
simply on an elevated cardiac output (Table 74-2). Mild, 
moderate, and severe PPHTN are defined by mean PA pres-
sure less than 35 mm Hg, 35 to 50 mm Hg, and greater 
than 50 mm Hg, respectively.

The prevalence of PPHTN is 2% in a population of 
patients with known portal hypertension,95 as compared 
with 0.13% in an unselected population.96 The preva-
lence is 4% to 6% among liver transplant candidates.97 
The occurrence of PPHTN is unrelated to the severity of 
the underlying liver disease. Similar to HPS, the symp-
toms of PPHTN are nonspecific, commonly consisting of 
dyspnea, generalized weakness, and decreased exercise 
tolerance.

The single best screening study for PPHTN is two-
dimensional transthoracic echocardiography, which 
estimates right ventricular systolic pressure using the 
velocity of the tricuspid regurgitant jet. In the absence 
of pulmonary valvular stenosis, right ventricular systolic 
pressure is a good estimate of pulmonary arterial systolic 
pressure. Transthoracic echocardiography screening has 
a sensitivity of 97% and a specificity of 77% in diagnos-
ing moderate to severe PPHTN in patients undergoing 
pretransplantation workup.98 Right-sided cardiac cathe-
terization is necessary, however, to confirm elevated pres-
sures and to measure PVR.

Moderate and severe PPHTN are associated with 
increased mortality during liver transplantation. In 
a multicenter study of 36 patients with PPHTN who 
underwent liver transplantation, more than one third 
of the patients died during the hospitalization (within 
3 weeks of surgery). Nonsurvivors (12 of 13 patients) 
had mean PA pressures greater than 35 mm Hg.99 In 
addition to elevated mortality, the effect of successful 
liver transplantation on the natural course of PPHTN 
is unpredictable. Some patients experience a resolu-
tion with transplant, some continue to require medi-
cal therapy, and in some cases PPHTN worsens. This 
suggests that patients with moderate or severe PPHTN 
should undergo treatment for PPHTN before liver 
transplantation.

Vasodilator therapy consists of prostanoids (epopro-
stenol), phosphodiesterase inhibitors (sildenafil), and 
endothelin antagonists (bosentan). Calcium channel 
blockers, often used in noncirrhotic patients with pulmo-
nary hypertension, are contraindicated in patients with 
cirrhosis because the associated mesenteric vasodilation 
worsens portal hypertension. Patients who respond to 
treatment sufficiently to reduce their mean PA pressure 
below 35 mm Hg and PVR below 400 dyn·s·cm–5 should 
be considered suitable transplant candidates.99,100

Renal Dysfunction
Renal dysfunction in patients with cirrhosis is the result 
of renal hypoperfusion and avid retention of sodium. 
Hepatorenal syndrome (HRS) is a prerenal abnormality 
caused by circulatory derangements of advanced cirrho-
sis. It is considered a functional disorder, based on suc-
cessful transplantation of kidneys from patients with 
HRS.101 Renal function is an important risk factor for 
mortality, a fact that is emphasized by its presence as one 
of only three variables used in calculating the Model for 
End-Stage Liver Disease (MELD) score.

In addition to HRS, patients with cirrhosis are also at risk 
for other causes of renal dysfunction, such as parenchymal 
renal disease, sepsis, nephrotoxicity, and hypovolemia. HRS 
is a diagnosis of exclusion, and other treatable causes must 
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be ruled out. HRS accounts for only about one fourth of 
the cases of acute kidney injury in hospitalized cirrhotic 
patients.102 In patients with cirrhosis and ascites, the inci-
dence of HRS is nearly 40% at 5 years.103

HRS is caused by the local production of vasodilators, 
particularly nitric oxide, in patients with portal hyper-
tension. Splanchnic vasodilation leads to a decrease in 
the effective circulating blood volume and a decrease in 
arterial blood pressure, which activates the sympathetic, 
renin-angiotensin-aldosterone, and vasopressin systems. 
The net result is a severe reduction in renal perfusion and 
glomerular filtration.

Type I HRS is characterized by rapidly progressive renal 
failure and a doubling of serum creatinine over 2 weeks 
after a precipitating cause such as spontaneous bacterial 
peritonitis, sepsis, gastrointestinal bleeding, or surgical 
stress. Patients with type I HRS have a median survival of 
2 to 4 weeks without therapy.104,105 Patients with type II 
HRS have a median survival of about 6 months.106

Although renal vasoconstriction is the proximate 
cause of HRS, therapy aimed at directly increasing renal 
perfusion by the use of prostaglandins, dopamine ago-
nists, or endothelin antagonists has not proven to be suc-
cessful. Vasoconstrictor therapy targeting the underlying 
splanchnic vasodilation is more effective.107

These therapies include arginine vasopressin, soma-
tostatin, and α-agonists such as norepinephrine and mid-
odrine, combined with volume expansion. Terlipressin, 
the most studied vasopressor for HRS, is not available in 
the United States.108,109

Placement of a TIPS lowers portal pressures and can 
decompress the splanchnic circulation. Pilot studies have 
shown that a TIPS is capable of reversing both types of 
HRS, but because of extensive exclusionary criteria in tri-
als and the risk of worsening hepatic encephalopathy, a 
TIPS might not be suitable for all patients with HRS.110

Liver transplantation is the definitive therapy for HRS. 
For patients with HRS who are transplant candidates, 
renal replacement therapy is the typical bridge to trans-
plantation. Although renal recovery is anticipated, 35% of 
patients with pretransplant HRS will continue to require 
support in the immediate postoperative period, com-
pared with 5% of patients without pretransplant HRS.111 
During the First International Liver Transplantation Soci-
ety Expert Panel Consensus on Renal Insufficiency in 
Liver Transplantation, it was recommended that patients 
who received dialysis at least twice weekly for more than  
6 weeks before liver transplantation be considered for 
combined liver-kidney transplantation.112

Hepatic Encephalopathy
Hepatic encephalopathy (HE) is a serious, albeit reversible 
neuropsychiatric complication that is a feature of both 
chronic and acute liver disease. Manifestations range 
from subtle, subclinical abnormalities to overt neurologic 
and behavioral derangements that are readily apparent at 
the bedside.

HE has been attributed to hyperammonemia, but the 
severity of HE does not necessarily correlate with ammo-
nia levels. A number of other factors and mechanisms also 
contribute to HE, including other gut-derived neurotox-
ins, γ-aminobutyric acid (GABA) and other endogenous 
GABA-receptor agonists, oxidative stress, inflammatory 
mediators, hyponatremia, and abnormal serotonin and 
histamine neurotransmission.113,114

The initial step in evaluating the patient with liver 
disease who presents with encephalopathy is to rule 
out causes other than HE. The differential diagnosis 
includes other metabolic causes such as uremia, sep-
sis, glucose and electrolyte abnormalities, and endo-
crinopathies. Structural and vascular central nervous 
system lesions or infections should also be considered. 
Because cirrhotic patients are exquisitely sensitive to 
sedative medications and have impaired hepatic (and 
often renal) metabolism, a careful search for possible 
drug-related encephalopathy should be undertaken. 
Once other potential causes have been eliminated, the 
next step should be a systematic search for an underly-
ing cause or precipitating factor, such as infections (e.g., 
spontaneous bacterial peritonitis, sepsis) or gastrointes-
tinal bleeding.

Therapy to reduce ammonia levels consists of the 
nonabsorbable disaccharide lactulose and nonabsorb-
able antibiotics such as neomycin, metronidazole, and 
rifaximin. Nonabsorbable antibiotics appear to be equally 
effective to nonabsorbable disaccharides, but concerns 
about toxicity associated with long-term administration 
limit their use.

Ascites
Ascites is the most common complication of cirrhosis 
leading to hospitalization.115 Patients have ascites should 
be referred for liver transplantation evaluation in the 
absence of contraindications. Nonhepatic causes account 
for 15% of ascites and include malignancy, cardiac fail-
ure, renal disease, pancreatitis, and tuberculosis. Paracen-
tesis is an important aid in diagnosis.115 A serum-ascites 
albumin gradient greater than 1.1 mg/dL indicates por-
tal hypertension with 97% accuracy.116 Rapid correction 
of hyponatremia is undesirable because patients with 
 cirrhosis are at risk for central pontine myelinolysis, a 
potentially devastating neurologic complication. Obser-
vations in liver transplant recipients suggest limiting cor-
rection to less than 16 mEq/L during the intraoperative 
period.117

Once ascites becomes refractory to maximum standard 
medical therapy, therapeutic options are limited and 
include serial paracentesis, liver transplantation, TIPS 
placement, and peritoneovenous shunt.

Risk factors for development of spontaneous bacterial 
peritonitis include a prior episode of this acute infection, 
gastrointestinal bleeding, and an ascites albumin level of 
less than 1.5 g/dL. Long-term antibiotic prophylaxis with 
norfloxacin or trimethoprim/sulfamethoxizole is recom-
mended for patients who have survived an episode of 
spontaneous bacterial peritonitis.115

Varices
Cirrhosis increases portal pressure as a result of chronic 
inflammation. Fibrosis and regenerative nodules cause 
resistance to splanchnic flow and lead to formation of 
portosystemic collaterals. Progression of portal hyperten-
sion leads to increased local production of nitric oxide 
and exacerbates splanchnic vasodilation. Rupture of the 
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high-pressure collaterals that are formed is a highly lethal 
and feared complication of portal hypertension.

Portal hypertension is diagnosed by measurement of 
the wedged hepatic venous pressure (WHVP). Although 
this is not a direct measure of portal pressure, WHVP has 
been demonstrated to correlate well with it.118 This mea-
surement is taken by advancing a catheter into a hepatic 
vein to the wedge position. To correct for the contribu-
tion of increased intra-abdominal pressure from ascites, a 
free hepatic venous pressure or an inferior vena cava (IVC) 
pressure should be subtracted from the measured WHVP 
to give the hepatic venous pressure gradient (HVPG). A 
normal HVPG is 3 to 5 mm Hg. Patients with varices have 
HVPGs of 10 to 12 mm Hg or greater.

Esophagogastroduodenoscopy is the gold-standard 
procedure for diagnosing varices. Risk for variceal bleed-
ing correlates with size of varices, presence of red wale 
marks, and variceal pressure (i.e., HVPG). Therapeutic 
decisions are based on these observations and measure-
ments. Nonselective β-adrenergic blockers reduce por-
tal pressure by two mechanisms: a decrease in cardiac 
output (β1) and splanchnic vasoconstriction (β2). For 
patients who cannot tolerate β-adrenergic blockers or 
in whom they are contraindicated, another option for 
primary prophylaxis of variceal bleeding is endoscopic 
ligation. The TIPS procedure had been considered a 
backup procedure for variceal bleeding, but recently has 
been advocated for early treatment in select patients.72 
However, TIPS is associated with a higher incidence of 
encephalopathy; despite this, TIPS may decrease mortal-
ity in select patients.72

Acute variceal bleeding should be managed with a 
combination of intravascular volume resuscitation, cor-
rection of severe coagulopathy, pharmacologic manip-
ulation of portal pressure, and endoscopic variceal 
ligation. Aggressive intravascular volume replacement 
can lead to resistant or recurrent bleeding because bleed-
ing is a pressure-related phenomenon.119,120 Elective 
intubation of the trachea for airway protection is often 
warranted. Medications to reduce portal pressure include 
vasopressin and somatostatin. Although β-adrenergic 
blockers can reduce portal pressures, their effect on sys-
temic pressures makes them undesirable in this setting. 
Early endoscopic variceal ligation in combination with 
pharmacotherapy is the preferred treatment for acute 
variceal bleeding. Balloon tamponade can be effective 
for resistant variceal bleeding, but is associated with sig-
nificant complications, including esophageal rupture 
and aspiration. It is recommended as a bridge to more 
definitive therapy such as surgical shunt, TIPS, or liver 
transplantation.

Hemostasis
Hemostasis is a dynamic process that is the product of 
interaction between coagulation, platelets, and fibrinoly-
sis, resulting in the formation and revision of clot (see 
Chapter 62). Liver disease affects all of these components, 
both quantitatively and qualitatively. The liver is the site 
of synthesis for all procoagulant and anticoagulant fac-
tors, with the exception of tissue thromboplastin (III), 
calcium (IV), and von Willebrand factor (VIII). It is also 
the site for clearance of activated factors.
Patients with cirrhosis are customarily considered to 
have a bleeding diathesis based on abnormal results in 
conventional tests of coagulation, such as prothrombin 
time (PT) and partial thromboplastin time (PTT). How-
ever, such tests reflect the activity of only a portion of 
the procoagulant factors, and do not consider the con-
comitant decrease in anticoagulant factors, which are 
not assessed. It is the balance of procoagulant and anti-
coagulant forces, not the isolated measurement of either 
portion of the coagulation system, that indicates the 
effective generation of thrombin. Not surprisingly, PT 
and PTT abnormalities correlate poorly with bleeding 
complications following invasive procedures, such as 
liver biopsy.121 There is evidence that decreased levels of 
protein C in cirrhotic patients balance the decreased lev-
els of procoagulants, which can leave thrombin genera-
tion in vivo unaltered.122

If procoagulants predominate because of dispropor-
tionate reductions of anticoagulants (protein S and C, 
antithrombin III), accompanied by an increase in pro-
coagulants (FVIII), a hypercoagulable state results.123,124 
This possibility is supported by studies reporting venous 
thromboembolism associated with cirrhotic and noncir-
rhotic liver disease.125,126

Thrombocytopenia is a well-known feature of cir-
rhosis. The primary cause is splenic sequestration in the 
setting of portal hypertension. Elevated levels of von Wil-
lebrand factor compensate for decreased platelets counts, 
augmenting the platelet–endothelial cell interaction on 
vessel walls.

The fibrinolytic system in cirrhotic patients has many 
abnormalities, which may account for accelerated fibri-
nolysis. The liver is the site of tissue plasminogen activa-
tor clearance, and elevated tissue plasminogen activator 
levels have been noted in patients with cirrhosis.127 The 
liver is also the site of synthesis for plasmin inhibitors, 
such as plasmin activator inhibitor-1 (PAI-1) and throm-
bin-activatable fibrinolysis inhibitor (TAFI). A balance of 
factors that promote and inhibit fibrinolysis is desired. 
Commonly used studies for assessing the presence and 
severity of accelerated fibrinolysis include euglobulin clot 
lysis time and thromboelastography.

Disseminated intravascular coagulation (DIC) is pri-
marily a thrombotic diathesis, followed by widespread 
secondary fibrinolysis. As factors are consumed, DIC 
becomes a bleeding diathesis of factor and platelet defi-
ciency. Whether or not DIC is a feature of stable chronic 
liver disease is controversial. Standard laboratory tests 
cannot distinguish between consumption and decreased 
synthesis, and so have little utility. Instead, assays to 
assess for excessive thrombin production are used. These 
assays include the cleaved by-products of coagulation fac-
tor activation such as prothrombin fragment F1+2, fibri-
nopeptide A, and thrombin-antithrombin complexes. 
These assays suggest that overt DIC is not a feature of 
stable chronic liver disease128; however, accelerated intra-
vascular coagulation and fibrinolysis has been described, 
which is a low-grade consumptive process.129 Patients 
who exhibit accelerated intravascular coagulation and 
fibrinolysis are at increased risk of DIC in the presence of 
a known stimulus, such as sepsis or spontaneous bacterial 
peritonitis.
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Figure 74-8. Risk factors for posttransplant survival. The four panels compare posttransplant survival between a reference group of 10,000 post-
transplant patients (the uppermost Kaplan-Meier curve in all panels, 1-year post transplant survival 86%) and (A) patients undergoing retransplan-
tation who are ventilator dependent (1-year posttransplant survival, 65%), (B) patients undergoing retransplantation who are undergoing dialysis 
(1-year posttransplant survival, 65%), (C) patients who are ventilator dependent and undergoing dialysis (1-year posttransplant survival, 56%), 
and (D) patients with any two or all three risk factors (1-year posttransplant survival, 57% with any two factors; 1-year posttransplant survival, 36% 
with three factors). (From Desai NM, Mange KC, Crawford MD, et al: Predicting outcome after liver transplantation: utility of the model for end-stage 
liver disease and a newly derived discrimination function, Transplantation 77:99-106, 2004.)
SURGICAL PROCEDURE

Preoperative Considerations
In 2011, the median time to transplant in the United 
States was 12.6 months (interquartile range, 1.6 to 72 
months).76 As a result, a transplant candidate can be 
months removed from their initial evaluation when a 
suitable donor graft is identified. Therefore, the pro-
spective recipient’s evaluation should be reviewed while 
arrangements are made for donation. Candidates undergo 
an extensive preoperative assessment by multiple teams 
that typically include the surgical team, hepatologists, 
cardiologists, pulmonologists, psychiatrists, and social 
workers. In the event of unique comorbidities, additional 
consultants are involved as needed. Of particular interest 
to the anesthesiologist are interim changes in health sta-
tus, hospitalizations (the possibility of infection should 
be considered with new-onset encephalopathy, variceal 
bleed, ascites, or hemodynamic deterioration), details of 
the initial and any subsequent cardiopulmonary evalu-
ation (assess for the presence of coronary disease, heart 
failure, pulmonary hypertension, or arrhythmia), and 
renal status (acute kidney injury).

Patients predicted to have decreased survival 1-year 
after transplant represent a high-risk group and include 
patients undergoing retransplantation or those supported 
by mechanical ventilation, infusions of vasopressors, and 
renal replacement therapy (Fig. 74-8).2 Patients with oli-
guria, acidemia, or dependent on renal replacement ther-
apy may benefit from intraoperative renal replacement 
therapy.130,131

A protocol should be in place to notify the blood bank 
of the pending transplant, which results in the setup 
of red blood cells and plasma in a volume according to 
institutional protocol. If any delay is anticipated in the 
availability of blood products, for instance in the event of 
antibodies, the blood bank personnel should notify the 
transplant coordinator and anesthesiologist. In the pres-
ence of red cell antibodies, our institutional policy is to 
set up compatible red cells for the start and completion 
of the transplant, and to use compatibility-unknown red 
cells in the event of large transfusion requirements (see 
Chapter 61).

The surgical procedure is divided into three distinct 
stages. During the preanhepatic or dissection stage, the 
liver is mobilized and vascular structures (suprahepatic 
and infrahepatic vena cava, portal vein, and hepatic 
artery) are identified. The anhepatic phase begins with 
clamping of these vessels and hepatectomy of the native 
liver and continues during the implantation of graft. 
Reperfusion, usually via the portal vein, starts the neo-
hepatic phase, which continues through completion of 
the remaining vascular anastomosis (usually the hepatic 
artery), anastomosis of the bile duct, hemostasis, and 
abdominal closure.

Intraoperative Management
Intraoperative personnel and monitoring vary among 
liver transplant services based on institutional practice, 
caseload, and resources. Most centers allocate two anes-
thesia providers to liver transplants; however, the quali-
fications of these providers vary. A typical arrangement 
in an academic setting consists of an attending anesthe-
siologist experienced in liver transplantation and a senior 
resident. In private practice settings, the second provider 
may be a second anesthesiologist, a certified nurse anes-
thetist, a licensed health care provider such as a perfu-
sionist, or some combination of these.



Chapter
Anesthesia typically begins with a rapid sequence 
induction because of the emergent nature of the sur-
gery, preoperative administration of oral immunosup-
pressants/bowel decontamination antibiotics, and the 
presence of ascites. An arterial catheter is placed either 
before induction of anesthesia or, more commonly, 
immediately thereafter. Large-bore intravenous access is 
obtained. Either a triple-lumen 9-French introducer is 
placed centrally, or in the event of significant concern 
over blood loss (as is the case for retransplantation or 
in patients with extensive prior abdominal surgery) two 
double-lumen 9-French introducers are placed in a central 
vein. Sites designated for venovenous bypass are avoided, 
if possible. A pulmonary artery catheter is commonly 
used in adult patients; however, if the recipient has had a 
recent negative evaluation for pulmonary arterial hyper-
tension, a pulmonary artery catheter may be avoided. 
Transesophageal echocardiography is increasingly used 
during the procedure. In a survey of high-volume liver 
transplant centers, more than 85% of respondent anes-
thesiologists (n = 217) reported using transesophageal 
echocardiography to some degree.132 Most performed a 
limited-scope examination, and only 12% were board 
certified in echocardiography. Transesophageal echocar-
diography appears to be associated with a low likelihood 
of hemorrhagic complications, even in the presence of 
esophageal varices.133 Some liver transplant centers avoid 
pulmonary artery catheter insertion in the event that 
transesophageal echocardiography is used, although a 
pulmonary artery catheter may be necessary when con-
tinuous intraoperative monitoring of pulmonary artery 
pressures is desired or for postoperative hemodynamic 
and fluid management in the ICU. New technologies, 
including arterial pressure waveform analysis and three-
dimensional echocardiography, do not correlate with 
thermodilution-derived parameters and are not currently 
advocated for routine use intraoperatively.134,135

A rapid infusion system capable of high transfusion 
flow rates (>500 mL/min) is typically used. Such systems 
incorporate a reservoir, pump, filters, heat exchanger, 
and safety features designed to avoid and monitor for 
the presence of blood or air embolism, hypothermia, and 
line occlusion. Rapid infusion systems facilitate volume 
replacement and transfusion management.

The effects of the anesthetic technique on patient out-
come are unknown. At the authors’ center, a balanced 
anesthetic is used; this typically consists of a volatile 
anesthetic in low to moderate concentrations (0.5 to 
1.0 minimum alveolar concentration, [MAC]) to ensure 
unconsciousness, whereas an opioid, usually fentanyl, 
is chosen to blunt the sympathetic response to stimula-
tion and to provide a smooth transition for postoperative 
analgesia. In recipients with fulminant hepatic failure 
and cerebral edema, volatile anesthetics are avoided or 
used cautiously in low concentrations, in many cases 
with intracranial pressure monitoring (see later). In either 
case, periods of hypotension during the surgery may 
require temporary discontinuation of the volatile anes-
thetic. Midazolam, with minimal hemodynamic effects, 
can be used for its amnestic effects during these hypoten-
sive periods. Historically, the volatile anesthetic of choice 
has been isoflurane, which preserves splanchnic blood 
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flow better than previously used volatile drugs.136 Studies 
in healthy humans have confirmed the vasodilator effects 
of isoflurane on the hepatic circulation, compared with 
the vasoconstrictor effects of halothane.137 This benefi-
cial effect on hepatic oxygen supply can be advantageous 
to the newly reperfused graft. The effects of desflurane 
on hepatic blood flow have been evaluated with conflict-
ing results. In animals, desflurane decreased total hepatic 
blood flow in a dose-dependent fashion at concentra-
tions up to 1.0 MAC; however, in a human study that 
excluded patients with liver disease, liver blood flow was 
slightly more rapid with desflurane than with isoflurane, 
although this effect was not statistically significant.138 
Another study compared the effects of sevoflurane and 
desflurane on hepatic blood flow and hepatocellular integ-
rity in older patients139 (see Chapter 80). Both anesthetics 
resulted in decreases in gastric mucosal pH and increases 
in cytosolic liver enzymes. The authors conclude that 
hepatocyte function is well preserved (lidocaine metab-
olism to monoethylglycinexylidide was unaffected by 
either agent), but disturbances of hepatocellular integrity 
and gastric tonometry suggest that splanchnic perfusion 
and oxygen delivery to the liver are decreased. Whether 
the increased metabolism of sevoflurane (100-fold that  
of desflurane) is detrimental to the liver is unknown, 
but it seems unlikely that the metabolites of sevoflurane 
cause liver damage.140 Compound A, a breakdown prod-
uct of sevoflurane found to be nephrotoxic in animals, 
has not been shown to cause renal toxicities in humans, 
even during low-flow sevoflurane administration141 (see 
Chapter 26).

Cisatracurium is an attractive choice for neuromuscu-
lar blockade in patients undergoing liver transplantation 
because of its organ-independent elimination and dimin-
ished histamine release142 (see Chapter 34). In patients 
with end-stage liver disease, the volume of distribution 
of cisatracurium is larger than that in healthy control 
patients. Hepatic clearance is also increased in patients 
with liver disease; this results in similar elimination half 
times and similar duration of action (time to 25% recov-
ery). Other reports have suggested the use of rocuronium 
during liver transplantation, because the duration of the 
neuromuscular block appears to be a useful predictor of 
primary allograft function. All patients whose recovery 
time was longer than 150 minutes experienced primary 
graft dysfunction.143

Preanhepatic Stage
The preanhepatic stage begins with surgical incision and 
ends with vascular exclusion and hepatectomy of the 
native liver. Using conventional caval interposition tech-
nique, vascular exclusion of the liver is accomplished by 
cross-clamping the portal vein, the suprahepatic IVC, the 
infrahepatic IVC, and the hepatic artery (Fig. 74-9). If a 
piggyback technique is used, the native retrohepatic vena 
cava is preserved (Fig. 74-10).

The preanhepatic phase involves dissection and 
mobilization of the liver and identification of the porta 
hepatis. With abdominal incision and drainage of asci-
tes, hypovolemia can occur. This should be treated in an 
anticipatory fashion with colloid-containing fluid to min-
imize changes in preload. In the presence of preexisting 
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coagulopathy, fresh frozen plasma is indicated soon after 
incision, although some authors have challenged the 
need for fresh frozen plasma during orthotopic liver trans-
plantation (OLT).144,145 In Europe, prothrombin complex 
concentrates (PCCs), which contain vitamin K–depen-
dent factors (II, VII, IX, and X), are increasingly used as 

Figure 74-9. Liver transplantation. Classic caval interposition tech-
nique illustrating anastomoses of the suprahepatic and infrahepatic 
inferior vena cava, the portal vein, the hepatic artery, and the bile 
duct. (From Molmenti E, Klintmalm G: Atlas of Liver Transplantation. 
Philadelphia, 2002, Saunders.)
an alternative to plasma transfusion to avoid the risk of 
transfusion-related acute lung injury and transfusion-
associated circulatory overload146,147 (see Chapter 61). 
The so-called four-factor PCCs available in Europe con-
tain therapeutic levels of factor VII in addition to Protein 
C and S, and differ from the three-factor PCCs available in 
the United States.148 The primary concern related to PCC 
administration is thromboembolic complications, which 
vary according to the patient’s underlying disease, dosing, 
and the constituents in each of the commercially available 
PCC products.149 Another product, recombinant activated 
factor VII, was evaluated during liver transplantation and 
was found to improve coagulation study results, but did 
not result in a decrease in transfusion requirements.150,151 
Recombinant factor VIIa has been linked to an increased 
risk of arterial, but not venous, thromboembolic 
events.152 Thromboelastography or standard laboratory 
tests (prothrombin time, fibrinogen, and platelet count) 
are used to guide the correction of coagulopathy.153,154 
Some authors disagree with the premise that coagulation 
monitoring is associated with blood product transfusion 
requirements during OLT.155 However, in coagulopathic 
cardiac surgery patients, therapy guided by point-of-
care testing using thromboelastometry resulted in fewer 
transfusions of red blood cells and plasma and improved 
6-month survival.156 Considerable institutional variation 
exists in transfusion practices for OLT, as do variations 
in patient acuity as evidenced by MELD scores. However, 
these differences in transfusion requirements might not 
be accounted for by variations in blood loss during the 
procedure.157 Fibrinolysis is unusual during the prean-
hepatic phase of the surgery; therefore, cryoprecipitate 
administration is typically unnecessary. Hyponatremia 
should not be corrected rapidly. A perioperative increase 
of 21 to 32 mEq/L in the serum sodium level was asso-
ciated with central pontine myelinolysis in one report, 
whereas an increase of less than 16 mEq/L was not.117,158 
Citrate intoxication (ionized hypocalcemia resulting from 
the infusion of citrate-rich blood products in the absence 
Figure 74-10. Liver transplantation. 
A, Piggyback technique illustrating 
partial vena caval clamping and an 
oversewn native right hepatic vein. 
B, Preservation of the native retrohe-
patic vena cava and hepatic venous 
cuff anastomosis. (From Molmenti E, 
Klintmalm G: Atlas of Liver Transplan-
tation. Philadelphia, 2002, Saunders.) A B
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of hepatic function) is avoided by the administration of 
calcium chloride (see Chapter 61). Ionized hypomagne-
semia also results from citrate infusion, but values of ion-
ized magnesium gradually return to normal after graft 
reperfusion.159 The clinical significance of this remains 
speculative, but cardiovascular function may be affected. 
Aggressive treatment of hypokalemia is best avoided, par-
ticularly in preparation for reperfusion and the associ-
ated increase in serum potassium. Hyperkalemia should 
be avoided by the administration of diuretics and insulin 
accompanied by glucose or, in the event these are inef-
fective, by intraoperative dialysis. In the absence of insu-
lin administration, supplemental glucose is usually not 
required except in pediatric patients or those with severe 
disease, such as fulminant hepatic failure. Hyperglycemia 
should be avoided, because glucose levels greater than 
180 mg/dL are associated with an increase in surgical site 
infections in liver transplant recipients.160 Blood gases, 
electrolytes, glucose, ionized calcium, and hemoglobin 
levels should be assessed regularly, and as frequently as 
hourly in the event of massive blood loss or preexisting 
abnormalities. Point-of-care testing facilitates rapid turn-
around times for laboratory values. Coagulation studies 
are typically assessed at the beginning of the surgery, after 
correction of specific deficiencies, after reperfusion, and 
in the presence of microvascular bleeding.

The maintenance of urine output is desirable; how-
ever, the use of low-dose dopamine for this reason is 
unproven.161,162 Hypothermia should be avoided. Core 
temperature control can be aided with heated veno-
venous bypass during the anhepatic phase. Regardless 
of whether bypass is used, forced-air warming blankets 
should be positioned beneath the patient and over the 
lower and upper body (see Chapter 54). Bleeding during 
this phase of surgery is related to the degree of preexisting 
coagulopathy, the presence and severity of portal hyper-
tension, and the duration and complexity of the surgical 
procedure, which is adversely affected by prior abdominal 
surgery and adhesions.163,164

Anhepatic Stage
The anhepatic stage begins with the occlusion of vascu-
lar inflow to the liver, and it ends with graft reperfusion. 
Cross-clamping of the suprahepatic and infrahepatic 
IVC decreases venous return by as much as 50%. Veno-
venous bypass (VVB) diverts IVC and portal venous flow 
to the superior vena cava via the axillary vein, attenuates 
the decrease in preload, improves renal perfusion pres-
sure, lessens splanchnic congestion, and can delay the 
development of metabolic acidosis.165 However, the use 
of VVB is not without risk. Air embolism, thromboem-
bolism, and inadvertent decannulation can be fatal or 
result in significant morbidity.166 VVB is not uniformly 
used at all centers. A recent meta-analysis of three tri-
als failed to reveal any difference in the incidence of 
renal failure or blood transfusion requirements between 
patients randomized to VVB compared with patients in 
whom the technique was not used.167 The use of the 
“piggyback” technique, with IVC preservation, decreases 
the need for VVB.168

Hepatectomy is followed by hemostasis and vascular 
anastomoses of the suprahepatic and infrahepatic IVC and 
the portal vein. Despite the absence of hepatic clotting 
factor production during the anhepatic stage, blood loss is 
usually limited by vascular clamping of the inflow vessels 
to the liver. However, fibrinolysis may begin during this 
stage because of an absence of liver-produced plasmino-
gen activator inhibitor, which results in the unopposed 
action of tissue plasminogen activator. The use of antifi-
brinolytics varies among centers (discussed later).

Neohepatic Stage
Reperfusion of the graft through the portal vein begins 
the neohepatic stage. Reperfusion is associated with 
abrupt increases in potassium and hydrogen ion con-
centrations, an increase in preload, and a decrease in 
systemic vascular resistance and blood pressure. Hypo-
thermia, monitored through a centrally placed catheter, 
is a marker for the presence of graft outflow into the 
central circulation. Life-threatening hyperkalemia, clini-
cally detectable by changes in the EKG, requires prompt 
treatment. Calcium chloride and sodium bicarbonate 
are the drugs of choice for the acute treatment of hyper-
kalemia. If time permits, albuterol and insulin are also 
effective. Intraoperative dialysis should be considered 
early in the procedure for patients with oliguria with 
elevated potassium levels.

The hallmark of the postreperfusion syndrome (PRS) 
is systemic hypotension and pulmonary hypertension 
occurring within the first 5 minutes after reperfusion of 
the graft. Approximately one in three patients undergo-
ing OLT have profound hypotension after reperfusion. 
The cause is uncertain, but a number of factors have been 
implicated, such as hyperkalemia, acidosis, hypothermia, 
emboli (air or thrombotic), and vasoactive substances. 
Risk factors for hyperkalemia in the early postreperfusion 
period are elevated preanhepatic potassium levels and 
the use of donated-after-cardiac-death donor organs.169 A 
retrospective study of 321 patients identified suboptimal 
grafts (higher degree of steatosis) and graft cold ischemia 
time as risk factors for PRS.170 In this study all cases of 
PRS, defined as mean blood pressure less than 60 mm Hg, 
occurred in suboptimal donors with graft cold ischemia 
times longer than 6 hours. The authors defined subopti-
mal grafts as those from donors older than 50 years, those 
with a history of cardiac arrest, hypotension, need for 
high-dose inotropic drugs, ICU stay longer than 5 days, 
or elevated liver fat content. The PRS group had higher 
postreperfusion K+ levels (at 1 and 5 minutes), and lower 
postreperfusion temperature (at 1 minute) than in the 
group without PRS.

In addition, other critical events such as severe, acute 
bleeding resulting in hemodynamic compromise and 
necessitating massive transfusion can occur at any point 
during the surgery. Arrhythmias and intracardiac throm-
boembolism can also occur at any time intraoperatively, 
but are more likely after reperfusion.171,172

Hepatic arterial anastomosis and biliary reconstruc-
tion are generally performed after venous reperfusion, 
although in pediatric patients the arterial anastomosis 
may be completed before reperfusion. Signs of graft func-
tion that might be observed in the operating room and 
early postoperative period include decreased calcium 
requirements, improvement in acidosis, increased urine 
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output, a rise in core temperature, and bile output from 
the graft.71,173

Antifibrinolytics
Fibrinolysis is most severe after reperfusion and is 
caused by abrupt increases in tissue plasminogen activa-
tor from graft endothelial cell release. Antifibrinolytic 
drugs and cryoprecipitate may be required. In studies 
before 1997, the benefits of antifibrinolytic drugs for 
OLT, typically defined as a decrease in blood loss or 
transfusion requirements, were not present in prospec-
tive, randomized, blinded studies. Nearly all these stud-
ies evaluated aprotinin. In contrast, tranexamic acid and 
ε-aminocaproic acid have not been studied extensively. 
In 2001, a randomized, blinded study from the Mayo 
Clinic showed a decrease in erythrocyte requirements 
(median of 5 units versus 7 units) with aprotinin com-
pared with placebo.174 The European Multicenter Study 
of Aprotinin in Liver Transplant (EMSALT) also showed 
a decrease in red blood cell usage with both large dose 
(2 × 106 kallikrein inhibiting units [KIU] loading dose 
followed by 1 × 106 KIU/h) and regular dose (2 × 106 
KIU loading dose followed by 0.5 × 106 KIU/h) apro-
tinin compared with placebo (red blood cell require-
ments of 1500, 1750, and 2450 mL, respectively).175 
The authors report no difference in the prevalence of 
thromboembolic events in the aprotinin groups com-
pared with control group. It was noted that the three 
patients who developed hepatic artery thromboses were 
in the control group. These three events may have been 
related to surgical technical issues, whereas the throm-
botic events in the aprotinin group (pulmonary emboli, 
right coronary occlusion) were less likely attributable to 
the surgery. It is unclear whether antifibrinolytic drugs 
increase the risk of thrombotic events.176 Fibrinolysis 
is an unpredictable event, and the risks of thrombo-
sis are unknown. Aprotinin intensifies the likelihood 
of increases in creatinine levels in the first week after 
liver transplantation, but not with an increased need for 
renal replacement therapy.177 Aprotinin was withdrawn 
from world markets in 2008 because of higher mortal-
ity in patients who received aminocaproic acid during 
cardiac surgery.178

Postoperative Care
The goals of the immediate postoperative period are to 
ensure a smooth transition from anesthesia and surgery 
(maintain hemodynamic stability, metabolic homeosta-
sis, adequate analgesia), monitor graft function (transam-
inase levels, prothrombin time, bilirubin levels, bile and 
urine output, acid-base status), and maintain surveillance 
for known complications (bleeding, bile leaks, vascular 
thrombosis, primary nonfunction). The use of steroids 
leads to hyperglycemia, which can require insulin infu-
sion. (See Chapters 95 and 102.)

The lack of bile output, accompanied by hemody-
namic instability, suggests primary nonfunction of the 
graft, which may require urgent retransplantation. Con-
versely, a functioning liver graft facilitates early neuro-
logic recovery, cardiovascular stability, and improved 
renal function, signs that can occur within hours of the 
completion of surgery.
Hepatic artery thrombosis can lead to graft necrosis, 
necessitating retransplantation. Within the first 2 to 3 
postoperative days, markedly abnormal transaminase 
levels are common because of graft ischemia or injury 
during procurement, preservation, and reperfusion. After 
this period, hepatic enzyme and bilirubin levels that do 
not trend downward suggest the possibility of hepatic 
artery thrombosis, which should lead to prompt evalua-
tion via Doppler ultrasonography.

Postoperative pain control is generally achieved with 
opioids, including patient-controlled analgesia (see 
Chapter 98). Analgesic requirements may be decreased 
compared with other major abdominal surgery.179,180 
Epidural analgesia is contraindicated because of coagu-
lopathy, which usually preexists, or develops during the 
perioperative period.

The timing of tracheal extubation and termination of 
postoperative mechanical ventilation is not clear.181,182 
Early extubation of the trachea, including endotracheal 
tube removal in the operating room, is feasible in select 
patients. However, the benefits of immediate extuba-
tion appear limited to the potential of decreased resource 
utilization, which might not be fully realized in centers 
that direct posttransplant patients to ICUs regardless 
of their need for ventilatory support. As a result, many 
centers prefer to see clear signs of graft function before 
extubation.

ACUTE LIVER FAILURE

Acute liver failure (ALF; previously termed fulminant 
hepatic failure) is defined as the appearance of enceph-
alopathy together with coagulopathy (international 
normalized ratio ≥ 1.5) in a patient without previous 
liver disease who has an illness of less than 26 weeks 
in duration. ALF is a rare entity with an incidence 
of approximately 2000 cases per year in the United 
States. Drug-related toxicity, primarily acetamino-
phen, accounts for more than half of the cases of ALF 
in the United States. Other causes include idiopathic, 
acute viral hepatitis, autoimmune, and ischemic. In the 
United States, approximately 45% of patients recover 
spontaneously, 25% undergo liver transplantation, and 
30% die.183 Etiology has a significant bearing on out-
come; patients with acetaminophen toxicity, ischemic 
injury, or hepatitis A have the most favorable prognosis, 
whereas those with non-acetaminophen drug-induced 
liver injury, acute hepatitis B, Wilson’s disease, or auto-
immune hepatitis have poor prognoses in the absence of 
transplantation.184

Evidence of portal hypertension and cirrhosis is absent 
because of the rapid progression of disease. Acute decom-
pensation of chronic liver disease, termed acute on chronic 
liver disease, is a separate condition with different etiolo-
gies, therapy, and prognostic indicators.

Although various etiologies of ALF exist, there are man-
ifestations that are common to all patients with massive 
hepatic necrosis. The most serious, and lethal, is acute 
cerebral edema and intracranial hypertension. Effects on 
other organ systems include coagulopathy, circulatory 
dysfunction and hypotension, acute kidney injury, and 
metabolic derangements.
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General measures to reduce cerebral edema include 
maintaining the patient in a 30-degree, head-up position, 
and making sure the head is in neutral position so as not 
to impede venous return. Once a patient is intubated, 
muscle relaxants should be considered to minimize rises 
in intracranial pressure from coughing, bucking, and 
shivering. Mannitol can be used to induce an osmotic 
diuresis, but may have limited utility in the patient with 
compromised renal function. Another option may be 
hypertonic saline, ideally targeting a serum sodium of 145 
to 155 mEq/L. Current recommendations are to maintain 
normocarbia and to reserve hyperventilation for response 
to acute rises in intracranial pressure. Barbiturates can be 
used to decrease cerebral metabolism; however, their use 
may be limited by hypotension.

Monitoring techniques for cerebral edema and intra-
cranial hypertension are controversial (also see Chapter 
70). Serial head computed tomography (CT) images are 
not sensitive indicators of intracranial hypertension. CT 
can, however, provide information on structural abnor-
malities such as intracranial hemorrhage. Although many 
centers place an intracranial pressure (ICP) monitor to 
guide therapy in patients with stage III-IV coma, there are 
no randomized controlled studies to support this practice. 
Furthermore, ICP monitor placement is not a benign pro-
cedure, frequently entailing aggressive correction of coagu-
lopathy and transport to and from the operating room for 
a critically ill, fragile patient. Nonetheless, ICP monitors 
are invaluable for guiding acute therapy, and for helping 
to determine who might no longer be a viable candidate 
for transplantation. In addition to measuring ICP, these 
monitors allow calculation of cerebral perfusion pressure 
([CPP] = mean arterial pressure [MAP] – intracranial pres-
sure [ICP]), which should be kept between 50 and 80 mm 
Hg. In one case series, a sustained CPP less than 40 mm 
Hg for greater than 2 hours was associated with a poor 
neurologic outcome. An effective protocol for managing 
intracranial hypertension in patients with stage III or IV 
encephalopathy has been described and resulted in a 95% 
response to treatment in episodes of ICP greater than 20 
mm Hg. Furthermore, in this prospective series, ICP was 
monitored in all patients, and no patients died of isolated 
cerebral edema. The authors used a protocol that included 
activated recombinant factor VII (rFVIIa) to correct coagu-
lopathy before ICP placement. Significant bleeding com-
plications from ICP monitoring were not encountered.185

The decision regarding which patients should receive 
a transplant, based on who might recover spontaneously 
or who is unlikely to benefit from transplantation, is one 
of the most difficult decisions encountered during the 
management of patients with liver disease. The two most 
widely used prognostic models are the Clichy or Paul 
Brousse Hospital criteria and the King’s College Hospi-
tal criteria. The Clichy criteria recommend transplanta-
tion for patients in stage III or IV coma, based on age 
and factor V levels.186 There is no distinction made for 
etiology of ALF, which is considered a weakness of these 
criteria. The King’s College Hospital criteria are superior 
for predicting outcomes in patients with ALF based on 
acetaminophen toxicity. However, the negative predic-
tive value is less than 50% in patients who have not used 
acetaminophen.187 Thus, patients who fail to fulfill these 
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criteria include a number of patients who will die without 
proper consideration for transplantation.

In patients with ALF who are undergoing an invasive 
procedure, correction of thrombocytopenia to 50,000 
platelets/mm3 or greater and international normalized 
ratio (INR) to 1.5 or less is suggested.184,188 Treatment 
thresholds are less clear for patients who are not bleed-
ing, but prophylactic therapy is advised for severe abnor-
malities (e.g., platelet count ≤ 10,000/mm3, INR > 7, 
and fibrinogen < 100 mg/dL.184 Use of rFVIIa is reserved 
for rapid correction in patients who cannot tolerate a 
large volume of plasma. This agent may carry a throm-
botic risk and is contraindicated in hypercoagulable 
conditions, which include pregnancy and Budd-Chiari 
syndrome.

Hypotensive patients with ALF should undergo 
intravascular volume status and cardiac function assess-
ment before consideration of inotropes or vasopres-
sors. Vasopressors can be used to treat either systemic 
hypotension or to maintain an adequate CPP. Based on 
recommendations for septic patients, norepinephrine 
should be used. The use of vasopressin is controversial 
because there is evidence that its use is associated with 
increases in ICP.189 However, another study in which 
terlipressin was used did not reveal similar increases in 
ICP.190

LIVING DONOR LIVER TRANSPLANTATION

See Chapter 75.

PEDIATRIC LIVER TRANSPLANTATION

See Chapters 94 and 95.

ORGAN MATCHING AND ALLOCATION

The primary criteria used to match donor liver grafts 
with recipients are ABO blood type and graft size. ABO-
incompatible transplantation (ILT) is generally limited 
to emergent situations, and as many as half of the adult 
recipients in early reports required retransplantation. Sub-
sequent reports have identified patient populations with 
more favorable outcomes after ILT. Recipients with blood 
type O and pediatric patients tolerate ILT better than oth-
ers.191 Nonetheless, ILT remains a technique reserved for 
emergent situations.

In the United States, a national registry maintained 
by UNOS allocates organs to transplant candidates. In 
Europe, organs are allocated to transplant centers that 
subsequently identify the most suitable candidate from 
their waitlist. UNOS considers only disease severity, and 
no longer uses waiting time, when allocating deceased- 
donor liver grafts. Older systems used the Child-Turcotte-
Pugh (CTP) score to determine disease severity (Table 
74-3). Beginning in 2002, the MELD score replaced the 
CTP score. The MELD score is a mathematic formula that 
incorporates the serum bilirubin, creatinine level, and 
INR. It is considered more objective because there is no 
reliance on subjective physical examination to determine 
the presence and severity of findings, such as ascites or 
encephalopathy. The MELD score is a continuous scale, 
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rather than categorical (found in the CTP score), which 
provides more discriminatory ability since disparate risks 
are not grouped within a single category. In addition, the 
inclusion of the creatinine level (not found in the CTP 
score) reflects the prognostic importance of renal dys-
function on advanced liver disease. The MELD score is 
an excellent predictor of 90-day pretransplant (waitlist) 
mortality (Fig. 74-11). The MELD score is regarded as a 
major advance in liver organ allocation, although it will 
undoubtedly continue to undergo refinement.

Hepatocellular carcinoma (HCC) can progress to inop-
erable status before manifesting changes in the MELD 
score, which disadvantages patients with HCC. As a result, 
UNOS policy grants exception points to patients with 
HCC to allocate organs equitably to patients with this 
condition.192 Although there have been several adjust-
ments to the MELD exception points awarded, patients 
with HCC appear to be advantaged compared with those 
without HCC; therefore, additional adjustments may 
be needed.193 Waitlisted patients with HPS also receive 
exception points. UNOS policy does not specify the 
number of points allocated, but instead indicates that 
the exception should provide a chance of transplanta-
tion within 3 months. Evidence suggests that as a group, 
patients with HPS may have accrued a survival advantage 

TABLE 74-3 PUGH’S MODIFICATION OF THE 
CHILD-TURCOTTE CLASSIFICATION* 

Points

Variable 1 2 3

Encephalopathy None 1-2 3-4
Ascites Absent Slight Moderate
Prothrombin time (sec 

prolonged)
<4 4-6 >6

Albumin (g/dL) >3.5 2.8-3.5 <2.8
Bilirubin (mg/dL) <2 2-3 >3

*Child-Pugh class A, 5-6; class B, 7-9; class C, 10-15.
Adapted from Weisner RH, McDiarmid SV, Kamath PS, et al. MELD and PELD: 

application of survival models to liver allocation. Liver Transpl 7:567-580, 
2001 (p 568).
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Figure 74-11. Relationship between Model for End-Stage Liver Dis-
ease (MELD) score and 3-month mortality in hospitalized (pretrans-
plant) patients with cirrhosis. (From Wiesner RH, McDiarmid SV, Kamath 
PS, et al: MELD and PELD: application of survival models to liver allocation, 
Liver Transplant 7:567-580, 2001.)
compared with nonexception status candidates as a result 
of this policy; however, more analysis is needed before 
modifications are made.194

Most liver transplant candidates have MELD scores 
less than 25; only 2% of the waitlist has a MELD score 
greater than 25.1 Candidates with MELD scores less than 
15 have better survival without transplantation.195 How-
ever, when the qualities of the donor graft are taken into 
account using the donor risk index, candidates with 
MELD scores of 12 to 14 benefit from liver transplant in 
the event that a favorable (low donor risk index) graft is 
transplanted.196

ANESTHESIA FOR PATIENTS AFTER LIVER 
TRANSPLANTATION

Liver transplant recipients with functioning grafts typi-
cally metabolize drugs in a normal fashion, but graft 
function must be assessed rather than assumed. The pro-
thrombin time (or INR) is an excellent marker of synthetic 
function. In patients with grafts with impaired synthetic 
function, clotting abnormalities can be corrected with 
vitamin K or fresh frozen plasma; ascites managed with 
diuretics, albumin administration, or paracentesis; and 
the risk of encephalopathy minimized with lactulose 
administration and careful use of sedatives.

Careful adherence to sterile technique is required to 
prevent infectious complications in this immunosup-
pressed population. A stress dose of corticosteroids is 
required for patients receiving chronic supplementation. 
Renal function should be assessed and managed care-
fully to avoid an exacerbation of immunosuppressant-
associated renal impairment. Hypertension is a common 
finding in patients whose condition is managed with cal-
cineurin inhibitors such as cyclosporine. Drugs known to 
decrease hepatic blood flow, such as propranolol, should 
be avoided. Regional anesthesia is an option in patients 
with acceptable clotting status.

INTESTINAL TRANSPLANTATION

Intestinal transplantation is indicated in patients with 
irreversible intestinal failure and an inability to continue 
total parenteral nutrition.197 Impending liver failure, lack 
of central vein access, frequent line infections or recurrent 
episodes of dehydration despite intravenous fluid supple-
mentation can lead to intolerance to total parenteral 
nutrition. Intestinal failure is the inability to maintain 
adequate nutrition via the alimentary tract, commonly 
because of surgical removal or congenital absence of 
more than 70% of the small bowel (short-gut syndrome).

Approximately 130 intestinal transplants were per-
formed in the United States in 2011.1 The number of 
small bowel transplant candidates has declined since 
2006, most likely because of improved medical manage-
ment. In 2011, nearly 60% of waitlisted candidates were 
younger than 18 years (>40% were younger than 5 years). 
Almost half of intestinal grafts were transplanted with 
another organ in 2011; the remainder were transplanted 
as isolated intestinal transplants (Fig. 74-12). In the past, 
the most common accompanying organ was the liver; in 
2011, it was the pancreas. The median time to transplant 
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Figure 74-12. Intestinal transplantation. The 
implanted donor intestine is illustrated. SMA, 
Superior mesenteric artery; SMV, superior mes-
enteric vein. (Modified from Abu-Elmagd K, Fung 
J, Bueno J, et al: Logistics and technique for pro-
curement of intestinal, pancreatic and hepatic graft 
from the same donor, Ann Surg 232:680-687, 
2002.)
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in 2011 was 15 months for patients younger than 18 
years of age, and 3 months for those aged 18 years or 
older. Patient survival after intestinal transplantation is 
improving. One-year survival is approximately 80%, and 
5-year survival approaches 50%.

Intestinal transplant candidates should undergo an 
age-appropriate cardiovascular evaluation, with par-
ticular attention to vascular access. Because of the need 
for chronic indwelling vascular access, thrombosis and 
obstruction of central veins is common (vanishing vein 
syndrome) in patients presenting for intestinal transplan-
tation. Doppler ultrasonography, contrast venography or 
magnetic resonance angiography, or all three, are indi-
cated before surgery.198

Intraoperative blood loss varies based on whether 
other organs are transplanted simultaneously and on 
the extent of abdominal adhesions present from prior 
surgeries. Rapid infusion devices should be available. 
Patients are frequently hypercoagulable; care should be 
taken to avoid therapies that can increase the risk of 
thromboembolism.

Repeat hospitalization is common after transplanta-
tion, occurring in 85% by 6 months after transplant and 
in nearly all recipients by 4 years. Infection is responsi-
ble for 50% of mortality.199 Other complications include 
acute rejection (fever, bloody stools), chronic rejection, 
graft-versus-host disease in 6%, and lymphoproliferative 
disease in 7% to 8%.200

MULTIVISCERAL TRANSPLANTATION

Multivisceral transplant includes the small intestine, 
stomach, liver, spleen, and the duodenopancreatic com-
plex. Modified multivisceral transplant includes the 
visceral organs without the liver.200 The indications for 
multivisceral transplant have been widened because of 
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the technically advantageous nature of the procedure, 
which involves a decreased number of anastomoses com-
pared to combined liver-intestinal transplant. This is par-
ticularly favorable for infants. When the liver is included, 
the risk of stenosis or thrombosis of the portal anastomo-
sis is avoided.201

POSTABDOMINAL TRANSPLANTATION 
COMPLICATIONS

Surgical Complications
Early postoperative surgical complications include post-
operative bleeding, drainage leaks (bile, urine, pancreatic 
secretions), and vascular thrombosis. The risk of bleeding 
and thrombosis is lessened when a balance is maintained 
between procoagulants and anticoagulants (protein S 
and C, antithrombin). Because standard laboratory tests 
monitor only coagulation, this balance may be difficult to 
assess in the absence of viscoelastic tests, which evaluate 
whole blood clotting.

Complications vary based on donor graft qualities 
and recipient characteristics. For instance, hepatic artery 
thrombosis is more common in pediatric recipients 
because of the small caliber of the vessel, and bile leaks 
are more common after liver transplantation using grafts 
from cardiac death donors (see Chapter 75).202

Infection
After the immediate postoperative period, infection is 
the primary cause of death. Immunosuppressive medica-
tions, used to prevent rejection, are largely responsible 
for this risk. Bacterial infections predominate during 
the early postoperative period. Surgical site infections, 
intra-abdominal abscesses, and infected hematomas are 
common. In this immunosuppressed population, multi-
drug-resistant organisms are common. In liver transplant 
recipients, bacterial translocation or bile leaks can result 
in peritonitis, cholangitis, and perihepatic abscesses. In 
a recent study of liver transplant recipients, 47% of ICU 
patients had bloodstream infections, 35% had intra-
abdominal abscesses, and 17% had ventilator-associated 
pneumonia.203 Prompt diagnosis and treatment with 
minimally invasive drainage techniques should be con-
sidered over early laparotomy. When this approach fails, 
laparotomy is indicated.

Prolonged endotracheal intubation and indwell-
ing central venous and urinary catheters are a common 
source of infection. These devices should be removed as 
early as possible in the postoperative period. In the mean-
time, strict aseptic technique is required when accessing 
indwelling catheters and tubes.

Comorbidities, such as diabetes and renal dysfunc-
tion, can increase the risk of infection. Viral and fungal 
infections are more likely after the first postoperative 
week. Risk factors for fungal infection in liver trans-
plant patients include preexisting viral hepatitis, diabe-
tes mellitus, multiple organ system failure, prolonged 
parenteral nutrition, long-term mechanical ventilation, 
and increased antibiotic use.204 Common sites of fungal 
infection include oral, esophageal, pulmonary, and intra-
cerebral. Invasive fungal infections, despite prolonged 
treatment with amphotericin or itraconazole, are associ-
ated with a poor prognosis.

Immunosuppression
Acute rejection is an important cause of graft dysfunction 
at 1 week and beyond, occurring in as many as one quar-
ter of liver recipients.205 The goals of immunosuppression 
are to prevent graft loss and to avoid the adverse conse-
quences of antirejection regimens.205 Immunosuppression 
for solid organ transplant is divided into initial (induction) 
and maintenance phases. Calcineurin inhibitors cyclospo-
rine and tacrolimus (formerly FK506) are the foundation 
for the majority of induction and maintenance regimens. 
Both agents inhibit transcription of interleukin (IL)-2 and 
other cytokines, primarily in helper T lymphocytes. Both 
manifest renal toxicity, which is caused by afferent arterio-
lar vasoconstriction and a reduction in GFR. The resulting 
azotemia is reversible with a reduction of dosage. Hyper-
tension is due to vasoconstriction and sodium retention, 
and typically appears within the first weeks of treatment. 
Neurologic toxicity includes tremors, headaches, seizures, 
and even focal neurologic abnormalities. Mycophenolate 
mofetil therapy is a beneficial adjunct by allowing a reduc-
tion in the doses of calcineurin inhibitors.

In addition to tacrolimus, the most widely used drug, 
there are many other drugs available.206 Sirolimus, an 
inhibitor of the protein mTOR, is used for calcineurin-
sparing effects and in patients transplanted for hepato-
cellular carcinoma to reduce recurrence.207 Basiliximub, a 
monoclonal antibody to CD25, has been used as an alter-
native to steroids for the induction of immunosuppres-
sion in liver transplantation.208

New immunosuppressive drugs are typically intro-
duced for use in renal transplantation before they are 
applied in liver transplantation. Of note, recipients of 
liver grafts require less immunosuppression than do 
recipients of other organs, and liver grafts confer protec-
tion on other organs transplanted from the same donor. 
This effect is an example of the privileged immune status 
of the liver.205

The diagnosis of rejection requires a biopsy. The 
threshold for performing a biopsy should be low, albeit 
with an awareness that other conditions can mimic the 
histologic changes seen with rejection. For instance, dif-
fuse lymphocytic infiltration of the kidney can be seen 
with rejection or lymphoproliferative disorder, and recur-
rent hepatitis C in the liver can resemble rejection.

Malignancy
Immunosuppressant drugs increase the susceptibility of 
transplant recipients to malignancy.209 This effect is pri-
marily related to the level of immunosuppression, but 
production of transforming growth factor-β may also be 
responsible.

The spectrum of malignancy is wide ranging and 
includes cancers seen with HIV-infection, a condition 
also associated with immunosuppression. Lymphoma 
regression occurs if the immunosuppressive agent is dis-
continued early.

In a retrospective study of more than 250,000 solid 
organ transplant recipients, Hodgkin lymphoma risk 
factors included male sex, young age, and Epstein-Barr 
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virus (EBV) seronegativity at the time of transplant.210 In 
a study of 175,000 solid organ recipients (primarily kid-
ney and liver recipients), malignancy was identified in 
more than 10,000 patients, a standardized incidence ratio 
(SIR) of greater than 2 compared with the general popu-
lation.211 The cancer sites with the highest relative risk 
included Kaposi sarcoma (SIR = 61), lip (SIR = 17), skin, 
nonmelanoma (SIR = 14), liver (SIR = 12), vulva (SIR = 8), 
and non-Hodgkin lymphoma (SIR = 8).

Posttransplant lymphoproliferative disorder (PTLD) is 
associated with a proliferation of B cells after transplan-
tation in response to infection with EBV. Clinical pre-
sentation varies from a mononucleosis-like syndrome to 
malignant lymphoma. Pediatric patients are at increased 
risk due to a lower likelihood of prior exposure to EBV. 
Diagnosis is made by biopsy of the affected area, which 
can include the graft. Treatment consists of a reduction of 
immunosuppression levels and antiviral therapy against 
EBV, primarily ganciclovir. Individuals at high risk, such 
as patients who are seronegative for EBV or who receive a 
graft from a seropositive donor, should be maintained on 
antiviral prophylaxis.

The mean latency period for all cancers is 3 to 5 years 
after transplant, although specific malignancies exhibited 
unique time intervals. Cancer sites vary depending on the 
organ transplanted; for example, renal transplant recipi-
ents have a 100-fold greater than expected risk of devel-
oping carcinoma in the native kidney.212 The reasons are 
unclear, but prolonged dialysis before transplantation 
may be a risk factor.213 The use of specific immunosup-
pressive drugs also affects the relative risk of various 
cancers. For example, OKT3, which contains antibod-
ies directed against T lymphocytes, is associated with an 
increased incidence of PTLD. Antibodies directed against 
B lymphocytes (rituximab) can reduce the incidence of 
PTLD. Sirolimus is not associated with cancer risk, and in 
fact may have antitumor effects.

Long-Term Survival
Long-term survival is affected by common diseases, such 
as hypertension, hyperlipidemia, and diabetes mellitus.214 
Three years after liver transplantation, cardiovascular 
disease and de novo malignancy are the major causes of 
mortality.215 Recurrent rejection and hepatitis C account 
for most of the hepatic causes of mortality.

CONCLUSIONS

Abdominal organ transplantation has matured over the 
past 30 years. From its beginning as an experimental pro-
cedure, it has become the best hope for survival in the 
case of liver transplantation, and the best option for an 
independent life without morbidity in the case of renal 
and pancreatic transplantation. Challenges for the future 
include a solution to the organ shortage, methods to 
minimize the likelihood of disease recurrence, and phar-
macologic advances aimed at limiting the side effects of 
immunosuppression.
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Anesthesia for Organ Procurement
VICTOR W. XIA • RANDOLPH H. STEADMAN

K e y  P o i n t s

 •  The shortage of organs available for transplantation is a worldwide problem.
 •  The discrepancy between the number of patients waiting for organ transplantation 

and the available organs has widened.
 •  Most organs in the United States are donated after brain death, but organs from 

cardiac death and living organ donors are increasing.
 •  Brain-dead donors have physiologic alterations that must be actively managed to 

ensure that the organs are suitable for transplantation (also see Chapter 76).
 •  Determining brain death and cardiac death should follow national guidelines and 

local institutional protocols (also see Chapter 76).
 •  The anesthesiologist must have an awareness of the ethical and legal issues related 

to the declaration of death and organ donation.
 •  Expansion of the donor pool through the inclusion of extended criteria, such 

as high-risk donors, addresses the organ shortage and decreases waiting-list 
mortality.

 •  The use of extended criteria high-risk organs significantly impacts recipient 
outcomes and presents challenges to perioperative management.

 •  Ischemia-reperfusion injury in organ transplantation is unavoidable; however, 
management strategies can lessen the likelihood of postoperative graft failure.

 •  Goal-directed donor management can improve the number of organs transplanted 
per donor.

 •  Preclinical studies on the prevention or reduction of ischemia-reperfusion injury are 
promising, but they have not been widely implemented into clinical practice.

 •  Living organ donor kidney transplantation has increased, whereas the use of living 
donors for liver transplantation varies by country.
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INTRODUCTION

Organ transplantation requires the donation and suc-
cessful procurement of a human organ. The success of 
organ transplantation relies on a functioning donor graft. 
The majority of organs used for transplantation in the 
United States are from donors after the declaration of 
brain death (donation after brain death, [DBD]). Organs 
from donation after cardiac death (DCD) and living organ 
donation are in the minority but have increasingly been 
used in recent years1 (also see Chapter 76). Organs pro-
cured from these sources have different characteristics 
and present varying challenges in management. For 
instance, DBD donors often have significant physiologic 
alterations and hemodynamic instability that is associ-
ated with brain death. These alterations and instability, 
if not treated, will lead to organ deterioration and may 
prevent the organ from being suitable for transplanta-
tion. In contrast, DCD donors have an obligatory period 
of hypotension of varying duration before cardiac arrest. 
The resulting compromise in perfusion can exacerbate 
reperfusion injury and can lead to an increased incidence 
of posttransplant biliary dysfunction.

The shortage of organs is a worldwide problem and is 
the most important obstacle in organ transplantation. The 
gap between the number of patients waiting for transplant 
and the available organs has widened (Fig. 75-1). In Sep-
tember 2012, more than 114,000 transplant candidates 
were wait-listed in the United States through the United 
Network for Organ Sharing (UNOS). Of these, 74,000 were 
active candidates; however, less than 30,000 candidates 
were expected to undergo transplant surgery in 2012.2 The 
majority of candidates were awaiting kidney grafts, with a 
smaller number awaiting liver, heart, and lung grafts. Many 
strategies were implemented to decrease the gap between 
the demand and supply, including public awareness cam-
paigns and updates to the organ allocation system. Organ 
donation rates and the number of organs transplanted per 
donor vary substantially across geographic regions. Per 
100 eligible deaths in the United States in 2009, the organ 
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Figure 75-1. The gap between the num-
ber of patients on the waiting list (WL) for 
transplantation and the number of trans-
plants performed each year in the United 
States is increasing every year. A significant 
number of procured organs are not used for 
transplantation. (Data available at http:// 
optn.transplant.hrsa.gov. Accessed June 30, 
2012.)Year
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Figure 75-2. Total organs transplanted 
per donor based on donor type. DCD, 
Donation after cardiac death; ECD, 
extended criteria donor; SCD, standard cri-
teria donor.
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donation rate varied from a low of 51 to a high of 91.3 To 
increase the number of organs for transplant, many pro-
grams have expanded the donor pool by using extended 
criteria donors (ECDs). Not surprisingly, the number of 
organs transplanted per donor varies according to donor 
category: ECD, DCD, or standard criteria donor (SCD). 
The number of organs transplanted from DCD donors is 
similar to ECDs, primarily attributable to the ability of the 
kidney to tolerate the longer periods of ischemia associated 
with organ procurement after DCD (Fig. 75-2). The use of 
living-related and living-unrelated donors is widespread 
in countries with moral or legal objections to brain death 
and is an important worldwide donor source. Many policies 
have been proposed to promote the best practices in organ 
donation.1,4

Organ transplantation is a complex process that 
requires close coordination among many specialized 
teams. The procurement organizations, transplant coor-
dinators, social workers, nurses, surgeons, internists, 
intensivists, and anesthesiologists are involved in the 
process. To maximize the number of organs transplanted 
(Fig. 75-3) and to preserve the best possible function of 
donated organs, anesthesiologists need to understand the 
pathophysiologic derangements associated with dona-
tion and ischemia-reperfusion injury. In addition, anes-
thesiologists must be aware of the ethical and legal issues 
related to the declaration of death and organ donation.

MANAGEMENT OF ORGAN DONORS 
AFTER DECLARATION OF BRAIN 
(NEUROLOGIC) DEATH

DBD provides approximately 80% of donated organs in the 
United States. Organ procurement from DBD donors can 
only occur after the declaration of death. The concept of 
brain death emerged in the 1950s when clinicians encoun-
tered patients whose brain function had ceased, but the 
function of other organs was maintained by preserved car-
diac perfusion in the presence of mechanical ventilation. In 

http://optn.transplant.hrsa.gov
http://optn.transplant.hrsa.gov
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Figure 75-3. Organs transplanted per 
deceased organ donor. (Data from the 
Organ Procurement and Transplantation 
Network (OPTN) and Scientific Registry 
of Transplant Recipients (SRTR): OPTN/
SRTR 2010 annual data report, Rockville, 
Md, 2011, Department of Health and 
Human Services, Health Resources and 
Services Administration, Healthcare Sys-
tems Bureau, Division of Transplantation, 
p. 127.)
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1968, a Harvard Ad Hoc Committee on Irreversible Coma 
established a set of criteria that has been widely used today 
for the determination of brain death5 (also see Chapter 76). 
In the United States, the Uniform Determination of Death 
Act was approved in 1981 by the National Conference of 
Commissioners on Uniform State Laws, in cooperation with 
the American Medical Association, the American Bar Associ-
ation, and the President’s Commission for the Study of Ethi-
cal Problems in Medicine and Biomedical and Behavioral 
Research. Although the criteria for the declaration of brain 
death were based on ethical principles established several 
decades ago, the criteria remain valid today.6

Although the concept of brain death has been widely 
accepted in Western cultures, minor variations in defi-
nition and implementation exist in different countries. 
Despite these differences, the clinical criteria are simi-
lar.7 A larger difference exists among different cultures in 
accepting and implementing the brain death criteria. In 
fact, brain death has not reached a legal status in some 
countries, such as China.

DIAGNOSIS AND DETERMINATION  
OF BRAIN DEATH

In 1995 and updated in 2010, the American Academy of 
Neurology published practice parameters for the determina-
tion of brain death (also see Chapter 76).6 To determine brain 
death, physicians must confirm the presence of the follow-
ing three findings: irreversible coma, absence of brainstem 
reflexes, and absence of respiratory drive after a carbon diox-
ide (CO2) challenge. Reversible cerebral dysfunction caused 
by hypothermia, hypotension, or residual drug effects must 
be excluded. A lack of brainstem activities is confirmed by 
the lack of a pupillary response to light, corneal reflex, gag 
and cough reflexes, ocular movements, and facial motor 
response. The absence of respiratory drive is assessed with 
an apnea test (CO2 challenge) in patients without a his-
tory of CO2 retention. During the apnea test, the patient is 
mechanically ventilated with 100% oxygen for at least 10 
minutes to attain partial arterial pressure of oxygen (PaO2) 
greater than 200 mm Hg in the presence of a normal par-
tial arterial pressure of carbon dioxide (PacO2) (35 to 45 mm 
Hg). The patient is then disconnected from the ventilator 
while oxygenation is preserved via an insufflation catheter 
or a T-piece connected to the endotracheal tube. The apnea 
test is positive if no respiratory movements are observed 
for 8 to 10 minutes and the PacO2 is at or greater than  
60 mm Hg. A positive apnea test confirms the lack of brain-
stem control of ventilation. If the test is inconclusive but 
the patient is hemodynamically stable and adequately oxy-
genated, then the test may be continued for a longer period 
(10 to 15 minutes). In clinical practice, ancillary tests can 
be used when the neurologic examination is indeterminate 
or the apnea test cannot be performed. The tests that have 
been used for this purpose include electroencephalography, 
cerebral angiogram, computed tomographic angiography, 
magnetic resonance angiography, somatosensory-evoked 
potentials, and transcranial Doppler imaging6 (also see 
Chapter 49).

PATHOPHYSIOLOGIC CHANGES WITH 
BRAIN DEATH

A variety of pathophysiologic changes are associated with 
brain death. The pathophysiologic mechanisms of brain 
death have profound effects at the molecular, cellular, 
and tissue levels. The clinical presentations associated 
with brain death may be complex and vary from patient 
to patient. They can be further complicated by prior 
pathologic abnormalities, disease, and therapy. The typi-
cal pathophysiologic changes associated with brain death 
are further described in Table 75-1.

CARDIOVASCULAR RESPONSES TO BRAIN 
DEATH

The cardiovascular system is closely regulated by the central 
neural system. Cardiovascular responses to brain death usu-
ally consist of two phases. The first phase is characterized by 
sympathetic discharge (catecholamine storm), which causes 
intense vasoconstriction or elevated systemic vascular resis-
tance (hypertensive crisis), tachycardia, and a redistribution 
of blood volume with visceral ischemia. Acute myocardial 
injury can occur in brain-dead donors without a history 
of coronary artery disease.8 Echocardiographic evidence of 
myocardial dysfunction is observed in 40% of brain-dead 
donors under consideration for heart donation.9 At times, 
parasympathetic activation can result in bradycardia. After 
the sympathetic discharge of the first phase, the loss of sym-
pathetic tone, decreased cardiac output, blunted hemostatic 
responses, and severe peripheral vasodilatation (vasople-
gia) characterize the second phase. In addition to neuro-
hormonal disturbances, other contributing factors include 
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blood loss, intravascular depletion attributable to capillary 
leakage, osmotic therapy for rising intracranial pressure 
(ICP), and diabetes insipidus.

The first phase is correlated with ischemia in various 
parts of the brain and is attributable to an increase of ICP, 
and the second phase is caused by cerebral herniation 
and spinal cord ischemia. Although the first hypertensive 
phase generally represents a transient period in the pro-
gression to brain death, the second hypotensive phase is 
profound and sustained. Failure to correct these cardio-
vascular derangements results in poor organ perfusion 
and inadequate tissue oxygenation, which will threaten 
the viability of the donated organs.

RESPIRATORY RESPONSES TO BRAIN DEATH

An increase in systemic vascular resistance after brain 
death results in blood shifting from the systemic circula-
tion to the more compliant pulmonary circulation. The 
resulting increase in hydrostatic pressure in the pulmonary 
circulation causes pulmonary capillary leakage and pulmo-
nary edema. Sympathetic activity triggers a sterile systemic 
inflammatory response, initiating infiltration of neutro-
phils and increasing pulmonary endothelial permeability, 
which further contributes to lung injury. Proinflammatory 
cytokines are released at the alveoli and are associated with 

TABLE 75-1 PATHOPHYSIOLOGIC CHANGES 
ASSOCIATED WITH BRAIN DEATH

Signs and 
Symptoms

Pathophysiologic 
Changes Incidence

Hypertension Catecholamine 
storm

80%-90%

Hypotension Vasoplegia, 
hypovolemia, 
reduced 
coronary blood 
flow, myocardial 
dysfunction

80%-90%

Bradycardia 
and other 
arrhythmias

Catecholamine 
storm, 
myocardial 
damage, reduced 
coronary blood 
flow

25%-30%

Pulmonary edema Acute blood 
volume 
diversion, 
capillary damage

10%-20%

Diabetes insipidus Posterior pituitary 
damage

45%-80%

Disseminated 
intravascular 
coagulation

Tissue factor 
release, 
coagulopathy

30%-55%

Hypothermia Hypothalamic 
damage, reduced 
metabolic rate, 
vasodilation and 
heat loss

Varied

Hyperglycemia Decreased insulin 
concentration, 
increased insulin 
resistance

Common
early graft failure and mortality after lung transplantation. 
The inflammatory response in brain-dead donors is associ-
ated with the deterioration in cardiac function and a shift 
to anaerobic metabolism. Hormonal instability can reduce 
alveolar fluid clearance, resulting in significant accumula-
tion of extravascular lung water. If ventilation is not sup-
ported, then respiratory arrhythmia progresses to apnea 
and cardiac arrest.10,11

ENDOCRINE, METABOLIC, AND STRESS 
RESPONSES TO BRAIN DEATH

Brain death is frequently associated with pituitary failure 
and disturbances of cortisol, thyroid hormones, antidiuretic 
hormone, and insulin. Posterior pituitary function in brain-
dead donors is frequently lost. The development of central 
diabetes insipidus results in severe fluid and electrolyte 
derangements and can be observed in up to 90% of brain-
dead donors.10 Anterior pituitary function in brain death 
can also be affected, resulting in a deficiency in triiodothy-
ronine (T3) and thyroxine (T4), adrenocorticotropic hor-
mone, thyroid-stimulating hormone, and human growth 
hormone. Thyroid hormonal deficiency may be similar to 
the euthyroid sick syndrome commonly observed in the 
non–brain injured patient with multisystem organ failure. 
Hyperglycemia is commonly encountered in brain-dead 
donors because of decreased insulin concentrations and 
increased insulin resistance. Hypothalamic function and 
control of body temperature are lost. Although hyperpy-
rexia may initially occur, hypothermia follows, which is 
caused by a reduction in metabolic rate and muscle activity, 
in combination with peripheral vasodilation. Disseminated 
intravascular coagulation is present in up to one-third of iso-
lated patients with head injuries and is believed to be caused 
by the release of tissue thromboplastin from brain tissue.11

DONATION AFTER CARDIAC 
(CIRCULATORY) DEATH

Before the acceptance of brain death, all organs procured 
were from donors who suffered a cardiac demise (DCD, 
previously known as donation from a non–heart-beating 
donor). After the establishment of the Harvard criteria for 
brain death, DBD quickly became the principal source of 
organ donation. However, an interest in the use of DCD 
organs has been renewed in recent years, driven by the per-
sistent shortage of DBD donors and the lack of acceptance 
of brain death in some countries. Policies and protocols 
developed by health care organizations now encourage 
DCD organs, and their use is increasing in the United 
States and other countries. In the United States over the 
5-year period from 2004 to 2009, the number of DCD 
donors more than doubled and accounted for over 10% 
of donors in 200912 (Fig. 75-4). During the same period, 
the number of living donors dropped slightly from 7000 to 
6600.3 Kidney grafts accounted for over 95% of the organs 
transplanted from living donors during this period. The 
American Society of Anesthesiologists established a Sample 
Policy for Organ Donation after Cardiac Death, with the 
recommendation that its members actively participate in 
the development of institutional DCD protocols.
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Figure 75-4. Percent of donations 
after cardiac death (DCDs) by year. 
(Redrawn from Wynn JJ, Alexander CE: 
Increasing organ donation and trans-
plantation: the U.S. experience over the 
past decade, Transpl Int 24:324, 2011.)
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DCD donors are divided into five categories: I, patients 
dead on arrival at the hospital arrival; II, unsuccessfully 
resuscitated patients; III, patients in whom cardiac arrest 
is imminent; IV, cardiac arrest in brain-dead donors; V, 
unexpected arrest in the intensive care unit (ICU). Cat-
egories III and IV are considered as controlled DCDs, 
whereas the remaining categories are considered uncon-
trolled DCDs. Controlled DCD implies that life-support 
withdrawal can be planned and the transplant team is 
awaiting the cardiac arrest and is ready for rapid organ 
recovery. In contrast, uncontrolled DCD implies the 
patient has experienced an unanticipated cardiac arrest, 
and organ donation is considered only after an unsuccess-
ful resuscitation. Warm ischemia time is significantly lon-
ger in uncontrolled DCDs. Currently, most DCD donors 
for organ transplantation are controlled DCD donors. 
Successful use of the uncontrolled DCD grafts has been 
reported in several studies.13

DCD donors usually suffer from irreversible brain or 
spinal injury but do not meet the brain death criteria. 
The prognosis for a meaningful quality of life is poor. 
Withdrawal of therapy must be based on a clinical deci-
sion of futility and conform to the wishes of the patient 
and family. The consideration of the withdrawal of life-
sustaining therapies must be independent from any dis-
cussion related to transplantation. The transplantation 
team cannot be involved in this decision. Drugs can be 
used to relieve pain and anxiety and to provide comfort 
for the patient during withdrawal. Therapies designed to 
improve graft quality, but without benefit to the patient, 
are controversial; however, therapies with minimal 
impact on the patient that improve organ survival are 
allowed in some protocols.

Declaration of cardiac death should follow procedures 
proposed by national organizations and policies adopted 
by the local institution.14,15 After a decision has been 
made to withdraw support, the trachea is extubated and 
life support is stopped. A physician who is not involved 
with organ transplantation declares cessation of cardiac 
function. Declaration of cardiac death is not different 
from clinical practice, which requires a clinical examina-
tion to confirm pulselessness or the absence of an arterial 
waveform. The duration between cessation of cardio-
vascular activities and the declaration of cardiac death 
is usually 2 to 5 minutes to ensure irreversibility. Organ 
procurement starts after death is declared.

Although organs procured from DCD donors are 
not exposed to the physiologic derangements of brain 
death, they are at greater risk for ischemia-reperfusion 
injury than organs from DBD donors. This potential 
results from hypoxemia and ischemia in a warm envi-
ronment, which is unique during DCD procurement. 
The time elapsed from extubation to cardiac death is 
an important factor for determining the suitability of 
organ donation. If spontaneous breathing and/or heart 
function continues for a prolonged period after life sup-
port withdrawal, then the organs may not be suitable 
for transplantation, particularly in donors with comor-
bidities. To assist physicians in predicting how long a 
patient will sustain life after the withdrawal of life sup-
port, a 6-variable score was developed by the University 
of Wisconsin (Table 75-2). A low score (8 to 12) means 
that breathing and/or cardiac function will continue for 
some time. A high score (19 to 24) means that apnea and 
cardiac arrest are imminent.16

The two separate definitions and procedures used for 
DBD and DCD have led to a new debate about the defini-
tion and determination of death. A uniform concept of 
death, which combines all previous criteria for death, is 
emerging. A growing consensus is that all criteria used to 
diagnose human death rely on the demonstration of the 
irreversible loss of the capacity to breath, combined with 
the irreversible loss of the capacity for consciousness. The 
irreversible loss of these two functions equates to human 
death.17

Category III (impending cardiac arrest) DCD is the ideal 
source for organ transplant. Kidneys from DCD donors are 
frequently used. Several studies have showed that, despite 
a higher incidence of delayed graft function (DGF), kidneys 
from DCD donors have comparable short- and long-term 
graft survival.13 Livers from DCD donors have a higher 
likelihood of postoperative biliary complications such as 
diffuse ischemic cholangiopathy with intrahepatic biliary 
stricture and may also have a higher incidence of primary 
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graft nonfunction (PNF) and DGF compared to grafts from 
DBD donors.18 Ischemic cholangiopathy occurs more fre-
quently if the donor is older, is overweight, and has a pro-
longed ischemic period. Heart and lungs are susceptible to 
ischemia and only a few cases of the successful use of such 
grafts from DCD donors have been reported.16

ISCHEMIA-REPERFUSION INJURY  
AND ORGAN PRESERVATION

Ischemia-reperfusion injury of transplanted grafts is 
unavoidable. It is easy to understand that an interruption 
of the blood supply during the ischemic period results 
in metabolic and pathophysiologic changes. Surpris-
ingly, restoration of blood flow and reoxygenation can 
also cause tissue injury, as well as profound immune and 
inflammatory responses.19,20

Ischemia-reperfusion injury results from a wide range 
of pathologic processes. During ischemia, a lack of oxy-
gen supply leads to a depletion of adenosine triphosphate 
(ATP) and glycogen. Without ATP, sodium-potassium 

TABLE 75-2 UNIVERSITY OF WISCONSIN  
CRITERIA FOR DONATION AFTER CARDIAC 
DEATH EVALUATION TOOL 

Variables Points

Spontaneous respiration after 10 minutes
Respiratory rate >12 breaths/min
Respiratory rate <12 breaths/min
Tidal volume >200 mL
Tidal volume <200 mL
Negative inspiratory force >20 cm H2O
Negative inspiratory force <20 cm H2O
No spontaneous respiration

1
3
1
3
1
3
9

Body mass index (kg/m2)
<25
25-29
≥30

1
2
3

Vasopressors
None
1 pressor
≥2 pressors

1
2
3

Patient age (yr)
0-30
31-50
>50

1
2
3

Intubation
Endotracheal tube
Tracheostomy

3
1

Oxygenation after 10 minutes
O2 saturation >90%
O2 saturation 80%-90%
O2 saturation <80%

1
2
3

University of Wisconsin score: 8-12, high probability; 13-18, moderate 
probability; and 19-24, low probability for continuing to breathe after 
extubation.

Lewis J, Peltier J, Nelson H, et al: Development of the University of Wisconsin 
Donation After Cardiac Death Evaluation Tool, Prog Transplant  
13:265-273, 2003.
(Na-K) pumps cannot maintain ion gradients across the 
cellular membrane. As a result, extracellular sodium ions 
move into cells, causing swelling. Vascular permeability 
is increased since intracellular cyclic adenosine mono-
phosphate (cAMP) levels and adenylate cyclase activity 
is decreased.19 The restoration of the blood supply causes 
a series of pathophysiologic changes that lead to tissue 
injury. Reperfusion-related injuries include necrosis, apop-
tosis (programmed death), and autophagy-associated cell 
death. Reperfusion also activates autoimmune responses 
including natural antibody recognition of neoantigens, 
activation of the complement system, activation of innate 
and adaptive immune responses, and cell migration to the 
affected area.

After procurement, organs are routinely stored in a 
cold (4o C) preservation solution to slow the metabolic 
rate. Various cold-storage solutions are used worldwide 
with the University of Wisconsin (UW) solution one of 
the most widely used. The UW solution contains high 
potassium and adenosine to supply ATP during cold stor-
age. Recently, histidine-tryptophan-ketoglutarate (HTK) 
solution, originally developed for cardioplegia and sub-
sequently applied to organ preservation in Europe, has 
gained popularity in the United States.21 The potential 
for hyperkalemia during organ reperfusion (particularly 
with the liver) increases when the UW solution is used, 
compared with the HTK solution. However, the graft is 
typically flushed with colloid before reperfusion, regard-
less of the solution used, which decreases the likelihood 
of severe hyperkalemia. Recent data suggest that the HTK 
solution may be associated with poor graft function in 
abdominal organ transplantation.22,23 Organ-specific 
solutions, such as Perfadex solution (manufactured by 
Vitrolife in Göteborg, Sweden) for the lung and Celsior 
solution (manufactured by Genzyme in Cambridge, MA) 
for the heart, are available. Although cold ischemia time 
should be minimized, the various storage times vary by 
organ. Generally accepted cold ischemia times are 24 
hours for the kidney, 12 hours for the liver, 6 hours for 
the heart, and 4 hours for the lung. Even within these 
time windows, however, shorter storage times are pre-
ferred. In one study, reperfusion syndrome was avoided 
during liver transplantation when the cold ischemia time 
was less than 6 hours.24 However, longer storage times 
allow transportation of the graft to the highest acuity 
patient.

In addition to the preservation solution, various tech-
niques have been used to minimize the effects of storage, 
including continuous perfusion (as opposed to flushing) 
with a hypothermic or normothermic solution.25 The 
potential advantage for perfusion techniques is a reduc-
tion in proinflammatory cytokine expression, as well as 
less activation of adhesion molecules and migration of leu-
kocytes.25 Recent reviews of data from the Scientific Reg-
istry of Transplant Recipient (SRTR) suggest an association 
between machine perfusion and a reduction in DGF, par-
ticularly in high-risk donors.26 In addition, the function of 
procured organs can be assessed during normothermic per-
fusion preservation, which is particularly useful for heart 
grafts. However, normothermic continuous perfusion uses 
red blood cells and costly equipment, making it less practi-
cal.27 Nonetheless, oxygen can be added into the perfusion 
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solution, which may restore cellular levels of ATP.28 Sev-
eral pharmacologic and biologic agents have been tested
in animal models and preclinical trials; some, including
recombinant agents that block leukocyte adhesion, have
shown promise.29,30 Preconditioning with volatile anes-
thetics has been shown to protect tissue from ischemia-
reperfusion injury in animal models.31 In human trials,
volatile anesthetics have some beneficial effects in the set-
ting of myocardial infarction, minimizing ischemia-reper-
fusion injury, although the data remain inconclusive.32

EXTENDED CRITERIA DONOR

Traditionally, DBD organ donors are young and other-
wise healthy until stricken by an isolated cerebral event
or head injury (SCDs). As the numbers of patients wait-
ing for transplant increase, many centers have extended
donor criteria to minimize waiting-list mortality. Many
terms, including suboptimal donor, marginal donor, infe-
rior donor, nonstandard donor, and high-risk donor, have
been used.33 The criteria that make up the ECD group are
more elusive and evolving. Donor characteristics of ECDs
vary from organ to organ but generally include advanced
age, prolonged cold ischemia time, inferior organ func-
tion, and other comorbidities.33,34 In kidney transplanta-
tion, SRTR defines ECD kidneys as those whose relative
risk of graft failure is greater than 1.7 when compared with
normotensive donors aged 10 to 39 years who exhibit nor-
mal renal function and who did not die as a result of a cere-
brovascular accident. These include grafts from donors 60
years of age or older, as well as donors aged 50 to 59 years
who have two of the following characteristics: history of
hypertension, death caused by cerebrovascular accident,
or preterminal serum creatinine level greater than 1.5 mg/
dL12 (Box 75-1). In liver transplantation, important ECD
variables include advanced age, prolonged hospital stay,
prolonged ischemia time, and macrosteatosis35 (Box 75-2).
In lung transplant, low PaO2 values (<300 mm Hg) at the
time of harvest, purulent secretions confirmed by bron-
choscopy, and smoking more than 20 pack-years are signif-
icant factors for early- and long-term adverse outcomes.36

Recently, a donor risk index (DRI) has been defined
for liver grafts. DRI is a quantitative assessment of the
risk of graft failure associated with the donor. Liver DRI
is calculated from several donor characteristics includ-
ing increasing age, decreasing height, DCD graft (yes or
no), split or partial grafts (yes or no), African-American
race (yes or no), cause of death other than anoxia or
cerebrovascular accident, national (versus regional)
sharing, and cold ischemia time longer than 8 hours.37

Despite an increased risk of graft failure, moderate-to-
high acuity transplant candidates who receive a high
DRI graft have a survival benefit compared with those
remaining on the wait-list.38 Calculation of the DRI
can help physicians make a decision to accept or reject
a donor offer; however, the calculation requires a pro-
jected cold ischemia time. Machine perfusion and dual
kidney transplantation have been shown to reduce DGF
in ECD kidney transplantation.26

The use of ECD or high-risk DRI grafts has implica-
tions on intraoperative management. In a study of liver
 
 
 

 

 

 
 

 
 
 
 

 
 

 
 
 
 

 
 
 
 

 
 
 

 
 
 
 
 

 
 
 
 

 
 

 

transplantation, several donor characteristics are associ-
ated with a high incidence of intraoperative hyperkale-
mia in adults: DCD grafts, prolonged ischemia time, and 
prolonged donor hospital stay before procurements.39 
ECD liver grafts are also associated with postreperfusion 
syndrome, intraoperative bleeding, and postoperative 
reoperation.40

MANAGEMENT OF ORGAN DONORS 
BEFORE PROCUREMENT

As previously discussed, various physiologic derange-
ments are common in DBD donors. If not treated, these 
derangements can lead to graft deterioration, resulting 
in organs unsuitable for transplantation. A discussion of 
treatment strategies follows.

Donors >60 years of age
Donors 50 to 59 years of age with two of the following three 

characteristics:
History of hypertension
Death caused by cerebrovascular accident
Preterminal serum creatinine level >1.5 mg/dL

BOX 75-1 Extended Donor Criteria for Kidney 
Donors

From Port FK, Bragg-Gresham JL, Metzger RA, et al: Donor characteristics 
associated with reduced graft survival: an approach to expanding the pool 
of kidney donors, Transplantation 74:1281, 2002.

Model 1: extended Criteria donor (eCd) SCore*

Donor age: >55 years
Donor hospital stay: >5 days
Cold ischemia: >10 hr
Warm ischemia: >40 min

Model 2: donor riSk index (dri)†

Age (four categories): >40, >50, >60, >70 years
Cause of death (two categories): cerebrovascular accident  

(lower risk) versus other
Race: African American (higher risk) versus other
Donation after cardiac death (DCD): yes or no
Partial or split graft: yes or no
Height: increasing risk as height decreases below 170 cm
Regional or national share: yes or no
Cold ischemia time

Model 3: (d-Meld)‡

Donor age
Laboratory MELD score

BOX 75-2 Extended Donor Criteria for Liver 
Donors

* From Cameron AM, Ghobrial RM, Yersiz H, et al: Optimal utilization of 
donor grafts with extended criteria: a single-center experience in over 
1000 liver transplants, Ann Surg 243:748, 2006.

† From Feng S, Goodrich NP, Bragg-Gresham JL, et al: Characteristics as-
sociated with liver graft failure: the concept of a donor risk index, Am J 
Transplant 6:783, 2006.

‡ From Halldorson JB, Bakthavatsalam R, Fix O, et al: D-MELD, a simple 
predictor of post liver transplant mortality for optimization of donor/
recipient matching, Am J Transplant 9:318, 2009.
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CARDIOVASCULAR MANAGEMENT

Although both hypertension and hypotension are associ-
ated with brain death and can result in poor perfusion 
to the organs, hypotension is more profound and diffi-
cult to treat. Maintaining adequate intravascular volume 
is probably the most effective therapy for vasoplegia. No 
evidence demonstrates that a specific crystalloid solution 
is superior to another. Adequate resuscitation, as evi-
denced by a mean arterial pressure of 60 to 100 mm Hg, 
may decrease cytokine levels and increase the number 
of organs available for transplantation.41 Large doses of 
starch-based colloids should be avoided because they may 
be associated with DGF42 (also see Chapter 61).

When hemodynamic stabilization is not achieved with 
fluid resuscitation, vasoactive drugs should be consid-
ered. Dopamine is most commonly used in this setting. 
If a large dose of dopamine is required, then a second 
vasoactive agent can be added. Dopamine and other cate-
cholamines have beneficial antiinflammatory and immu-
nomodulatory effects. Vasopressin is recommended as 
the initial therapy of choice for potential heart donors 
by the American College of Cardiology.43 Vasopressin 
reduces catecholamine requirements and is an effective 
treatment for diabetes insipidus.

For a potential heart donor, cardiac function should be 
assessed, with early interventions to improve the donor 
procurement rate. Echocardiography is useful since it 
can identify both functional and structural abnormalities 
(also see Chapter 46). Functional abnormalities identified 
in the early stage can be managed before heart transplan-
tation, whereas structural abnormalities may preclude 
transplantation. Coronary angiography is useful in older 
donors with suspected or known coronary artery disease. 
Myocardial damage caused by catecholamine storm may 
be prevented or attenuated by controlling cardiovascu-
lar responses, which may increase the number of heart 
transplants.11 However, large doses of norepinephrine are 
associated with increased cardiac graft dysfunction and 
increased recipient mortality.44

Excessive intravascular fluid therapy may have det-
rimental effects and should be avoided in lung donors. 
Fluid restriction increases the number of lung grafts avail-
able for transplantation.10 Because this practice creates a 
conflict of interest on the basis of which organs will be 
procured, particularly between the lungs and kidneys, 
fluid management should be balanced to optimize overall 
donation potential.10 The goal is to maintain a euvolemic 
state and to maintain arterial blood pressure and cardiac 
output with the least amount of vasoactive support pos-
sible. Invasive hemodynamic monitoring may be used to 
guide intravascular fluid therapy (also see Chapter 59).

PULMONARY MANAGEMENT

The lungs are vulnerable to injury and, consequently, are 
one of the most difficult organs to preserve. Only 15% to 
25% of donated lungs are used in transplantation. Current 
pulmonary management for potential lung donors favors 
small tidal volume ventilation. The focus of pulmonary 
management is to recruit and retain lung units while lim-
iting tidal volume and inspiratory pressure. This strategy 
is extrapolated from studies in acute respiratory distress 
syndrome. Specific approaches to ventilator management 
for the donor are variable, but a common approach is a 
low tidal volume (6 to 8 mL/kg), low fraction of inspired 
oxygen concentration (FiO2), and relatively high positive 
end-expiratory pressure (PEEP).45 Pulmonary recruitment 
maneuvers, using pressure-controlled ventilation and 
high PEEP (15 cm water [H2O]), followed by a return to 
conventional volume-controlled ventilation with a lower 
PEEP, are recommended by others. The administration of 
aerosolized terbutaline increases alveolar fluid clearance 
via β-adrenergic stimulation.46 As previously discussed, 
a large amount of intravascular fluid and/or large-dose 
vasopressors are associated with impaired graft function 
in potential lung donors.10

Adequate gas exchange and good oxygenation are the 
most important indicators of the functional quality of 
the lung. However, an initial PaO2/FiO2 ratio less than 
300 mm Hg should not be used as grounds for exclu-
sion. Reversible processes such as secretions, pulmonary 
edema, and atelectasis can affect the PaO2/FiO2 ratio. 
Bronchoscopy is generally performed to remove mucous 
plugs that are present.

TEMPERATURE

Donor management should include active warming to 
maintain a body temperature above 35o C before and dur-
ing organ procurement (also see Chapter 54).

HORMONES, STEROIDS, AND ELECTROLYTES

Hormonal deficiency is common in brain-dead donors 
and hormonal replacement is beneficial.8,10 Exogenous 
replacement of antidiuretic hormone in brain-dead 
donors improves graft function in kidney, liver, and 
cardiac recipients.10 Thyroid hormone replacement 
improves the number of organs transplanted per donor.41 
However, most studies showing advantages to hormone 
supplement are retrospective; adequately powered ran-
domized trials are lacking.

The systemic inflammatory response associated with 
brain death leads to pulmonary infiltration of neutrophils 
and the elevation of interleukins. The systemic inflamma-
tory response of the donor is associated with graft failure 
and recipient mortality. Methylprednisolone administra-
tion can moderate the inflammatory response and may 
improve oxygenation, reduce lung water, and increase 
lung yield. Methylprednisolone administration can also 
decrease inflammation in the liver, heart, and kidney.

Intravascular volume replacement is essential in the 
management of diabetes insipidus. After administer-
ing initial fluid to correct hypovolemia, hypernatremia 
should be treated by giving a hypotonic solution.10 
Studies have demonstrated that donor hypernatremia 
(>155 mmol/L) is associated with poor post–liver trans-
plant outcomes.47 Analysis of heart donors in Europe 
showed increased recipient mortality when donor sodium 
was less than 130 or greater than 170 mmol/L.48 Correc-
tion of severe hypernatremia before organ procurement 
appears to attenuate post–transplant liver dysfunction.10 
Hyperglycemia in the donor is common and exacerbated 
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by steroid therapy. Poor glucose control adversely affects 
donor renal function.49 Insulin management should tar-
get a glucose level between 120 and 180 mg/dL.

DONOR MANAGEMENT GOALS

Recent recommendations stress the use of standardized 
donor management with specific preprocurement goals 
designed to increase the number of organs transplanted per 
donor. The objective of donor management goals (DMGs) 
is to maintain cardiovascular, pulmonary, renal, and endo-
crine homeostasis. However, goals typically vary from cen-
ter to center and in published reports (Table 75-3). In 2009, 
a study examined six preset clinical DMGs and found that 
compliance with all six goals significantly improved the 
number of organs transplanted. However, the benefit was 
more obvious in SCDs than in ECDs for unclear reasons.50 

TABLE 75-3 DONOR MANAGEMENT GOALS 
(DMGS), AS REPORTED BY VARIOUS AUTHORS

Preset Clinical 
End Points Six DMGs*

Eight 
DMGs† Ten DMGs‡

Mean arterial 
pressure  
(mm Hg)

≥60 60-120 60-100

Central venous  
pressure  
(mm Hg)

≤10 (or serum 
osmolality 
285-295 
mmol/L)

4-12 4-10

Final sodium  
(mmol/L)

≤155 ≤155 135-160

Pressors ≤1 (1 plus 
vasopressin 
to treat DI is 
acceptable)

≤1 or low 
dose

≤1 and low 
dose

Pao2 (mm Hg)  
or Pao2/Fio2 
ratio

Pao2 ≥300 
while on 
100% oxygen 
(or Paco2/
Fio2 ratio >3)

Final Pao2 
>100

Pao2/Fio2 
ratio: 
>300 on 
PEEP =  
5 cm H2O

Arterial blood 
gas: pH

7.25-7.50 7.30-7.50 7.30-7.45

Glucose (mg/dL) ≤150 <150
Urine output 

(mL/kg/h) 
in 4 hours 
before 
procurement

0.5-3.0 1-3

Ejection fraction 
of left 
ventricle

>50%

Hemoglobin 
(mg/dL)

>10

DI, Diabetes insipidus; FiO2, fraction of inspired oxygen concentration; 
PacO2, partial arterial pressure of carbon dioxide; PaO2, partial arterial 
pressure of oxygen; PEEP, positive end-expiratory pressure.

*Hagan ME, McClean D, Falcone CA, et al: Attaining specific donor manage-
ment goals increases number of organs transplanted per donor: a quality 
improvement project, Prog Transplant 19(3):227-231, 2009.

†Franklin GA, Santos AP, Smith JW, et al: Optimization of donor management 
goals yields increased organ use, Am Surg 76(6):587-594, 2010.

‡Malinoski DJ, Daly MC, Patel MS, et al: Achieving donor management goals 
before deceased donor procurement is associated with more organs trans-
planted per donor, J Trauma 71(4):990-995, 2011, discussion, p 996.
A prospective study examined eight common DMGs and 
confirmed that meeting or exceeding seven out of eight 
DMGs increased organ recovery and transplantation rates. 
Some goals are more important than others. An analysis 
of individual goals showed terminal PaO2 (>100 mm Hg 
or >80 mm Hg on FiO2 ≤40%), low pressor use (≤1 pressor 
dose and low dose), and glucose concentration of or less 
than 150 mg/dL were independent predictors of the high-
organ yield. Lungs were 10 times more likely to be trans-
planted when the PaO2 was maintained above 100 mm 
Hg. Tight glucose control was a significant predictor for 
pancreas and lung transplantation. Thoracic organs were 
the most affected organs by the achievement of DMGs.51

Another study used 10 predefined DMGs, and compli-
ance with 8 or more out of 10 goals increased the likeli-
hood of providing more than 4 organs per donor. Among 
the 10 preset goals, 4 individual goals were highly sig-
nificant for organ yield: (1) central venous pressure (CVP) 
between 4 to 10 mm Hg, (2) ejection fraction greater than 
50%, (3) PaO2/FiO2 ratio greater than 300 mm Hg, and (4) 
serum sodium less than 150 mmol/L. Other variables (e.g., 
age, serum creatinine concentration, thyroid hormone 
therapy) were also important predictors of the number of 
organs recovered.41 Early achievement of DMGs is impor-
tant. Donors with four or more organs transplanted per 
donor have significantly more individual DMGs met at 
the time of consent. Efforts should focus on early man-
agement in patients with catastrophic brain injury until 
the intent to donate is known52 (also see Chapter 76). 
One study showed that only 15% of donors met DMGs at 
the time of consent, although the rate was higher imme-
diately before organ procurement.

MANAGEMENT OF DONORS AFTER 
CARDIAC DEATH

The majority of DCD donors are patients awaiting cardiac 
arrest in the ICU (category III). To minimize warm isch-
emia time, life support is usually withdrawn in the surgi-
cal unit. However, the family’s desire to be present has led 
some institutions to withdraw life support in other nearby 
locations. The procurement team should not take part in 
patient management before a determination of irrevers-
ible death, which includes the period during which with-
drawal of support and declaration of death occur. The 
administration of pharmacologic drugs for the purpose 
of maximizing donation potential, particularly therapies 
capable of hastening death, is controversial. However, 
narcotics and benzodiazepines are commonly continued 
and can be titrated to blunt sympathetic responses. Pre-
mortem administration of heparin can facilitate organ 
procurement but, because of the bleeding risk, is omitted 
in some institutional policies. Most protocols require spe-
cific consent for premortem donor therapy.

Invasive premortem techniques for reducing warm 
ischemia time have been described. These include can-
nulation of the femoral artery and vein before the with-
drawal of life support, which allows rapid infusion of 
cold preservation solution after the declaration of death. 
These cannulas can also be used for extracorporeal mem-
brane oxygenation (ECMO) after death. However, the 



postmortem use of ECMO to restore the blood flow to 
vital organs generates vigorous debate, which highlights 
the ongoing ethical questions in donor management—
the need to protect the best interest of the dying patient, 
while facilitating his or her wish to donate.10

MANAGEMENT OF ORGAN DONOR 
DURING PROCUREMENT SURGERY

Anesthesia care for organ procurement is required only 
in the case of brain-dead donors. The majority of organ 
procurement occurs at community hospitals, not ter-
tiary medical centers. As a result, the logistics of organ 
procurement, the social circumstances, and the unusual 
sequence of intraoperative events may seem intimidating 
to the anesthesiologist.

Surgical techniques may vary, depending on whether 
single or multiple organs are procured. Generally, wide 
exposure of the surgical field is established via a midline 
laparotomy extended by sternotomy. A cannula is placed 
in the aorta to flush the organs with the cold preserva-
tion solution. Ice is applied to the surgical field to further 
protect the organs. The organs are removed with their 
vascular structures after isolation in an order according 
to their susceptibility to ischemia, with the heart first and 
the kidney last.

Most donors arrive in the surgical unit already trache-
ally intubated and supported by the intravenous adminis-
tration of vasoactive drugs. During procurement surgery, 
patients can have movements resulting from spinal 
reflexes; therefore, neuromuscular blockers are desirable. 
Spontaneous spinal reflex or surgical stimulation can 
cause catecholamine release and hypertension. Hyper-
tension can be managed by a number of drugs including 
vasodilators, opiates, and anesthetics; however, volatile 
anesthetics are commonly preferred. As previously men-
tioned, volatile anesthetics may provide additional 
benefits that include ischemic preconditioning and the 
reduction of ischemia-reperfusion injury.53

The intravascular administration of fluids and vasoac-
tive drugs can treat blood loss and cardiovascular insta-
bility caused by surgical manipulation. Maintaining 
hemodynamic stability allows surgeons to procure the 
organs without further damage to the organs. Vasodilators 
such as phentolamine or alprostadil (for lung recovery) 
may be administered during cross-clamping with the goal 
of decreasing systemic vascular resistance and allowing 
an even distribution of the preservation solution. Clini-
cally significant bradycardia in brain-dead donors does 
not respond to atropine; therefore, a direct-acting chro-
notrope such as isoproterenol should be readily available 
(also see Chapter 76). Heparin is usually administered 
before cross-clamping the aorta. If recovery of the heart 
or lung is anticipated, then pulmonary artery catheters 
and/or CVP catheters need to be withdrawn before cross-
clamping. If lung recovery is anticipated, then the lungs 
are ventilated well beyond cross-clamping. Communica-
tion between the surgical team and the anesthesiologist 
is crucial to ensure optimal organ quality. As soon as the 
organs are perfused with the cold solution, mechanical 
ventilation and anesthesia care can be stopped.
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MANAGEMENT OF LIVING ORGAN DONORS

Living donor organ transplantation has been successfully 
used as an alternative to deceased donor transplantation. 
In the United States the number of living donor organ 
transplants is increasing, primarily attributable to living 
donor kidney transplantation. In some Asian countries 
such as Japan and Korea, living donor transplantation is 
a standard procedure since donation after brain death is 
unusual because of cultural beliefs in these countries. Liv-
ing donor organ transplantation has some advantages. 
The procedure can be scheduled as elective surgery at the 
same facility, which allows donor and recipient surgeries 
to be coordinated and the cold ischemia time to be mini-
mized. Additionally, the graft is not exposed to the physi-
ologic alterations associated with DBD or DCD donors. 
Living donors direct their donation to a specific recipient; 
therefore, the timing of the transplant can be optimized 
for the recipient, and prolonged waiting times associ-
ated with deceased donor transplantation are typically 
avoided. As a result, the recipient is generally in better 
overall condition. Although living organ transplantation 
has its advantages, it exposes healthy donors to medical 
risks. Additional concerns are potential decreased quality 
of life and an adverse financial impact after donation. The 
ethical aspect of living organ donation, particularly liver 
donation, continues to be vigorously scrutinized.54,55

Living donation should be preceded by a thorough 
medical, psychologic, and social evaluation that confirms 
the absence of contraindications and the lack of coercion. 
The informed consent includes full disclosure of possible 
complications and is facilitated by a patient advocate in 
many institutions with no relationship to the recipient. 
In the past, donors were typically related to the prospec-
tive recipient. Although the total number of living related 
donors is not increasing, the numbers of living unrelated 
(mostly kidney) donors has significantly increased in the 
last 10 years. Living unrelated donors now account for 
28% of all living kidney donors in the United States.56,57 
Recently, paired or chain donation for kidney trans-
plantation has been widely publicized. Paired donation 
allows two recipients with incompatible living donors 
to exchange donors, improving the graft match for both 
recipients. In chain donation, more than two donor-
recipient pairs are involved. Similar to the expansion of 
deceased donor criteria, living donor criteria have been 
extended to include donors of advanced age and those 
with obesity.58

LIVING KIDNEY DONOR

Because the kidney is a paired organ, the kidney is a 
natural choice for living donation. The first success-
ful kidney transplant was a living organ transplant 
performed between identical twins in 1954. Now, liv-
ing donors account for approximately 40% of kidney 
transplants in the United States.59 Living donor kidney 
transplantation provides the optimized timing for trans-
plant and can avoid pretransplant dialysis, which is 
associated with improved survival.56 In addition, living 
donor grafts provide better function and last longer than 
grafts from deceased donors.60 A wide range of medical 
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and nonmedical factors need to be considered to ensure 
donor safety. To ensure a sufficient reserve after dona-
tion, many transplant centers use a glomerular filtration 
rate (GFR) greater than 80 mL/min/1.73 m2 as a cutoff 
for donation. GFR is typically estimated by the measure-
ment of urine creatinine clearance. If the estimated GFR 
is marginal, then radioactive and nonradioactive tracers 
can provide additional information.61 Some centers allow 
a lower GFR.62

Traditionally, living kidney donor surgery was per-
formed via open nephrectomy via a subcostal lateral inci-
sion. Now, it is commonly performed via laparoscopy. 
With this approach, donors experience less postoperative 
pain, a faster recovery, and a shorter hospital stay.62 Either 
the left or the right kidney can be used for transplant; 
however, the left kidney is usually preferred because of 
the easier surgical exposure and longer vascular supply. 
The right kidney has a short vein, and its artery courses 
posterior to the inferior vena cava.

The patient is placed in a lateral position with the table 
flexed and the kidney rest elevated (also see Chapter 41). 
The surgical procedure begins with mobilization of the 
kidney with subsequent identification and dissection of 
the ureter, renal vein, and artery, and separation of the 
adrenal vein. When the right donor nephrectomy is per-
formed, additional steps include duodenal mobilization 
and separation of the kidney from the liver. After mobili-
zation of the kidney and clamping of the vascular struc-
tures, the kidney is retrieved through a small incision by 
either a hand-assisted or non–hand-assisted technique. 
Donor nephrectomy can be performed via a transabdomi-
nal route but is increasingly accomplished via a retroperi-
toneal approach using minimally invasive techniques. 
The advantage of a retroperitoneal approach is less 
manipulation of intraabdominal viscera. Single-incision 
donor nephrectomy has been described using uniquely 
designed devices. Recently, robotic-assisted laparoscopic 
living donor nephrectomy has been reported.62,63 This 
technique may further decrease the trauma and discom-
fort to the donor (also see Chapter 87).

Anesthetic management of elective laparoscopic donor 
surgery on a healthy patient is similar to that used for 
elective laparoscopic nephrectomy. Standard noninva-
sive monitors are usually sufficient. One or two large-bore 
peripheral intravenous lines are usually placed. Transfu-
sion of red blood cells is rare; however, type and screen, or 
type and cross for 1 to 2 units of blood, is routine practice 
in some centers in case of injury to major vessels. General 
anesthesia is required for laparoscopic nephrectomy and 
general anesthesia combined with epidural anesthesia is 
often used if open nephrectomy is planned.

Although laparoscopic nephrectomy on a healthy 
patient may be routine, some concerns in addition to 
potential blood loss exist. High intraabdominal pres-
sure reduces venous return and has been associated with 
postoperative renal dysfunction. Lower insufflation pres-
sure may prevent compression of the renal veins and 
parenchyma.64 Adequate intravascular fluid administra-
tion appears to be the best strategy to preserve kidney 
function. Some advocate liberal fluid administration  
(10 to 20 mL/kg/hr), although laparoscopic nephrectomy 
is typically associated with minimal blood loss. Others use 
urinary output as an indicator for fluid management. To 
ensure that the urinary output is greater than 2 mL/kg/hr,  
fluid is usually given in excess of the physiologic need 
throughout the procedure. The surgeon may request the 
administration of furosemide and/or mannitol during 
the surgery for the purpose of increasing urine output. The 
preferred type of fluid for intravascular volume expansion 
during donor nephrectomy is not known. In the absence 
of evidence, most centers use an isotonic crystalloid solu-
tion. Nitrous oxide is best avoided because of a concern 
over bowel distention and poor surgical exposure. Intra-
venous heparin (3000 to 5000 international units [IU]) 
is often administered immediately before the renal ves-
sels are clamped. Protocols may vary among institutions, 
and close communication with the transplant surgeon 
is essential. If hypotension occurs after adequate fluid 
replacement, then dopamine and ephedrine are pref-
erable to direct-acting vasopressors to minimize vaso-
constriction in the graft. After the kidney is retrieved, 
anesthesiologists should be prepared for a quick closure 
and ensure that neuromuscular blockade is reversed (also 
see Chapter 35).

Mild or moderate pain after laparoscopic nephrec-
tomy originates from the port insertion, the abdominal 
incision, pelvic organ manipulation, diaphragmatic irri-
tation, and/or ureteral colic. Postoperative pain can be 
easily managed in most patients with supplemental intra-
venous opioids in the early postoperative period and later 
with oral opioids and acetaminophen. Nonsteroidal anti-
inflammatory drugs should be used with caution because 
of their potential prostaglandin-mediated adverse renal 
effects. Pain after open nephrectomy with subcostal lat-
eral incision is severe and can last several days, which can 
limit the patient’s efforts to breathe, cough, and move, 
leading to atelectasis and postoperative infection. Postop-
erative epidural analgesia should be considered for pain 
relief in these patients (also see Chapter 98).

Postdonation complications reported to the Organ 
Procurement and Transplantation Network (OPTN) 
within 6 weeks of surgery include the need for blood 
transfusion (0.4%), readmission (2.1%), interventional 
procedures (0.9%), and reoperation (0.5%).59 A study 
of more than 80,000 living kidney donors showed a 
90-day mortality of 3.1 per 10,000 donors (0.03%) and 
remains unchanged in the last 15 years.65 Pulmonary 
embolism occurred in 0.1% of donors and is the main 
cause of mortality.59 Kidney donors are at moderate risk 
for developing venous thromboembolism; therefore, 
intermittent pneumatic compression devices and pro-
phylactic heparinization are recommended until ambu-
lation. A decrease of approximately 30% in GFR can be 
expected after donation, and most donors will maintain 
a GFR greater than 60 mL/minute at 3 months.62 Donor 
nephrectomy does not appear to increase long-term mor-
tality or end-stage renal disease. Within the donor popu-
lation, the likelihood of postdonation chronic kidney 
disease, hypertension, and diabetes is relatively higher 
among certain subgroups, such as African-American and 
obese donors, but the impact of unilateral nephrectomy 
on the lifetime risks of adverse events in these subgroups 
is unknown because the risks without nephrectomy 
have not been defined.59
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LIVING LIVER DONOR

Living donor liver transplantation (LDLT) was first 
introduced in 1988 for pediatric recipients66 and later 
expanded to adult recipients. Although LDLT is com-
monly performed in some Asian countries, it only con-
sists of a small portion (<5%) of overall liver transplants 
performed in the United States.1 The primary concern, 
that of harm to a healthy, altruistic donor, is greater in 
LDLT, compared with kidney donation.

The liver’s remarkable reserve, coupled with its unique 
capacity to regenerate, forms the basis for LDLT. After 
resection of as much as two thirds of the liver, the donor’s 
liver regains its original size in 2 to 3 weeks.67 A portion 
of the adult liver (typically the left lobe or left lateral 
segment) transplanted to a pediatric recipient will grow 
with the recipient. Most LDLTs are electively performed 
in patients with chronic liver disease. Emergent LDLT is 
uncommon but is occasionally performed for acute liver 
failure. LDLT performed in patients with very advanced 
disease generates considerable debate.

The determination of donor liver volume and antici-
pated graft size is unique to LDLT. Formulas using demo-
graphics, including body weight, height, age, and sex, 
have been developed. Methods using radiologic or ultra-
sonic measurements also have been proposed.68 Accu-
rate estimation of donor liver volume and intended liver 
graft volume is critical to avoid small-for-size syndrome 
in the recipient and to preserve adequate remnant liver 
volume in the donor.69 For pediatric LDLTs, the left lat-
eral segment (segments II and III) or a total left hepatic 
lobectomy (segments II, III, and IV) is generally enough 
to provide sufficient liver mass (Fig. 75-5) (also see 
Chapter 93). From a surgical point of view, a left hepa-
tectomy is less complex, and the duration of surgery is 
shorter. Since the first report in 2002, more living donor 
left lobectomies are performed using laparoscopy.70 For 
adult-to-adult LDLT, right hepatic lobectomy is usually 
required. The surgical technique for right hepatectomy 
involves separation of the right hepatic lobes (segments 
V, VI, VII, and VIII) from the left (see Fig. 75-5). Compared 
with left hepatectomy, right hepatectomy is technically 
more challenging and associated with more perioperative 
risk. Right hepatectomy results in a graft weighing 500 
to 1000 grams, which leaves the donor with approximately 
one third of the original liver mass. If one donor cannot 
provide sufficient liver mass, then a technique using 
two donors to one recipient has been reported.71 For a 
small recipient, the left lobe of a large donor organ may 
suffice.

Anesthetic management starts with a preoperative dis-
cussion with the donor patient and family that addresses 
the risks and concerns associated with the procedure. 
Most transplant programs provide extensive educational 
materials, discussion, and support, beginning well before 
the day of surgery. General anesthesia with neuromuscu-
lar blockade is required for living liver donation surgery 
(also see Chapter 34). The patient is placed in a supine 
Figure 75-5. Segmental liver anatomy illustrates the 
segments resected during various partial hepatecto-
mies. (Redrawn from Steadman RH, Braunfeld M, Park 
H: Liver and gastrointestinal physiology. In Hemmings 
HC, Egan T, editors: Pharmacology and physiology 
in anesthesia: foundations and clinical applications. 
Philadelphia, 2013, Saunders, p 475-486.)
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position and intraoperatively uses the reverse Trendelen-
burg position to facilitate the exposure of the liver (also 
see Chapter 41). Two large-bore intravenous catheters are 
placed. Standard noninvasive monitors and arterial blood 
pressure monitoring are typically used. A nasogastric tube 
is placed for decompression of the stomach and surgical 
exposure.

An L-shaped or standard bilateral subcostal incision 
with a midline extension is frequently used in living 
donor surgery. During mobilization of the liver and its 
vasculature, manipulation of the liver occasionally results 
in decreased venous return to the heart with episodes of 
hypotension. The return of the liver to its orthotopic 
position will relieve the venous obstruction; alternatively, 
administering short-acting vasoactive agents and/or a 
fluid bolus will generally treat the problem. Most blood 
loss occurs during transection of the liver parenchyma. 
With surgical devices specifically designed for hepatec-
tomy, blood loss during living donor hepatectomy is 
significantly reduced. After the vasculature of the donor 
lobe is clamped and divided, the graft is removed, and the 
vasculature and bile duct are oversewn. The abdomen is 
closed after hemostasis is achieved.

Blood loss during hepatectomy is a major concern and 
is associated with adverse outcomes. Placement of the 
CVP catheter and the use of low CVP (<5 cm H2O) tech-
nique are advocated in some centers to reduce blood loss 
and transfusion requirements.72 Low CVP reduces blood 
loss by increasing venous drainage from the hepatic sinu-
soids and decreasing blood backflow.72 In addition, low 
CVP may reduce graft edema and improve postopera-
tive graft function.64 Low CVP is most often achieved by 
intravascular fluid restriction and sometimes by drugs, 
including diuretics and vasodilators.72 Others consider 
the placement of a CVP catheter and low CVP technique 
unnecessary during hepatic resection surgery because 
of the inability to demonstrate a relationship between 
CVP and blood loss.73 Other factors, including steatosis, 
body weight, and sex, may be more important than CVP 
in influencing blood loss during living donor hepatec-
tomy.74 Potential drawbacks of the low CVP technique 
are the risk of CVP catheter placement and difficulty 
reversing hemodynamic disturbances in the event of mas-
sive bleeding. Others point out that the use of low CVP 
originates from early experience with hepatectomy sev-
eral decades ago, when blood loss was significant. With 
improved surgical techniques and equipment, blood loss 
during hepatectomy has been dramatically reduced, mak-
ing CVP placement and monitoring unnecessary.73,74 At 
the authors’ institution, CVP placement is rarely used. 
Peripheral venous pressure measurements in the arm 
may be measured as an alternative to conventional CVP 
measurements.75

Several other blood-saving strategies have been used 
in living donor hepatectomy. These include cell salvage 
techniques and preoperative donation of 1 to 2 units of 
autologous blood, which reduces the chance of allogeneic 
blood transfusion (also see Chapter 63). Intraoperative 
isovolemic hemodilution with retrieval of 1 to 2 units of 
blood in the surgical unit can minimize the likelihood 
of blood transfusion.76 The application of one or more 
of the blood-saving strategies previously listed is usually 
sufficient in the vast majority of patients.73 After the graft 
is removed, excessive intravascular volume should be 
avoided because it may impede venous return and result 
in congestion of the remnant liver.64

Most living liver donors can be extubated at the end of 
the procedure in the surgical unit and transferred to the 
postoperative care unit. Discontinuation of mechanical 
ventilation reduces intrathoracic pressure, which reduces 
congestion in the remnant liver. Admission to the ICU is 
generally unnecessary but preferred in some institutions. 
Caution is required with the use of intravenous analgesics 
and opioids in the immediate postoperative period. The 
remnant liver is assumed to have some degree of insuf-
ficiency, although this assumption has not been thor-
oughly investigated.64 Optimal perfusion of the remnant 
liver is achieved by the maintenance of adequate cardiac 
output and an avoidance of hypovolemia, anemia, and 
hypothermia-induced coagulopathy.64

The use of epidural anesthesia for postoperative pain 
control in living donor surgery remains controversial 
(also see Chapter 98). Similar to other upper abdominal 
surgery, postoperative epidural analgesia provides excel-
lent pain control with less sedation, compared with 
intravenous patient-controlled analgesia.77 By facilitat-
ing pulmonary toilet, epidural analgesia reduces the 
risk of respiratory infections. Despite these advantages, 
preoperative placement of a thoracic epidural catheter 
is routinely performed in some transplant centers and 
is entirely avoided in others. The difference of practice 
originates from the development of postoperative coagu-
lopathy in patients after donor hepatectomy. Postopera-
tively, thrombocytopenia occurs while the prothrombin 
and activated partial thrombin times are prolonged. 
These changes peak on postoperative day 2 to 3, followed 
by a steady trend toward normalization in the following 
days.78 Thus concern over the potential development 
of an epidural hematoma is the basis for avoiding epi-
dural catheter placement. Several studies examining the 
use of the epidural catheter in this population report no 
adverse effects. In a study of 755 donors who received 
an epidural catheter for postoperative pain manage-
ment, no complications associated with the epidural 
catheter were reported.79 Another study including 242 
living liver donors also showed that epidural analgesia 
seems to be a safe option when carefully used.78 Another 
piece of evidence supporting epidural placement is that 
hypercoagulability, not hypocoagulability measured by 
thromboelastography (TEG), can develop in the majority 
of patients after hepatectomy.80 Despite the low overall 
incidence of epidural hematoma, these studies are criti-
cized for a lack of power to assess the risk of this rare 
event. If the epidural catheter is placed, then the cath-
eter should not be removed until satisfactory coagulation 
parameters have been retained, which usually takes 3 to 5 
days.64 If the epidural catheter is not placed, then patient-
controlled analgesia is used. The choice of pain-control 
strategy is influenced by the patient’s expectations, sur-
gical preferences, institutional consensus, postoperative 
monitoring capabilities, and nursing staff familiarity with 
the various techniques.

Worldwide, a number of LDLT-related donor com-
plications, including mortality, have been reported.81,82  



A recent multicenter observational study of 760 adult-
to-adult LDLTs with up to 12 years of follow-up revealed 
that 40% of donors had complications (Table 75-4).83 A 
total of 19% of donors had more than one complication. 
Although most of the complications were not associated 
with residual disability, some were severe. Infection is the 
most common complication and biliary complications 
such as bile leaks or stricture can be difficult to treat and 
can lead to prolonged hospital stays with the possibility 
of further surgery. Higher preoperative creatinine levels, 
intraoperative hypotension, and intraoperative transfu-
sion are associated with donor complications. Increased 
institutional experience is not associated with decreased 
complications.81 One report of 1263 living donor hepa-
tectomies found that donors who had a right hepatec-
tomy had higher complication rates than donors who 
underwent left hepatectomy surgery.64,82

LIVING LUNG DONOR

Living lung transplantation is an alternative to deceased 
lung transplantation. Typically, two donors are used for 
one recipient in living lung transplantation, although the 
use of a single living donor has been reported.84 If two 
donors are involved, then careful coordination and tim-
ing of the anesthetic induction of the two donors and 
recipient are required. The right lower lobe of one donor 
and the left lower lobe of the second donor are implanted 
in the recipient in place of the whole right and left lungs. 
Donor lobectomy requires sufficient bronchial, arterial, 
and vein cuffs to permit successful anastomoses. A bron-
chial air leak can result in a prolonged need for chest tube 
drainage, which lengthens hospital stay.

After the induction of general anesthesia, a single-
lumen endotracheal tube is usually placed initially to 
facilitate fiberoptic bronchoscopic examination before 
incision. Once a decision is made to proceed, a left-sided 

TABLE 75-4 TYPE AND FREQUENCY OF 
COMPLICATIONS OF LIVING LIVER DONORS 

Complications Frequency (%)

Infections 13.2
Pleural effusion 11.0
Bile leak or biloma 8.1
Incisional hernia 6.6
Psychologic difficulty 5.6
Neuropraxia 3.4
Ascites 2.8
Unplanned reexploration 2.7
Pulmonary edema 2.1
Bowel obstruction 1.6
Intraabdominal abscesses 1.2
Pulmonary embolism 1.0
Pneumothorax 0.8
Deep vein thrombosis 0.8
Biliary stricture 0.7
Portal vein thrombosis 0.5
Inferior vena cava thrombosis 0.4
Total 40

Modified from Abecassis MM, Fisher RA, Olthoff KM, et al: Complications of 
living donor hepatic lobectomy—a comprehensive report, Am J Transpl 
12:1208-1217, 2012
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double-lumen endotracheal tube later replaces the sin-
gle-lumen endotracheal tube. Standard noninvasive 
monitors, intraarterial blood pressure monitoring, and 
capnography may be sufficient. After placing the donor in 
the lateral decubitus position and rechecking the double-
lumen tube position by fiberoptic bronchoscope, a tho-
racotomy is performed. Intraoperative cardiorespiratory 
and metabolic homeostasis minimizes the risk of postop-
erative complications. Prostaglandin E1 is usually intrave-
nously administered to dilate the pulmonary vessels with 
titration according to systemic blood pressure (hypoten-
sion needs to be avoided). After mobilization is complete, 
the lung is reinflated for 5 to 10 minutes, followed by the 
administration of heparin and a steroid. Transection of 
the lung is performed after the lung is recollapsed.

Thoracic epidural analgesia is a useful adjunct for 
perioperative care. The epidural catheter may be placed 
hours before surgery.64 Although this approach may be 
questionable in patients undergoing heparinization, the 
superiority of postoperative analgesia and the avoidance 
of atelectasis and infection appear to justify the risk of 
donor epidural catheterization.85
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Brain Death
KOH SHINGU • SHINICHI NAKAO

K e y  P o i n t s

 •  The first description of cessation of brain functions using a concept similar to the 
modern definition of brain death appeared in 1959, although the subject became 
more controversial after the development of organ transplantation. Criteria for 
brain death were first published in 1968, a year after the first heart transplantation. 
Although cultural and religious diversity may lead to great differences in attitudes 
toward brain death and no global consensus in diagnostic criteria exists, the 
concept of brain death as defining the death of the individual is widely accepted 
and many countries have published recommendations or legal requirements for the 
diagnosis of brain death, particularly as a necessary prerequisite for organ donation.

 •  The traditional concept of death has used the cessation of cardiac and respiratory 
functions as its basis because of the acceptance of simple and nonmedical 
concepts: that life begins with the first inspiration after birth, that death comes 
with the last expiration, and that cardiac activity ceases within a few minutes of 
the last expiration. In contrast, the modern concept of brain death adopts the 
conclusions of modern biologic science (central integrator theory of the brain): 
that the central nervous system (CNS), including the brainstem, is the control 
center for the living organism; that cessation of CNS functions represents cessation 
of the harmony of life; and that without CNS control, the living organism is 
nothing more than an aggregation of living cells. However, this notion has 
become controversial, because not all brain-dead patients inevitably deteriorate 
to cardiovascular collapse in a short time and they can assimilate nutrients, fight 
infections, heal wounds, and carry out a pregnancy.

 •  Trauma to the brain or cerebrovascular injury produces brain edema. Because the 
brain is covered by a rigid bony skull, edema is accompanied by an increase in 
intracranial pressure, which, if sufficiently high, exceeds arterial blood pressure. 
When cerebral circulation ceases, aseptic necrosis of the brain ensues. Within 3 to 
5 days, the brain becomes a liquefied mass. Such increased intracranial pressure 
compresses the entire brain, including the brainstem, and total brain infarction 
follows.

 •  Clinical studies indicate that hypothalamic and anterior pituitary functions are 
preserved to some degree for a certain period after the onset of brain death. 
The response of the immune system to stimulation is modified considerably after 
total and irreversible loss of CNS functions. Hormonal changes and inflammatory 
responses after brain death are the theoretical and scientific basis of hormonal 
therapy for hemodynamic stabilization of brain-dead organ donors.

 •  During the process of brain death after head injury or intracranial bleeding, 
intracranial pressure increases and compression of the brainstem leads to marked 
hypertension and bradycardia (i.e., Cushing phenomenon). At the onset of brain 
death by tonsillar herniation, sudden decrease of arterial blood pressure occurs, 
but the arterial pressure gradually returns to normal with the spinal cord gaining 
automaticity.

 •  Determination of brain death confirms the irreversible cessation of all functions of 
the entire brain, including the brainstem. Irreversibility means that no treatment 
may be reasonably expected to change the condition. Although testing all 
functions of the brain is conceptually impossible, the cessation of all functions 
of the brain is practically determined by loss of consciousness, loss of brainstem 
responses, apnea, and confirmatory tests.

Acknowledgment: The editors and publisher would like to thank Dr. Kenjiro Mori for his contribution to this 
chapter in the prior edition of this work. It has served as the foundation for the current chapter.
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 PART V: Adult Subspecialty Management8

K e y  P o i n t s — c o n t ’ d

 •  Cerebral death, the so-called persistent vegetative state, refers to cessation of the 
functions of the cerebral cortices. It is not the equivalent of death.

 •  It is true that cultural and religious diversities may affect the notion of death, but 
there is a significant variability in policies and practices for determining brain death 
internationally and even among states and hospitals.

 •  Tests to confirm brain death include an electroencephalogram, evoked responses, 
and measurement of blood flow.

 •  The concept of brain death has been developed with the development of organ 
transplantation. The “dead-donor rule,” which requires that patients must be 
declared dead before the removal of any life-sustaining organs and the retrieval 
of organs for transplantation should not cause the death of a donor, is the ethical 
and legal axiom.

 •  Because of a critical shortage of organs for transplantation, not only donation after 
brain death but also donation after circulatory death has been increasing.

 •  Because of their intact spinal cord and the presence of somatic and visceral 
reflexes, brain-dead patients require special anesthetic management, including 
use of muscle relaxants, vasodilators, and perhaps sedation and analgesia. 
Anesthesiologists should understand the medical and legal definitions of death and 
the ethical concepts behind them.
INTRODUCTION

Because advancements in medicine have changed the 
definition and concept of death, legislation also must 
change accordingly. This issue results from progress in 
organ transplantation and the increasing number of 
patients who have a living body but nonfunctioning 
brain, which is a consequence of discoveries in resusci-
tative and life support techniques. Such refinements in 
critical care medicine mean that neurologists, neurosur-
geons, and anesthesiologists must be able to make an 
appropriate diagnosis of death. Although cultural and 
religious diversity may lead to great differences in atti-
tudes toward brain death and no global consensus exists 
on diagnostic criteria, the concept of brain death as defin-
ing the death of the individual is widely accepted1,2 and 
many countries have published recommendations or 
legal requirements for the diagnosis of brain death as a 
necessary prerequisite for organ donation.3,4

HISTORY

In 1902, Cushing5 first reported cessation of cerebral circu-
lation when intracranial pressure exceeded arterial blood 
pressure in monkeys. He also described the use of artificial 
ventilation to prolong cardiac function for 23 hours after 
cessation of spontaneous respiration in a patient with a 
brain tumor. In 1959, Bertrand and colleagues6 reported 
the maintenance of respiration by mechanical means for 
3 days after death of a patient with otitis media who had 
circulatory collapse. Repeated seizures had preceded a deep 
coma. Autopsy revealed extensive brain necrosis of the 
cerebral and cerebellar cortices, basal ganglia, and brain-
stem nuclei, which was attributed to cessation of cere-
bral circulation during artificial ventilation. Wertheimer 
and colleagues7 proposed criteria for new clinical states, 
“death of the nervous system.” Also in 1959 appeared the 
first description of cessation of brain functions using a 
concept similar to the modern definition of brain death 
(i.e., le coma dépassé or irretrievable coma) by Mollaret and 
co-workers.8 Mollaret and Goulon8 differentiated coma 
depasse from other coma states, such as vegetative state.

These historical reports support the argument that the 
concept of brain death is independent of and was estab-
lished before the start of organ transplantation from 
brain-dead patients. The heated discussion on brain death 
started after the first heart implantation by Barnard in 
1967, in which the heart was procured after circulatory-
determined death in a patient who satisfied criteria for 
coma depasse. One year later, the ad hoc Committee of 
the Harvard Medical School to Examine the Definition 
of Brain Death published its criteria for brain death and 
defined “irreversible coma as a new criterion for death.”9 
The committee deliberations focused on a whole-brain 
formulation to define brain death. The criteria of “irre-
versible coma” include (1) unreceptivity and unresponsi-
tivity, (2) no movements or breathing, (3) no reflex, (4) 
flat electroencephalogram (EEG), and (a) all of these tests 
shall be repeated at least 24 hours with no change, and 
(b) exclusion of hypothermia (below 90° F [32.2° C]) or 
central nervous system (CNS) depressants. In 1981, the 
President’s Commission for the Study of Ethical Problems 
in Medicine and Biomedical and Behavioral Research10 
defined the brain as the “primary organ” and justified the 
application of a whole-brain definition for brain death in 
the United States. The whole-brain formulation of brain 
death was acknowledged by statute in the Uniform Deter-
mination of Death Act (UDDA)11 by stating that “an indi-
vidual who has sustained either (1) irreversible cessation 
of circulatory and respiratory functions or (2) irreversible 
cessation of all functions of the entire brain, including the 
brainstem, is dead. A determination of death must be made 
in accordance with accepted medical standards.” This for-
mulation is the one most commonly applied worldwide 
and forms the foundation for legal codification in many 
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Western nations. Numerous criteria on brain death have 
been offered by institutions, state agencies, expert groups, 
and governments.1,2,4,12,13 The American Academy of Neu-
rology (ANN) published guidelines for determining brain 
death in adults in 1995.12 Guidelines for pediatric patients 
were published in 1987 by a multisociety task force.14

After the publication of UDDA by the President’s 
Commission, there remains considerable controversy 
whether “brain death” can be defined as the death of a 
human being, because procurement of organs for trans-
plantation is permitted from the brain-dead patients and 
medical interventions for brain-dead patients should 
(can) be withdrawn for medical futility and consider-
ing the dignity of the patients’ end of life. In 2008, the 
President’s Council on Bioethics published a white paper  
(“Controversies in the Determination of Death”)15 
addressing the issues regarding brain death. The white 
paper proposed a new term, total brain failure, instead 
of whole brain death. Critics have argued that the whole 
brain is not dead in patients who satisfied the criteria 
of brain death. One example is the possible presence of 
integrated neuroendocrine function; such as the persis-
tent release of pituitary hormones like prolactin, growth 
hormone, luteinizing hormone, and thyroid-stimulating 
hormone. Second is existence of cases showing remaining 
electroencephalographic activity, uptake of radioactive 
material on cerebral blood flow studies, or blood flow in 
the cerebral angiograms. The white paper also abandoned 
the concept of “the somatic integration” and the assump-
tion that the brain is the “integrator” of somatic func-
tion. The brain has been considered as an integrator of 
the body, and the brain is necessary for the functioning 
of the organism as a whole. Therefore, “a patient on a 
ventilator with a totally destroyed brain is merely a group 
of artificially maintained subsystems since the organism 
as a whole has ceased to function.” However, this ratio-
nale was criticized by Shewmon16-18 with presentation of 
cases of persistent homeostasis of liver, kidneys, cardio-
vascular and endocrine systems, maintenance of body 
temperature, wound healing, defense functions against 
infections and foreign bodies (immune system), develop-
ment of a febrile response to infection, cardiovascular and 
hormonal stress responses to unanesthetized incision for 
organ retrieval, successful gestation of a fetus in a brain-
dead pregnant woman, sexual maturation of a brain-dead 
child, and proportional growth of a brain-dead child. 
The white paper developed a new account of wholeness 
of a living organism as fundamental work. “Determin-
ing whether an organism remains a whole depends on  
recognizing the persistence or cessation of the funda-
mental vital work of a living organism—the work of 
self- preservation, achieved through the organism’s need-
driven commerce with the surrounding world.”15

The guidelines for determining brain death in adults 
and in pediatrics were updated in 201019 (Box 76-1) and 
201120 (Boxes 76-2 and 76-3), respectively.
Prerequisites (All Must be CheCked)

 1.  Coma, irreversible and cause known
 2.  Neuroimaging explains coma
 3.  Central nervous system depressant drug effect absent (if indi-

cated, toxicology screen; if barbiturates given, serum level  
<10 μg/mL)

 4.  No evidence of residual paralytics (electrical stimulation if para-
lytics used)

 5.  Absence of severe acid-base, electrolyte, endocrine abnormality
 6.  Normothermia or mild hypothermia (core temperature >36° C)
 7.  Systolic blood pressure >100 mm Hg
 8.  No spontaneous respirations

exAMinAtion (All Must be CheCked)

 1.  Pupils nonreactive to bright light
 2.  Cornea reflex absent
 3.  Oculocephalic reflex absent (tested only if C-spine integrity 

ensured)
 4.  Oculovestibular reflex absent
 5.  No facial movement to noxious stimuli at supraorbital nerve or 

temporomandibular joint
 6.  Gag reflex absent
 7.  Cough reflex absent to tracheal suctioning
 8.  Absence of motor response to noxious stimuli in all four limbs 

(spinally mediated reflexes are permissible)

APneA testing (All Must be CheCked)

 1.  Patient is hemodynamically stable
 2.  Ventilator adjusted to provide normocarbia (Paco2 34 to  

45 mm Hg)

 3.  Patient preoxygenated with 100% FiO2 for >10 minutes to 
PaO2 >200 mm Hg

 4.  Patient well-oxygenated with a PEEP of 5 cm H2O
 5.  Provide oxygen via a suction catheter to the level of the carina 

at 6 L/min or attach T-piece with CPAP at 10 cm H2O
 6.  Disconnect ventilator
 7.  Spontaneous respirations absent
 8.  Arterial blood gas drawn at 8 to 10 minutes, patient recon-

nected to ventilator
 9.  Pco2 >60 mm Hg or 20–mm Hg rise from normal baseline 

value
  

OR
  

 10.  Apnea test aborted

AnCillAry testing (only one to be PerforMed; to be ordered 
only if CliniCAl exAMinAtion CAnnot be fully PerforMed beCAuse of 
PAtient fACtors or if APneA testing inConClusive or Aborted)

 1.  Cerebral angiogram
 2.  HMPAO SPECT
 3.  EEG
 4.  TCD
  

Time of death (DD/MM/YY): ____________________________
Name of physician and signature: _________________________ 
________________________

BOX 76-1 Checklist for Determination of Brain Death

Wijdicks EFM, Valelas PN, Gronseth GS, Greer DM: Evidence-based guideline update: determining brain death in adults—report of the Quality Standards Sub-
committee of the American Academy of Neurology. Neurology 74:1911, 2010.

EEG, Electroencephalogram; HMPAO, hexamethylpropyleneamine-oxime; SPECT, single photon emission computed tomography; TCD, transcranial 
 Doppler ultrasonography.
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 1.  Determination of brain death in neonates, infants, and children 
relies on a clinical diagnosis based on absence of neurologic 
function with a known irreversible cause of coma. Coma and 
apnea must coexist to diagnose brain death. This diagnosis 
should be made by physicians who have evaluated the history 
and completed the neurologic examinations.

 2.  Prerequisites for initiating a brain death evaluation are as 
follows:

 a.  Hypotension, hypothermia, and metabolic disturbances that 
could affect the neurologic examination must be corrected 
before examination for brain death.

 b.  Sedatives, analgesics, neuromuscular blockers, and anti-
convulsant agents should be discontinued for a reasonable 
period based on elimination half-life of the pharmacologic 
agent to ensure they do not affect the neurologic examina-
tion. Knowledge of the total amount of each agent (milli-
gram per kilogram) administered, because hospital admission 
may provide useful information concerning the risk for 
continued medication effects. Blood or plasma levels to 
confirm high or supratherapeutic levels of anticonvulsants 
with sedative effects that are not present should be obtained 
(if available) and repeated as needed or until the levels are in 
the low to midtherapeutic range.

 c.  The diagnosis of brain death based on neurologic examina-
tion alone should not be made if supratherapeutic or high 
therapeutic levels of sedative agents are present. When levels 
are in the low or in the midtherapeutic range, medication 
effects sufficient to affect the results of the neurologic exami-
nation are unlikely. If uncertainty remains, an ancillary study 
should be performed.

 d.  Assessment of neurologic function may be unreliable imme-
diately after cardiopulmonary resuscitation or other severe 
acute brain injuries, and evaluation for brain death should 
be deferred for 24 to 48 hours or longer if concerns exist or 
inconsistencies are found in the examination.

 3.  Number of examinations, examiners, and observation  
periods:

 a.  Two examinations, including apnea testing with each exami-
nation separated by an observation period, are required.

 b.  The examinations should be performed by different attend-
ing physicians involved in the care of the child. The apnea 
test may be performed by the same physician, preferably the 
attending physician who is managing ventilator care of the 
child.

 c.  Recommended observation periods are as follows:
 (1)  24 Hours for neonates (37 weeks of gestation to term 

infants 30 days of age)
 (2)  Twelve hours for infants and children (>30 days to 18 

years)
 d.  The first examination determines the child has met neu-

rologic examination criteria for brain death. The second 
examination, performed by a different attending physician, 
confirms that the child has fulfilled criteria for brain death.

 e.  Assessment of neurologic function may be unreliable imme-
diately after cardiopulmonary resuscitation or other severe 
acute brain injuries and evaluation for brain death should be 
deferred for 24 to 48 hours if concerns exist or inconsisten-
cies are found in the examination.

 4.  Apnea testing:
 a.  Apnea testing must be performed safely and requires docu-

mentation of an arterial Paco2 20 mm Hg above the baseline 
Paco2 and 60 mm Hg or greater with no respiratory effort 
during the testing period to support the diagnosis of brain 
death. Some infants and children with chronic respiratory 
disease or insufficiency may be responsive only to supra-
normal Paco2 levels. In this instance, the Paco2 level should 
increase to 20 mm Hg or greater above the baseline Paco2 
level.

 b.  If the apnea test cannot be performed because of a medi-
cal contraindication or cannot be completed because of 
hemodynamic instability, desaturation to less than 85%, 
or an inability to reach a Paco2 of 60 mm Hg or greater, an 
ancillary study should be performed.

 5.  Ancillary studies:
 a.  Ancillary studies (electroencephalography and radionuclide 

cerebral blood flow) are not required to establish brain death 
unless the clinical examination or apnea test cannot be 
completed.

 b.  Ancillary studies are not a substitute for the neurologic 
examination.

 c.  For all age groups, ancillary studies can be used to assist the 
clinician in making the diagnosis of brain death, to reduce 
the observation period, or when (1) components of the 
examination or apnea testing cannot be completed safely as 
a result of the underlying medical condition of the patient; 
(2) uncertainty exists about the results of the neurologic 
examination; or (3) if a medication effect may interfere with 
evaluation of the patient. If the ancillary study supports 
the diagnosis, the second examination and apnea testing 
can then be performed. When an ancillary study is used to 
reduce the observation period, all aspects of the examination 
and apnea testing should be completed and documented.

 d.  When an ancillary study is used because there are inherent 
examination limitations (i.e., points 1 to 3 in 5c), compo-
nents of the examination done initially should be completed 
and documented.

 e.  If the ancillary study is equivocal or concern exists about the 
validity of the ancillary study, the patient cannot be pro-
nounced dead. The patient should continue to be observed 
until brain death can be declared on clinical examination 
criteria and apnea testing or a follow-up ancillary study can 
be performed to assist with determination of brain death.  
A waiting period of 24 hours is recommended before further 
clinical reevaluation or repeat ancillary study is performed. 
Supportive patient care should continue during this period.

 6.  Declaration of death:
 a.  Death is declared after confirmation and completion of the 

second clinical examination and apnea test.
 b.  When ancillary studies are used, documentation of com-

ponents from the second clinical examination that can be 
completed must remain consistent with brain death. All 
aspects of the clinical examination, including the apnea test, 
or ancillary studies must be appropriately documented.

 c.  The clinical examination should be carried out by experi-
enced clinicians who are familiar with infants and children 
and have specific training in neurocritical care.  

BOX 76-2 Summary Recommendations for the Diagnosis of Brain Death in Neonates,  
Infants, and Children

From Nakagawa TA, Ashwqal S, Mathur M, et al; Society of Critical Care Medicine; Section on Critical Care and Section on Neurology of the American Academy 
of Pediatrics; Child Neurology Society: Guidelines for the determination of brain death in infants and children: an update of the 1987 Task Force recommenda-
tions. Crit Care Med 39:2139–2155, 2011.
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Reversible conditions or conditions that can interfere with the neu-
rologic examination must be excluded before brain death testing.
  

 1.  Coma. The patient must exhibit complete loss of consciousness, 
vocalization, and volitional activity.

 a.  Patients must lack all evidence of responsiveness. Eye open-
ing or eye movement to noxious stimuli is absent.

 b.  Noxious stimuli should not produce a motor response other 
than spinally mediated reflexes. The clinical differentiation of 
spinal responses from retained motor responses associated 
with brain activity requires expertise.

 2.  Loss of all brainstem reflexes, including:
 a.  Midposition or fully dilated pupils that do not respond to 

light. Absence of pupillary response to a bright light is docu-
mented in both eyes. Usually the pupils are fixed in a midsize 
or dilated position (4 to 9 mm). When uncertainty exists, a 
magnifying glass should be used.

 b.  Absence of movement of bulbar musculature, including facial 
and oropharyngeal muscles. Deep pressure on the condyles 
at the level of the temporomandibular joints and deep pres-
sure at the supraorbital ridge should produce no grimacing 
or facial muscle movement.

 c.  Absent gag, cough, sucking, and rooting reflex. The 
pharyngeal or gag reflex is tested after stimulation of the 
posterior pharynx with a tongue blade or suction device. 
The tracheal reflex is most reliably tested by examining the 
cough response to tracheal suctioning. The catheter should 
be inserted into the trachea and advanced to the level of the 
carina, followed by one or two suctioning passes.

 d.  Absent corneal reflexes. Absent corneal reflex is demon-
strated by touching the cornea with a piece of tissue paper, a 
cotton swab, or squirts of water. No eyelid movement should 
be seen. Care should be taken not to damage the cornea 
during testing.

 e.  Absent oculovestibular reflexes. The oculovestibular reflex is 
tested by irrigating each ear with ice water (caloric testing) 
after the patency of the external auditory canal is confirmed. 
The head is elevated to 30 degrees. Each external auditory 
canal is irrigated (one ear at a time) with approximately 
10 to 50 mL of ice water. Movement of the eyes should be 
absent during 1 minute of observation. Both sides are tested 
with an interval of several minutes.

 3.  Apnea. The patient must have the complete absence of docu-
mented respiratory effort (if feasible) by formal apnea testing 
demonstrating a Paco2 60 mm Hg or greater and 20 mm Hg or 
greater increase above baseline.

 a.  Normalization of the pH and Paco2 measured by arterial 
blood gas analysis, maintenance of core temperature above 
35o C, normalization of blood pressure appropriate for the 
age of the child, and correcting for factors that could affect 
respiratory effort are a prerequisite to testing.

 b.  The patient should be preoxygenated using 100% oxygen 
for 5 to 10 minutes before initiating this test.

 c.  Intermittent mandatory mechanical ventilation should be dis-
continued once the patient is well oxygenated and a normal 
Paco2 has been achieved.

 d.  The patient’s heart rate, blood pressure, and O2 saturation 
should be continuously monitored while observing for spon-
taneous respiration effort throughout the entire procedure.

 e.  Follow-up blood gases should be obtained to monitor the 
rise in Paco2 while the patient remains disconnected from 
mechanical ventilation.

 f.  If no respiratory effort is observed from the initiation of the 
apnea test to the time the of measured Paco2 60 mm Hg or 
greater and 20 mm Hg or greater above the baseline level, 
the apnea test is consistent with brain death.

 g.  The patient should be placed back on mechanical ventilator 
support, and medical management should continue until the 
second neurologic examination and apnea test confirming 
brain death is completed.

 h.  If oxygen saturations fall below 85%, hemodynamic instabil-
ity limits completion of apnea testing, or a Paco2 level of 60 
mm Hg or greater cannot be achieved, the infant or child 
should be placed back on ventilator support with appropri-
ate treatment to restore normal O2 saturations, normocarbia, 
and hemodynamic parameters. Another attempt to test for 
apnea may be performed at a later time, or an ancillary study 
may be pursued to assist with determination of brain death.

 i.  Evidence of any respiratory effort is inconsistent with brain 
death, and the apnea test should be terminated.

 4.  Flaccid tone and absence of spontaneous or induced move-
ments, excluding spinal cord events such as reflex withdrawal or 
spinal myoclonus.

 a.  The patient’s extremities should be examined to evaluate 
tone by passive range of motion, assuming that no limita-
tions exist to performing such an examination (e.g., previous 
trauma) and the patient is observed for any spontaneous or 
induced movements.

 b.  If abnormal movements are present, clinical assessment to 
determine whether these are spinal cord reflexes should be 
done.

  

BOX 76-3 Neurologic Examination Components to Assess for Brain Death in Neonates, Infants,  
and Children, Including Apnea Testing

From Nakagawa TA, Ashwqal S, Mathur M, et al; Society of Critical Care Medicine; Section on Critical Care and Section on Neurology of the American Academy 
of Pediatrics; Child Neurology Society: Guidelines for the determination of brain death in infants and children: an update of the 1987 Task Force recommenda-
tions. Crit Care Med 39:2139–2155, 2011.
In contrast, brainstem definition for brain death was 
first pronounced in 1976 by the Conference of Medical 
Royal Colleges and their Faculties in the United King-
dom.21 The document in 1995 entitled “Criteria for the 
Diagnosis of Brain Stem Death”22 encouraged the use of 
the more correct term brainstem death rather than brain 
death and gave a definition of death, stating that “death 
is defined as the irreversible loss of the capacity for con-
sciousness, combined with the irreversible loss of the 
capacity to breathe.”

In Japan, brain death can be determined only for organ 
transplantation donor candidates in law, and death of 
individuals can be diagnosed with the traditional criteria 
in other situations.

TRADITIONAL CONCEPT OF DEATH  
OF AN ORGANISM

In Greek antiquity, two concepts existed regarding the 
body cavity, where “the principle of life,” now known as 
“function of the brain,” was housed. One is that of Plato, 
and another is Aristotle’s. Plato first postulated the tripar-
tite soul in the Republic and Timaeus. The first part is the 
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reason, the second is emotion, and the third is appetite or 
desire. Reason, which we might today call consciousness, 
is the reappearance of the God’s soul (the divine), housed 
in the ideally shaped vessel, in which all distances from 
the center are the same (i.e., the head). The second soul, 
emotion, is located in the heart. It affects circulation, and 
its manifestations—such as pulse rate—are functions that 
correlate with what we think of as the autonomic nervous 
system. The neck is constructed as a kind of isthmus or 
boundary between the head and the chest to ensure that 
reason is not affected by emotion. The third part of the 
soul—that is, the appetite for food and drink or sexual 
desire—is the least noble part. It is housed in the stomach, 
separated from the heart by the diaphragm and thought 
to be punished by the bitterness of bile. However, we can-
not interpret this too literally, because it was meant to be 
a sort of analogy for consumption by the ordinary citi-
zen. Plato considered death to be the separation of reason 
from the mortal body, whereas Socrates, in his Apology, 
confessed that he did not know the fate of reason after 
death. The vegetative state in today’s neurophysiology, is, 
according to Plato, the equivalent of death.

Unlike Plato, Aristotle, who is known as the founding 
father of genetics, stressed experience, or empirical knowl-
edge, rather than abstract thinking. Aristotle postulated 
that all functions of the brain were housed in the heart, 
which he considered the most important organ of the 
body—the seat of the intelligence and the origin of motion 
and sensation. Other organs surrounding it, such as the 
brain and lungs, existed simply to cool the heart. Aristotle 
dissected dogs, horses, grasshoppers, crickets, and other liv-
ing creatures to understand the reasons why, for instance, 
dogs cannot give birth to horses. He thought that animals 
“cook” foods in their digestive tracts and that blood trans-
ports nutrients to each organ from the heart. This trans-
port corresponds to the electrical signals in the nerves in 
today’s neurophysiology. According to Aristotle, the lungs 
cool the heart and the cranium serves as a cooling appara-
tus for liquefying a transmitter, a kind of “pneuma.”

In Aristotle’s system, the vehicle that conveys com-
mands from the control center to the peripheral organs 
and tissues, roughly equivalent to the electrical signals 
of the nervous system in today’s neurophysiology, was 
assumed to be something like vapor or gas. This concept 
is the basis from which the idea of “pneuma” (breath or 
spirit) originates. God created man (Adam) out of the dust 
of the earth and inspired the breath of life into his nos-
trils, and a man became a living soul. Later, Eve was cre-
ated from Adam’s rib and, with God’s breath, became a 
living soul as well. This story might call to mind the first 
cry of the neonate, which is the first activity of life caused 
by the God’s “inspiration.” This creative breathing, or 
inspiration, is the subject of Botticelli’s painting The Birth 
of Venus, in which Zephyr, the west wind, puffs vigor-
ously as his wife Chloris gently blows her warm breath on 
Venus, who stands on a shell. Aristotle’s idea postulating 
the heart as the principal seat of the spirit had a profound 
influence on Western scientific thought for a long period. 
William Harvey’s discovery, described in his Circulation of 
Blood (1628) is considered as the final scientific develop-
ment of Aristotle’s ideas, and Aristotle is the thinker most 
cited in Harvey’s book.
All living organisms take in oxygen by respiration, dis-
tribute the O2 to peripheral tissues through circulation, 
and then excrete metabolites by means of the circulation 
and through respiration. Respiration and circulation are 
vital to the living organism. Respiration is the functional 
expression of the brainstem, and cessation of brainstem 
functions leads to the cessation of respiration. Because the 
brainstem maintains its function through its supply of O2 
and nutrients, cessation of circulation ultimately leads to 
cessation of respiration. The functions of the brain, heart, 
and lungs are mutually dependent and share the basic 
role of maintaining life. An organism dies when one of 
these life-sustaining organ systems ceases to function. The 
traditional concept of death of an organism emphasized 
the cessation of respiration or circulation, without con-
sideration of the role of the brain. This occurred because 
assessment of brain function was not easy to accomplish. 
When mechanical ventilation was not widely used, ces-
sation of brain functions related directly to cessation of 
respiration and assessment of brainstem functions was 
unnecessary.

THE CONCEPT OF BRAIN DEATH

Brain death represents death of the organism and not 
merely death or necrosis of the brain in a living body. 
The organism is an aggregation of living cells, although 
an aggregation of living cells does not necessarily consti-
tute an organism. An organism exists only when the cell 
aggregation is under the control of modulating systems 
such as the CNS, the endocrine system, and the immune 
system. After any one of these systems ceases to function, 
death is inevitable unless artificial measures can be taken. 
The physiologic significance of brain death and cardiac 
death is essentially equal, and both represent an irrevers-
ible loss of communication between the control center 
and peripheral cells and tissues, as well as loss of modula-
tion of an aggregation of cells. Without these systems, 
harmonious functioning of individual cells as constitu-
ents of the whole organism ceases. Because total and irre-
versible elimination of immune or endocrine function is 
not of practical significance, the concept of endocrine or 
immune death has not developed.

Brain-oriented death can have three forms, defined by 
the structures (1) whole-brain death, (2) brainstem death, 
and (3) neocortical death.23 Whole-brain death and 
brainstem death are different in their anatomic interpre-
tation, but both are defined as the irreversible cessation 
of the organism as a whole. Critical roles of brainstem 
to maintain “life” are well known.24 Brainstem is (1) the 
through-station for almost all hemispheric input and out-
put, (2) the center that generates arousal (which is essen-
tial for consciousness), and (3) the center of respiration. 
Further, brain lesion (caused by massive traumatic injury, 
intracranial hemorrhage, or anoxia) mostly progresses 
from thalami to the brainstem with increased intracra-
nial pressure. The brainstem is often the last structure to 
be injured in brain damage. Therefore, brainstem death, 
which is diagnosed with irreversible (1) loss of conscious-
ness, (2) loss of brainstem reflexes, and (3) apnea, can 
be defined as death of a human being. Possibly, most of 
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the brain functions vital to life could be replaced with 
computers and drugs and the circulatory functions main-
tained for months or years. The only function advanced 
technology cannot provide is that constituting human-
ity or personality, both of which are possibly products of 
the telencephalon. Therefore, “loss of personality” can be 
defined with irreversible coma and loss of the capacities 
for thought, reason, and feeling (irreversible loss of criti-
cal cerebral function, or neocortical death). However, it 
is impossible to ascertain scientifically the inward state 
of an individual. A case was reported in which functional 
magnetic resonance imaging (fMRI) revealed retaining the 
ability to understand spoken commands and to respond 
to them through brain activity in a patient fulfilling the 
clinical criteria for a diagnosis of vegetative state.25 Neo-
cortical death should and can be clearly differentiated 
from brain death, and it should not be regarded as death 
of a human being.

MECHANISM OF BRAIN DEATH

Brain injury has a number of sources, such as traumatic 
or cerebrovascular injury and generalized hypoxia, all 
of which produce brain edema. Based on the patho-
logic mechanisms involved, brain edema is classified as 
vasogenic or cytotoxic.26 Because it is rare that only one 
mechanism operates exclusively, the label of vasogenic or 
cytotoxic is only relative. Vasogenic edema is induced by 
an increase in cerebrovascular permeability after leaking 
of serum proteins into the brain parenchyma (i.e., after 
destruction of the blood-brain barrier). Chemical media-
tors such as histamine, serotonin, angiotensin, bradyki-
nin, and prostaglandins can disrupt blood-brain barrier 
function.27 Cytotoxic brain edema occurs in hypoxic and 
ischemic conditions and results from disturbance of cel-
lular osmoregulation, a process that depends primarily on 
energy-dependent functioning of ionic pumps. The dis-
turbance of osmoregulation increases entry of water into 
brain parenchyma. Although in a pure form of cytotoxic 
edema the blood-brain barrier would remain basically 
intact, cytotoxic edema would nevertheless disturb blood 
flow and induce hypoxia and vasogenic edema. Recent 
studies have revealed that water channels, aquaporins 
(AQPs), play important roles in the brain edema forma-
tion and resolution after brain injury. AQP4, the most 
abundant AQP in the CNS, may have dual effects on the 
brain edema formation and resolution. In the early stage 
it may facilitate edema formation, but at later points it 
may be important for the clearance of water from the 
brain into blood vessels.28

Brain edema may be focal at first, but it then spreads 
throughout the whole brain in a predictable sequence. 
Because the brain is covered by a rigid bony skull, its 
edema is accompanied by an increase in intracranial pres-
sure. The critical cerebral perfusion pressures (CPPs) are in 
the range of 10 to 20 mm Hg (CPP = mean arterial pres-
sure [MAP] − intracranial pressure). Cerebral blood per-
fusion is lost with less than these critical CPPs (see also 
Chapters 17 and 70). When cerebral circulation ceases, 
aseptic necrosis of the brain ensues. Within 3 to 5 days, 
the brain becomes a liquefied mass, a condition known 
as respirator brain.29 Such increased intracranial pressure 
compresses the entire brain, including the brainstem, and 
uncal and tonsillar herniation and total brain infarction 
follow.30 Brain damage mostly progresses from the thal-
ami to the lower medulla, although not necessarily in a 
gradual fashion. The medulla oblongata has the longest 
survival time, and that important finding places empha-
sis on damage to the lower centers to determine brain 
death.31 On the other hand, aside from the usual first 
pattern of brain death, in which CPP fell to the critical 
level, Palmer and Bader32 found the second pattern, in 
which the intracranial pressure did not exceed the MAP 
with maintenance of CPP, using brain tissue oxygenation 
(Pbto2). They suggested that the mechanism for fall in 
Pbto2 to 0—that is, brain death—might have been pri-
mary metabolic failure of the brain.

Brainstem lesion that spares the thalami and cerebral 
cortex can exist with a hemorrhagic origin. In that case, 
brainstem death in the absence of clinical brainstem 
functions despite intact intracranial circulation can be 
declared by the U.K. criteria. However, such cases with 
absence of all brainstem functions with apnea but some 
residual functions of arousal (ascending reticular activat-
ing system [RAS]), which is clinically undetected, have 
never been reported.23

NEUROPHYSIOLOGIC BASIS OF  
BRAIN DEATH

AREAS OF THE BRAIN INVOLVED  
IN BRAIN DEATH
By definition, brain death is a total irreversible cessation 
of functioning of the brain. However, “the whole brain” 
does not require the irreversible cessation of functioning 
of every brain neuron. Rather, it requires only the irrevers-
ible cessation of all clinical functions of the brain, namely, 
those measurable at the bedside by clinical examination.2 
The brain includes all the CNS structures except the spi-
nal cord. It is generally agreed that brain death does not 
include lower portions of the spinal cord (caudal from 
C2), because their location outside the skull spares them 
from compression during brain edema. Histologic stud-
ies of human spinal cord in cases of brain death revealed 
divergent pathologic findings ranging from histologically 
intact tissues to complete destruction.29

The United Kingdom21,22,33 and some other coun-
tries3,4 supported a rather exceptional criterion for brain 
death, one that excludes involvement of the bilateral 
cerebral cortices. This state, known as brainstem death, 
does not require recording of an EEG for its diagnosis. In 
the United Kingdom, no confirmatory test (including an 
EEG) is required.34 Grigg and colleagues35 reported that 
11 of 56 clinically brainstem-dead patients (19.6%) had 
electroencephalographic activity and 2 patients (3.6%) 
even demonstrated sleeplike cortical electroencephalo-
graphic activity for as long as 168 hours, although none 
of the patients recovered.35 The rationale for excluding 
the cerebral cortices is based on the facts that the brain-
stem, not the cerebral cortices, plays the major role in 
controlling whole-body vital activities such as respiration, 
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circulation, and other homeostatic functions and that 
the reticular formation forms the basis of consciousness. 
However, some investigators strongly recommend con-
firmatory tests (EEG, transcranial Doppler, or brainstem 
auditory evoked potential) in supporting the diagnosis 
of brainstem death, especially when it is not possible to 
carry out all of the brainstem tests (e.g., in the presence of 
high spinal cord injury36 or if the residual effect of seda-
tive agents cannot be excluded37).

AROUSAL AND CONSCIOUSNESS

Moruzzi and Magoun38 demonstrated the essential role 
of the brainstem reticular core in activating the cortical 
EEG. Segundo and associates39 showed that destruction 
of the brainstem reticular core leads to a loss of con-
sciousness in laboratory animals. These observations gave 
birth to the concept of the ascending reticular activating 
system (ARAS). Although the central insight of this con-
cept—that structures in the brainstem regulate the state 
of consciousness—still holds true, the ARAS is no lon-
ger regarded as a monolithic unit, nor is it restricted to 
the classically defined reticular nuclei of the brainstem. 
Maintenance of wakefulness or control of the sleep-wake 
cycle does not depend exclusively and unalterably on 
any single region of the brain.40 With the advance of ana-
tomic and physiologic techniques, neurochemically spe-
cific wake-promoting cell groups within the ARAS were 
identified.41 These wake-promoting cell groups are (1) 
noradrenergic cells in the locus coeruleus, (2) serotonin-
ergic cells in the raphe nuclei, (3) acetylcholinergic cells 
in the pedunculopontine tegmentum and laterodorsal 
tegmentum, (4) glutamatergic cells in the midbrain, and 
(5) dopaminergic cells in the substantia nigra compacta 
and ventral tegmental area. Projections from these pon-
tine and midbrain wake-promoting cells travel dorsally 
to activate the thalamocortical systems and ventrally to 
activate the hypothalamocortical and basalocortical sys-
tems. Cell groups in the forebrain also promote wake-
fulness in addition to these ARAS wake-promoting cell 
groups, such as histaminergic cells in the tuberomam-
millary nuclei of the posterior hypothalamus, hypocre-
tin (orexin)-containing cells in the lateral hypothalamus, 
cholinergic cells in the basal forebrain, neuropeptide 
Y–containing cells in the suprachiasmatic nucleus, and 
glutamatergic cells in the ventromedial prefrontal cor-
tex. Functions of the neocortex, which play major roles 
in consciousness, depend on these arousal systems.

In brain death, the patient is believed to have no con-
sciousness, no intellectual activity, and therefore no true 
humanity. This state is defined as deep coma and is the 
basis for the concept of brainstem death.

RESPIRATION

The primary respiratory center, consisting of the inspira-
tory and expiratory neurons, is located in the reticular 
core of the medulla oblongata. Various abnormal patterns 
of respiration (e.g., gasping, apneusis, irregular and shal-
low respirations) are observed in laboratory animals and 
humans with brainstem lesions. In brain death, sponta-
neous respiration does not occur in patients even when 
Paco2 reaches 55 to 60 mm Hg. Confirming apnea is one 
of the keys for determining brain death. Mechanical stim-
ulation of the carina to induce the cough reflex may be 
helpful in detecting residual functioning of the medullary 
respiratory neurons.

Development of neurogenic pulmonary edema caused 
by brain insult is well known. Catecholamine surge 
with enhanced sympathetic discharges and release of 
neuropeptide Y cause pulmonary vasoconstriction and 
increase in pulmonary capillary hydrostatic pressure. 
The lungs are also damaged by loss of vasomotor tone, 
hypotension, and development of systemic inflammatory 
responses.42

CARDIOVASCULAR FUNCTIONS

The central neurons that control the circulatory system 
distribute diffusely in the pontine and medullary reticu-
lar core. Of these neurons, the vasomotor and cardioac-
celerating neurons undergo negative-feedback control 
through the carotid and aortic sinus nerves, which relay 
at the nucleus tractus solitarius. Activation of these cells 
induces sympathetic nervous outflow, thereby increasing 
the heart rate and arterial blood pressure. Hypertension 
then suppresses these cells through the feedback mecha-
nism, and circulation returns to preactivation levels.

During the process of brain death after head injury or 
intracranial bleeding, intracranial pressure increases, and 
compression of the brainstem leads to marked hyperten-
sion and bradycardia (i.e., the Cushing phenomenon). 
In an animal model of brain death, a precise mechanism 
of cardiovascular responses by the progression of CNS 
ischemia as a result of an expanding supratentorial mass 
was studied. When the entire cerebrum was ischemic, 
vagal activation with resultant decrease in heart rate, 
mean arterial pressure, and cardiac output was observed. 
As ischemia progressed rostrally to approach the pons, 
sympathetic stimulation was added to vagal stimula-
tion, leading to bradycardia and hypertension (the Cush-
ing phenomenon). When the entire brainstem became 
ischemic, the vagal cardiomotor nucleus became isch-
emic, with unopposed sympathetic stimulation, leading 
to tachycardia, hypertension, and high blood levels of 
catecholamine (i.e., autonomic storm or catecholamine 
surge).43,44 Some authorities think that myocardial dam-
age may occur at this stage of autonomic storm, which 
may contribute to the early failure of some transplants 
and obscure or complicate the histologic manifestations 
of rejection in others.42 However, in humans, this stage of 
tachycardia and hypertension may be brief, and attempts 
to reduce blood pressure may not be necessary or even 
recommended.44

When intracranial pressure is elevated, arterial blood 
pressure suddenly decreases (Fig. 76-1). This sudden 
decrease is the sign of tonsillar herniation (i.e., hernia-
tion of the cerebellar tonsils) through the foramen mag-
num on the cervical spinal cord, in which outflow of the 
cardioaccelerating and vasomotor neurons to the spinal 
cord suddenly ceases. This is one typical onset for brain 
death. Such dramatic changes in arterial blood pressure 
are not observed in other types of brain death, such 
as that induced by hypoxia or those involving other 
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Figure 76-1. The representative time 
course of arterial blood pressure and 
heart rate before and after brain death. 
The 18-year-old male patient was 
involved in a traffic accident. Sustained 
hypertension was followed by a sudden 
and marked decrease in blood pres-
sure. Dopamine was administered to 
increase blood pressure, which gradu-
ally became stable. Doses of dopa-
mine were tapered and finally became 
unnecessary.
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intricate factors. Adequate volume replacement with bal-
anced salt solution or colloid solution and, in some cases, 
blood transfusion is required. Inotropic agents, such as 
dopamine, epinephrine, and norepinephrine, are some-
times required to maintain an adequate blood pressure. 
The vasomotor and cardioaccelerating neurons of the spi-
nal cord (located in the lateral horn) obtain automaticity 
within several days of disconnection from the supraspinal 
structures, and arterial blood pressure returns to normal 
without supplementation with vasopressors.45 This situa-
tion is familiar to anesthesiologists because background 
arterial blood pressure is usually normal in tetraplegic 
patients.

After the establishment of brain death, different types 
of autonomic spinal cord reflexes develop, such as ele-
vation of arterial blood pressure because of bladder dis-
tention. Surgical stimulation–induced hypertension and 
tachycardia are well known by anesthesiologists in tetra-
plegic patients. A similar phenomenon has been observed 
in brain-dead patients.46 Vasodilators or general anesthe-
sia, or both, should be used during the donation opera-
tion.47 Although the cardioaccelerating and vasomotor 
neurons are located in the brainstem, changes in arte-
rial blood pressure are not used as an index of brainstem 
function.

REGULATION OF BODY TEMPERATURE

Rodbard48 suggested that the neural mechanisms govern-
ing homeostatic temperature control developed in the 
hypothalamus from circulatory control neurons in the 
course of evolution from reptile to mammal. Body tem-
perature is regulated when changes in blood temperature 
stimulate heat-sensitive receptors in the hypothalamus. 
Nerve impulses from cold receptors in the skin also can 
activate heat-producing neurons. The most important 
heat producers are the skeletal muscles, brain, liver, and 
heart. The greatest heat radiator is the skin, especially 
that on the hands. Local electrical stimulation of the 
heat-producing center induces shivering and constriction 
of blood vessels in the skin, activating vasomotor nerves 
and decreasing blood flow. Warming of the heat-loss cen-
ter suppresses vasomotor nerve activity and in this way 
increases blood flow through the skin.

In brain death, the neural connection between the 
temperature-regulating center and peripheral body tis-
sues is lost and the patient becomes poikilothermic. 
When criteria from the National Institute of Neurologi-
cal Diseases and Stroke were applied to establish brain 
death, such patients showed only a “tendency for the 
temperatures to be subnormal.”29 In contrast, when brain 
death was established using the criterion of cessation of 
all brainstem functions, “poikilothermia was found in all 
patients later than 24 hours after brain death.”49 Even 
if infection occurs, fever should not develop in cases of 
brain death, because the temperature-regulating centers 
no longer function. After brain death, body temperature 
tends to be hypothermic, even with vigorous application 
of external heat.

HYPOTHALAMIC-PITUITARY ENDOCRINE 
FUNCTIONS

No criteria used to establish brain death attempt to deter-
mine whether functions of the hypothalamus are pre-
served. Clinical studies have indicated that hypothalamic 
and anterior pituitary functions are preserved to a cer-
tain degree for a certain period after the onset of brain 
death. Schrader and co-workers50 reported normal levels 
of anterior pituitary hormones, the half-lives of which 
are less than 1 hour, such as thyroid-stimulating hor-
mone, prolactin, growth hormone, and luteinizing hor-
mone, as well as positive test results for the hypothalamic 
hormone, luteinizing hormone–releasing hormone, and 
thyrotropin-releasing hormone, for 2 to 24 hours after 
determination of brain death. Sugimoto and associates51 
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confirmed that concentrations of these hormones were 
normal for more than 1 week.

In contrast, the level of vasopressin, a hormone pro-
duced in the hypothalamus and stored in the posterior 
pituitary, decreased sharply after brain death.51 However, 
the occurrence of diabetes insipidus is variable. In one 
study, many patients did not have diabetes insipidus 
after brain death.52 Another study found that 24 (77%) 
of 31 patients with brain death had clinical diabetes 
insipidus.53 When arginine vasopressin is added to the 
infusion in cases of brain death with diabetes insipidus, 
the heart beat can be maintained for several months.54 It 
was reported that plasma levels of the thyroid hormones 
triiodothyronine (T3) and thyroxin (T4) were decreased 
markedly after brain death.55 However, the decline in T3 
plasma levels is not uniform in brain-dead patients. Fre-
quently the decline in T3 is accompanied by a parallel 
increase in reverse T3. This condition is similar to euthy-
roid sick syndrome.

The diaphragma sellae protects the pituitary gland 
from compression caused by swelling of the brain. Blood 
supply to the pituitary gland comes mostly from the 
superior, middle, and inferior nine arteries and the capsu-
lar arteries. The portal venous system is another source of 
blood supply to the anterior lobe. In brain death, blood 
supply through the superior hypophyseal artery and the 
portal vein can easily be blocked. However, blood sup-
ply through the cavernous portion of the internal carotid 
artery and its branches, such as the inferior hypophyseal 
artery and the capsular artery, may be spared.56 Mor-
phologic studies of brain death indicate that damage to 
the anterior lobe is incomplete but severe, whereas the 
posterior lobe is relatively preserved.51 However, because 
vasopressin is synthesized in the hypothalamus and 
transferred to the posterior lobe of the pituitary through 
axoplasmic flow along the long axon, depletion of this 
hormone may be greater than would be expected from 
the slight morphologic damage seen in the posterior lobe.

In studies on brain death, the hypothalamic hor-
mones, such as growth hormone–releasing hormone, 
corticotropin-releasing hormone, thyroxine-releasing 
hormone, and luteinizing hormone–releasing hormone 
were found in trace to subnormal levels.51,57 Schrader 
and co-workers50 reported a normal growth hormone 
response to hypoglycemic stimulation. Arita and asso-
ciates58 also demonstrated that insulin and arginine 
increased growth hormone levels in brain-dead patients. 
Hypoglycemia affects glucoreceptors in the ventromedial 
nucleus to stimulate growth hormone–releasing hormone 
and corticotropin-releasing hormone release and stimu-
lates growth hormone or adrenocorticotropic hormone 
release, indicating that some hypothalamic function may 
be preserved. However, the origin of the hypothalamic 
hormones released in brain death cannot be identified. 
Results from morphologic studies on the hypothalamus 
are controversial. Walker and colleagues29 reported that 
the neurons with lytic changes were intermingled with rel-
atively normal cells, a result that may account for the sus-
tained secretion of hypothalamic hormones. In contrast, 
Sugimoto and co-workers51 observed extensive necrosis of 
the hypothalamus after the sixth day of brain death and 
postulated a nonbrain supply of these hormones, such 
as the pancreas, intestine, or adrenal gland. The hypo-
thalamus receives its blood supply through the branches 
of the superior hypophyseal and posterior communicat-
ing arteries; therefore, blood flow to the hypothalamus, 
at least its basal part, may be preserved in relatively mild 
instances of intracranial hypertension.

Hormonal therapy for hemodynamic stabilization of 
brain-dead organ donors has been developed and recom-
mended. The Cardiac Work Group of the Crystal City 
Conference led by United Network for Organ Sharing 
(UNOS) recommended a heart donor management algo-
rithm that included four-drug hormonal resuscitation (T3, 
vasopressin, methylprednisolone, and insulin) for donors 
with a left ventricular ejection fraction less than 45% or 
with unstable hemodynamics,59 and Organ Procurement 
and Transplantation Network (OPTN)/UNOS multivariate 
studies on hormonal treatment of brain-dead donors (T3/T4, 
methylprednisolone, and arginine vasopressin) revealed 
significant increases in the number of organs transplanted 
and in 1-year survival of kidneys and hearts.60 However, 
some investigators failed to observe any hemodynamic or 
metabolic benefit of the use of T3 in adult cadaveric organ 
donors,61 and it was also reported that not T4 administra-
tion but rather steroid administration and desmopressin 
and diuretic usage were associated with organ yield.62 It 
is suggested that thyroid hormones have some beneficial 
role only in unusual cases of prolonged donor manage-
ment—that is, longer than 24 to 48 hours.63

THE IMMUNE SYSTEM AND 
INFLAMMATION

The CNS exerts significant influence over the immune 
system. Even if the immune system is intact, its response 
to stimulation is modified considerably after total and 
irreversible loss of CNS functions. Increased levels of 
inflammatory mediators, such as cytokines (interleukin-
1β[ΙL-1β], IL-6, tumor necrosis factor–α [TNF-α])64,65 and 
adhesion molecules (E-selectin, intercellular adhesion 
molecule–1 [ICAM-1], vascular cell adhesion molecule 
[VCAM-1])66,67 in blood and organs are observed in brain-
dead patients, and it is thought that these cytokines are 
responsible for some of the endocrine and acute-phase 
reactant abnormalities found in these patients and for 
the low success rates after organ transplantation. Brain 
death also may induce a systemic inflammation. The 
possible mechanisms are (1) inflammatory mediators are 
released from the ischemic brain; (2) the catecholamine 
surge causes anerobic metabolism, which induces nuclear 
factor–κB (NF-κB) activation or flow-induced shear stress 
of the endothelial cells or induces ischemia in the gut; (3) 
metabolic changes after brain death modulate the inflam-
matory response; and (4) neuropeptides are released from 
the nervous system and play a role in inflammation.68

BRAINSTEM REFLEXES

Various brainstem reflexes are used to diagnose brain 
death, such as pupillary, oculocephalic, oculovestibular, 
and cough reflexes. Preservation of the cough reflex indi-
cates preservation of the brainstem respiratory center. All 
the brainstem reflexes (except those of the respiratory 
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centers) need not be present for the organism to be said 
to be alive, but they are tested to confirm preservation of 
brainstem functions.

CRITERIA AND TESTS FOR DETERMINING 
BRAIN DEATH

Determination of brain death confirms the irreversible 
cessation of all functions of the entire brain, including 
the brainstem.12 Irreversibility means that no treatment 
may be reasonably expected to change the condition. The 
responsible disorder may be thought of as structural, and 
it does not result from functional and potentially revers-
ible causes such as drug intoxication, hypothermia, or 
metabolic or endocrine disturbance. The passage of time 
is also an essential component in determining that a 
lesion is irremediable. Although testing all functions of 
the brain is conceptually impossible, the cessation of all 
functions of the brain is practically determined by loss 
of consciousness, loss of brainstem responses, apnea, and 
confirmatory tests, including the lack of electroencepha-
lographic activity.

LOSS OF CONSCIOUSNESS AND 
UNRESPONSIVENESS

The patient should be in coma and scored as 3 on the 
Glasgow Coma Scale. Motor responses of the limbs or 
facial muscles to painful supraorbital pressure should be 
absent. Motor responses (i.e., the Lazarus sign) may occur 
spontaneously during apnea testing69 and are considered 
to have a spinal origin. This sign is often observed dur-
ing hypoxic or hypotensive episodes. Other spontaneous 
movements from spinal origin are observed.

PUPILS

The shape of the pupils can be round, oval, or irregular. 
The size of the pupils may vary from 4 to 9 mm, but in 
most cases is 4 to 6 mm.12,70 Sympathetic cervical path-
ways can be intact in the state of brain death, connect 
with the radially arranged fibers of the dilator muscle, 
and dilate the pupils.

BRAINSTEM RESPONSES

The tests for brainstem responses vary in different coun-
tries. The criteria of the American Academy of Neurol-
ogy19 include light reflex, oculocephalic reflex, caloric 
(vestibular) test, corneal reflex, facial muscle movement 
to a noxious stimulus, pharyngeal (gag) reflex, and tra-
cheal (cough) reflex.

APNEA TEST

Apnea testing is mandatory for the determination of 
brain death and considered the most important test-
ing, but controversies have existed about it. Its safety is 
a major issue. During the apnea test, marked hypoten-
sion or severe cardiac arrhythmias,70 or both, and pneu-
mothorax may occur71 and the intracranial pressure can 
increase markedly. The apnea test should be performed as 
the last test after the other tests fulfill the criteria of brain 
death. Goudreau and associates72 reported that during the 
apnea test complications such as a marked blood pressure 
decrease or the development of ventricular arrhythmia 
developed in 27 (39%) of 70 patients with pretest unfavor-
able factors but developed in only 11 (15%) of 74 patients 
without them. They pointed out that inadequate preoxy-
genation and acid-base or electrolyte abnormalities were 
the major unfavorable pretest factors. Preparation before 
the apnea test is required. Prerequisites are (1) normoten-
sion (systolic blood pressure ≥100 mm Hg), (2) normother-
mia (core temperature >36° C), (3) euvolemia, (4) eucapnia 
(Paco2 35 to 45 mm Hg), and (6) no prior evidence of 
carbon dioxide retention. Preoxygenation with 100% O2 
for at least 10 minutes is required before apnea testing to 
Pao2 greater than 200 mm Hg. Ventilator requirements 
should be evaluated, and the patient should be well-oxy-
genated with low positive end-expiratory pressure (5 cm 
H2O). During apnea testing, 100% O2 is delivered at 6 L/
min through a catheter placed at the level of the carina or 
attached T-piece with continuous positive airway pressure 
at 10 cm H2O.12,19,70 Apnea testing should be aborted if 
systolic blood pressure decreases to less than 90 mm Hg or 
O2 saturation (Spo2) decreases to less than 85% for longer 
than 30 seconds. A bolus of intravenous phenylephrine 
100 μg is recommended in the case of hypotension.

Another issue is the appropriate level of Paco2 to be 
achieved. After equipment for analyzing blood gases 
became widespread, the importance of the value of Paco2 
rather than the time for observation of apnea was con-
firmed. An increase in Paco2 decreases pH in the cerebro-
spinal fluid, which stimulates the medullary respiratory 
chemical center. The normal ventilatory response to the 
increase in Paco2 rises linearly to 80 mm Hg, and then 
the slope becomes less steep and peaks at approximately 
150 mm Hg in dogs.73 Damage in the medullary respira-
tory center may affect the level of Paco2 for development 
of spontaneous respiration. The level of Paco2 at which 
spontaneous respiration resumes is also modified by 
Pao2. Wijdicks4 reported that although most of all brain 
death guidelines in the world required apnea tests (71 of 
80 nations), only 41 of 71 guidelines defined a definite 
Paco2 target value, and he concluded that if the premise 
of documenting apnea using hypercarbia to maximally 
stimulate the respiratory centers was accepted, it could 
be concluded that in half of the countries the apnea test 
was not performed adequately. The exact level of Paco2 to 
be achieved is still unknown, but the American Academy 
of Neurology criteria define various prerequisites and the 
procedure of apnea testing and adopt the level of Paco2 
60 mm Hg or greater12,19,70 and the U.K. criteria requires a 
Paco2 target of 6.65 kPa (50 mm Hg).34

PREREQUISITES FOR DIAGNOSING  
BRAIN DEATH

Several disorders mimic brain death and can lead to an 
erroneous diagnosis. The absence of these conditions 
must be confirmed and the following factors considered 
before the criteria for brain death are applied.



PART V: Adult Subspecialty Management2318
DEEP COMA

The patient must be in a deep coma, and the cause of the 
coma must be identified. Organic brain damage must be 
confirmed as a prerequisite for diagnosing brain death. 
Drug intoxication, severe electrolyte, acid-base or endo-
crine disturbance, hypothermia, and other common 
treatable disorders should be ruled out.

BODY TEMPERATURE

After cessation of brainstem and hypothalamic functions 
and after complete disconnection of the spinal cord from 
supraspinal brain structures, the patient becomes poiki-
lothermic and body temperature tends to be hypother-
mic, even with vigorous warming. Because hypothermia 
suppresses CNS function and can lead to misdiagnosis of 
brain death, body temperature must be within normal 
range (i.e., hypothermia must be corrected) before the 
criteria for brain death are applied.

ABSENCE OF CARDIOVASCULAR COLLAPSE

When intracranial pressure increases, systemic hyperten-
sion occurs as a result of the Cushing phenomenon. This 
is followed by a sudden decrease in blood pressure because 
of sudden interruption of vasomotor output from the 
brainstem and hypothalamus to the spinal cord. Hypoten-
sion usually resolves spontaneously within several days 
because of restoration of spontaneous activity of the spi-
nal cord’s vasomotor neurons. Hypotension may result in 
compromised cerebral perfusion leading to loss of electro-
encephalographic activity, thus causing a spurious diagno-
sis. Therefore, administration of a vasopressor to achieve 
relative normotension should be considered; vasopressor 
therapy will occasionally restore electroencephalographic 
activity in the determination of brain death.

CLINICAL DIAGNOSIS OF BRAIN DEATH

The guidelines and clinical diagnosis for determining brain 
death differ in various countries3,4 and among institutions 
in the United States and Canada. However, the principle 
seems similar,1,3,4,12 and clinical diagnosis of brain death 
should be performed in the following three steps:
  

 1.  Establishing the cause of disease
 2.  Excluding certain potentially reversible syndromes 

that may produce signs similar to brain death
 3.  Demonstrating clinical signs of brain death: coma, 

brainstem areflexia, and apnea
  

Confirmatory tests in the determination of brain 
death are not always mandatory, but they are desirable, 
especially when the clinical picture is confusing. In gen-
eral, two examinations separated by at least 6 hours are 
required to establish the diagnosis of brain death. Most 
codes mandate that the clinical diagnosis be confirmed 
by two or three physicians who are independent of the 
transplantation team, and at least one of the physicians 
is required to be a specialist in neurology, neurosurgery, 
or anesthesiology.
SPECIAL CONSIDERATIONS

SPINAL CORD REFLEXES AND SURGERY

The CNS structures essential to the definition of brain 
death do not include the spinal cord. Histologic stud-
ies have shown that the spinal cord is the best preserved 
part of the CNS in cases of brain death, and results have 
ranged from grossly normal histology to edema, neuronal 
loss, neurolysis, and, rarely, infarction.29

Spontaneous and reflex movements are found in 
brain-dead patients. Spontaneous body movements may 
be observed during the apnea test, while the body is being 
prepared for transport, at the time of a skin incision for 
the retrieval of organs, or in synchrony with the respi-
rations produced by mechanical ventilation.1 In 5 of 60 
cases of brain death after terminally turning off the ven-
tilator or during apnea tests, Ropper69 reported bizarre, 
seemingly purposeful movements of the upper extremi-
ties, termed the Lazarus sign, in which the arms flexed 
quickly to the chest from the patient’s side, the shoul-
ders adducted, and in some patients, the hands crossed 
or opposed just below the chin. Saposnik and associ-
ates74 reported that 15 (39%) of 38 patients who fulfilled 
criteria for brain death showed spontaneous or reflex 
movements; the most common movement was finger 
jerks, and the undulating toe flexion sign, triple flexion 
response, Lazarus sign, pronation-extension reflex, and 
facial myokymia also were seen. Health care staff should 
remember that a patient may move in response to nox-
ious stimulation and that full curarization is required for 
surgical procedures involving brain death.

CONSIDERATIONS REGARDING CHILDREN

The child’s brain is a developing organ, and it is believed 
that the anatomic neurodevelopment continues by 2 
years of age or beyond the first decade of life (see also 
Chapters 93 and 95). During this time, changing patterns 
of vulnerability to injury and different responses to the 
injury itself occur.75 Furthermore, the presence of open 
fontanelles and open sutures in young children makes 
the skull an expandable chamber. Intracranial pressure 
may not exceed mean arterial blood pressure, and cere-
bral blood flow continues. It is generally assumed that the 
child’s brain is more resistant to insults leading to death, 
although this issue is controversial and lacks convincing 
clinical documentation.14

The need for facilitation of end-of-life decision and 
organ procurement in infants and children has increased. 
In 1987, the Task Force for the Determination of Brain 
Death in Children endorsed the Determination of Death 
Act and offered the Guidelines for the Determination of 
Brain Death in Children.14 The multisociety task force 
revised the 1987 guidelines after reviewing literature 
published from 1987 with clarifying the grade of recom-
mendations (see Boxes 76-2 and 76-3).20 Although 1987 
guidelines excluded neonates younger than 7 days of age, 
in the revised guidelines the exclusion of recommen-
dations was restricted to preterm infants younger than 
37 weeks of gestational age, because insufficient data 
were available, some of the brainstem reflexes may not 
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be completely developed, and assessment of the level 
of consciousness in critically ill, sedated, and intubated 
neonates is difficult. Although an ancillary study (EEG) 
was mandatory in infants younger than 1 year of age in 
the 1987 guidelines, in the revised guidelines, ancillary 
studies (EEG and cerebral blood flow) were changed to be 
optional. Further, unspecified values of several subjects in 
the 1987 guidelines were specified in the revised guide-
lines. In the United Kingdom, where brainstem death 
criteria are adopted, the brain death criteria for children 
are as follows: after 2 months of age, criteria should be 
the same as in adults; between 37 weeks of gestation and 
2 months of age, it is rarely possible to diagnose brain 
death confidently; and before 37 weeks of gestation, the 
criteria for brain death cannot be applied.76,77 In Japan, 
organ donation from a brain-dead child younger than 15 
years has been legal from 2009 with family consent, and 
the most rigid criteria in the world are applied to declare 
brain death in children younger than 6 years (Table 76-1). 
Computed tomography (CT) or MRI examination is man-
datory in children as a prerequisite to clarify the causes of 
brain insults. Further, a possibility of child abuse should 
be excluded if the child is younger than 18 years of age.

VARIABILITY IN POLICIES AND 
PRACTICES FOR DETERMINING  
BRAIN DEATH

Although the concept of brain death as defining the 
death of the individual is widely accepted, significant 
variability exists in policies and practices for determining 
brain death among nations and even within a nation—
that is, among states and hospitals. Wijdicks4 reported 
that of 80 countries examined, legal standards on organ 
transplantation were present in 55 countries (69%) and 
practice guidelines for brain death for adults were pres-
ent in 70 countries (88%). All guidelines specified exclu-
sion of confounders, irreversible coma, absent motor 
response, and absent brainstem reflexes. Although apnea 
testing is one of the most important tests for determin-
ing brain death, a few guidelines do not require apnea 
TABLE 76-1 COMPARISON OF PEDIATRIC BRAIN DEATH GUIDELINES BETWEEN THE UNITED STATES  
AND JAPAN 

United States (Updated Guidelines) Japan

1. Age-related exclusion Preterm infants <37 wk gestational age Preterm infants <12 wk in corrected age
2. Core body temperature >35° C (95° F) <6 yr: ≥35° C (95° F), ≥6 yr: 32° C (89.6 ° F)
3. Arterial blood pressure Age-dependent Age-dependent

Above normal value for the age − 2 SD <1 yr ≥65 mm Hg
1 year ≤13 yr: ≥65 + (age × 2) mm Hg
≥13 years: ≥90 mm Hg

4. Number of examinations Two examinations Two examinations
5. Number of examiners Two (different attending physicians must perform the 

first and second examinations)
Two (neurosurgeon, neurologist, 

anesthesiologist, intensive care physician, 
emergency medicine physician, or pediatrician: 
board-certified)

6. Observation interval 
between neurologic 
examinations

Age-dependent Age-dependent
Term newborn (37 wk gestation) to 30 days of age: 

24 hr
<6 yr: 24 hr

31 days to 18 yr: 12 hr ≥6 yr: 6 hr
7. Reduction of observation 

period between 
examinations

Permitted for both age groups if EEG or CBF 
consistent with brain death

Not permitted

8. Apnea testing Two apnea tests required unless clinically 
contraindicated

Two apnea tests required

9. Final Pco2 threshold for 
apnea testing

≥60 mm Hg and ≥20 mm Hg above the baseline 
Paco2

≥60 mm Hg

10. Ancillary study Not required except in cases in which the clinical 
examination and apnea test cannot be completed

EEG is mandatory

Term newborn (37 wk gestation) to 30 days of age: 
EEG or CBF are less sensitive in this age group; CBF 
may be preferred

>30 days to 18 yr: EEG and CBF have equal sensitivity
11. Time of death Time of the second examination and apnea test (or 

completion of ancillary study and the components 
of the second examination that can be safely 
completed)

Time of second examination and apnea test

12. Others CT or MRI is mandatory to identify the cause of 
brain insults

A child having a possibility of abuse is excluded

From Nakagawa TA, Ashwqal S, Mathur M, et al; Society of Critical Care Medicine; Section on Critical Care and Section on Neurology of the American Academy 
of Pediatrics; Child Neurology Society: Guidelines for the determination of brain death in infants and children: an update of the 1987 Task Force recommenda-
tions. Crit Care Med 39:2139-2155, 2011.

CBF, Cerebral blood flow; CT, computed tomography; EEG, electroencephalogram; MRI, magnetic resonance imaging; SD, standard deviation.
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testing. Further, significant differences exist in the area of 
the brain (whole brain versus brainstem), in requirement 
of confirmatory tests (EEG, brainstem evoked potentials, 
cerebral angiogram), number of examinations (and time 
interval between examinations), method of apnea test-
ing (baseline Paco2, target value of Paco2, time of discon-
nection from the ventilator, oxygenation method during 
the test), time of observation from the insults, number 
and required expertise of examining physicians, critical 
thresholds of temperature and arterial blood pressure, 
and legal time of death. Furthermore, because brain death 
practices are largely determined by individual hospitals 
in the United States and Canada, significant variabilities 
among hospital policies and guidelines for brain death 
were found. Wijdicks4 and other investigators stressed the 
need to standardize the practice of neurologic determi-
nation of death.78,79 Wide variation in practices was also 
reported in the pediatric population80,81 and in the brain-
stem death criteria in the United Kingdom,37 despite the 
existence of clear guidelines for performing the test.82-84

Jeffe and colleagues85 surveyed understanding of the 
concept and diagnostic tests of brain death in American 
board-certified neurologists in 2010. They sent a ques-
tionnaire to 500 neurologists and analyzed 192 returned 
forms. The most common (48%) justification for under-
standing brain death as an individual death was “a high 
brain concept (irreversible loss of consciousness),” fol-
lowed by “loss of integrative unity (27%)” and “the 
irreversible lack of vital work of an organism (12%).” 
Although criteria for determining brain death in the 
United States do not require lack of some remaining func-
tions of the brain, many neurologists responded that cer-
tain brain functions remaining are not compatible with 
diagnosis of brain death, including EEG activity (70%), 
evoked potential activity (56%), hypothalamic neuroen-
docrine function (9%), brain blood flow (52%), and nor-
mal brainstem pathology (19%). This survey indicates 
that American neurologists have neither a consistent 
rationale for accepting brain death as death nor diagnostic 
tests for brain death.

ANCILLARY TESTS FOR BRAIN DEATH

Tests that confirm the loss of bioelectrical activity of the 
brain or the cerebral circulatory arrest are not always 
mandatory for adults (Box 76-4). In several European, 
Central American, South American, and Asian countries, 
ancillary testing is required by law.1,2,4 In the United 
States, the choice of tests is left to the discretion of the 
physician. Ancillary tests can reduce the time of observa-
tion and are strongly recommended when uncertainties 
exist about the reliability of certain aspects of the clini-
cal examinations and in situations in which the apnea 
testing cannot be completed. Young and associates86 pro-
posed criteria for ideal confirmatory ancillary tests:
  

 1.  No instances of false positive findings should occur—
that is, when the test confirms “brain death,” none 
should have recovered or have the potential to recover.

 2.  The test should be independently sufficient to estab-
lish that brain death is or is not present.
 3.  The test should not be susceptible to confounders, 
such as drug effects or metabolic disturbances.

 4.  The test should be standardized in technology, tech-
nique, and classification of results.

 5.  The test should be available, safe, and readily applied. 
Testing should not be restricted to only a few research 
centers; ideally it could be applied within any inten-
sive care unit (ICU) and the technique should be reli-
able and mastered without difficulty.

  

 1.  Cerebral angiography
 a.  The contrast medium should be injected in the aortic arch 

under high pressure and reach both anterior and posterior 
circulations.

 b.  No intracerebral filling should be detected at the level of 
entry of the carotid or vertebral artery to the skull.

 c.  The external carotid circulation should be patent.
 d.  The filling of the superior longitudinal sinus may be 

delayed.
 2.  Electroencephalography
 a.  A minimum of eight scalp electrodes should be used.
 b.  Interelectrode impedance should be between 100 and 

10,000 Ω.
 c.  The integrity of the entire recording system should be tested.
 d.  The distance between electrodes should be at least 10 cm.
 e.  The sensitivity should be increased to at least 2 μV for 30 

minutes with inclusion of appropriate calibrations.
 f.  The high-frequency setting should not be set below 30 Hz, 

and the low-frequency setting should not be above 1 Hz.
 g.  Electroencephalography should demonstrate a lack of 

reactivity to intense somatosensory or audiovisual stimuli.
 3.  Transcranial Doppler (TCD) ultrasonography
 a.  TCD is useful only if a reliable signal is found. The abnor-

malities should include either reverberating flow or small 
systolic peaks in early systole. A finding of a complete 
absence of flow may not be reliable owing to inadequate 
transtemporal windows for insonation. There should be 
bilateral insonation and anterior and posterior insonation. 
The probe should be placed at the temporal bone, above 
the zygomatic arch and the vertebrobasilar arteries, 
through the suboccipital transcranial window.

 b.  Insonation through the orbital window can be considered 
to obtain a reliable signal. TCD may be less reliable in 
patients with a prior craniotomy.

 4.  Cerebral scintigraphy (technetium-99m exametazime 
[HMPAO])

 a.  The isotope should be injected within 30 minutes after its 
reconstitution.

 b.  Anterior and both lateral planar image counts (500,000) of 
the head should be obtained at several time points: imme-
diately, between 30 and 60 minutes later, and at 2 hours.

 c.  A correct intravenous injection may be confirmed with addi-
tional images of the liver demonstrating uptake (optional).

 d.  No radionuclide localization in the middle cerebral artery, 
anterior cerebral artery, or basilar artery territories of the 
cerebral hemispheres (hollow skull phenomenon).

 e.  No tracer in superior sagittal sinus (minimal tracer can 
come from the scalp).  

BOX 76-4 Methods of Ancillary Testing  
for the Determination of Brain Death

Wijdicks EFM, Valelas PN, Gronseth GS, Greer DM: Evidence-based guideline 
update: determining brain death in adults: report of the Quality Stand-
ards Subcommittee of the American Academy of Neurology. Neurology 
74:1911, 2010.
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In all cases, ancillary tests should be used in conjunc-
tion with appropriate clinical judgment.

ELECTROENCEPHALOGRAPHIC RECORDING

The EEG is the most widely available neurophysiologic 
test and is used in many countries and institutions as a 
confirmatory test for brain death (whole-brain death) (see 
also Chapters 49 and 50).1,4 Loss of bioelectrical brain 
activity as shown on the EEG (i.e., isoelectric EEG) is a 
reliable confirmatory test for brain death. However, sev-
eral problems must be considered. An isoelectric EEG can 
be found after drug intoxication (false positive), such as 
occurs with barbiturates,87 and, conversely, residual elec-
trical activity may persist after brainstem death or even 
in some patients who met clinical criteria for brain death 
(false negative).35,88

Electrocerebral inactivity (ECI) or electrocerebral 
silence (ECS) is defined as no electroencephalographic 
activity above 2 μV/mm when recording from scalp elec-
trode pairs placed 10 cm or more apart and with interelec-
trode impedances less than 10,000 Ω but more than 100 Ω.  
Ten guidelines for electroencephalographic recordings 
are as follows89:
  

 1.  A minimum of eight scalp electrodes should be used.
 2.  Interelectrode impedances should be less than 10,000 

but more than 100 Ω.
 3.  The integrity of the entire recording system should 

be tested.
 4.  Interelectrode distances should be at least 10 cm.
 5.  Sensitivity must be increased from 7 μV/mm to at 

least 2 μV/mm for at least 30 minutes of the record-
ing, with inclusion of appropriate calibrations.

 6.  Filter settings should be appropriate for the assess-
ment of ECS.

 7.  Additional monitoring techniques should be 
employed when necessary.

 8.  No electroencephalographic reactivity should occur 
to intense somatosensory, auditory, or visual stimuli.

 9.  Recordings should be made only by a qualified 
technologist.

 10.  A repeat EEG should be performed if doubt about ECS 
exists.

EVOKED RESPONSES

Brainstem auditory evoked potentials (BAEPs) and median 
nerve somatosensory evoked potentials (SSEPs) are used 
for the diagnosis of brain death. Unlike EEG signals, the 
early components of BAEPs and SSEPs are minimally 
affected by sedative drugs and anesthetics. However, drugs 
and metabolic derangements affect middle and late BAEPs 
and SSEPs.86 BAEPs are signals generated in the auditory 
nerves and brainstem after an acoustic stimulus. BAEPs 
consist of five identifiable waves generated from specific 
brainstem structures along the auditory pathways. Wave 
I represents the eighth nerve compound action potential; 
wave II, the eighth nerve and cochlear nerves; wave III, 
the lower pons, including the superior olive; and waves 
IV and V, the upper pons and the midbrain, as high as 
the inferior colliculus.90 Brainstem abnormalities can be 
detected with BAEPs. The loss of waves III to V or II to V 
or no reproducible BAEP on both sides is usually regarded 
as brain death,88 although wave I sometimes remains. 
Preexisting deafness or severe peripheral auditory system 
damage may lead to a false-positive diagnosis.

After electrical stimulation of a peripheral nerve, 
waves of SSEPs are generated from the neural structures 
along the afferent somatosensory pathways: the brachial 
plexus, the upper cervical cord, the dorsal column nuclei, 
the ventroposterior thalamus, and the sensory cortex.90 
“Practice Parameters for Determining Brain Death in 
Adults,” published in Neurology, recommended bilateral 
absence of N20-P22 responses with median nerve stimu-
lation as a confirmatory laboratory test.12 Facco and co-
workers91 reported that the absence of components later 
than N13, which represents postsynaptic activity in the 
central gray matter of the cervical cord, or N13 and P13 
dissociation, was reliable to confirm brain death. These 
investigators also recommended the combined use of 
BAEPs and SSEPs for determining brain death. Sonoo92 
considered a loss of N18 potential, which is supposedly 
generated at the cuneate nucleus in the medulla oblon-
gata, as reliable for the diagnosis of brain death.92

CEREBRAL PERFUSION AND METABOLISM

Possible mechanisms for brain death include an obstruc-
tion of circulation by cerebral swelling, and thus the dem-
onstration of absent intracranial circulation indicates 
irreversible cerebral damage (see also Chapter 17). How-
ever, because in some situations, cerebral perfusion may 
be maintained despite documented brain death,32 Heran 
and associates93 state that it is important to understand the 
situation in which these false negative results may arise, to 
assess the results in context and consider other options for 
confirmation of brain death. Table 76-2 shows the advan-
tages and disadvantages of ancillary tests for determina-
tion of cerebral blood flow in the setting of brain death.93

ANGIOGRAPHY

Contrast Catheter Angiography
Four-vessel cerebral angiography is a traditional gold 
standard modality among ancillary tests for brain death. 
This method is primarily an anatomic and not a physi-
ologic demonstration of perfusion, although nonquanti-
tative inferences about perfusion rates may be made. The 
greatest advantage of catheter angiography for the deter-
mination of brain death is that it is not influenced by 
CNS depressant drugs or hypothermia. This method has 
been widely recommended to confirm brain death.88,94,95 
“Practice Parameters for Determining Brain Death in 
Adults” recommended conventional angiography as a 
confirmatory test, and the following criteria were identi-
fied12: no intracerebral filling should be seen at the level 
of the carotid bifurcation or circle of Willis; the external 
carotid circulation is patent; and filling of the superior 
longitudinal sinus may be delayed. Drawbacks of this 
method are that the patients need to be transported to 
the radiology suite and it is an invasive examination 
that needs an experienced neuroradiologist and may 
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Not preferred test because of 
invasiveness

Reference standard for NDD 
assessment

Reference standard for CBF 
assessment

Not useful in NDD

Reference standard for CBF 
assessment

Not useful in NDD because of 
limited availability

Limited data but promising

Likely not useful because not 
quantitative

Limited data but most promising 
as ubiquitous technology

Limited data but holds promise, 
especially if anatomic 
coverage extended

Not deemed useful in NDD
TABLE 76-2 COMPARISON OF ANCILLARY TESTS FOR DETERMINATION OF CEREBRAL BLOOD FLOW IN THE SETTING OF BRA

Test Definition
Minimum Flow Limit 
(mL/100 g/min) Advantages Disadvantages

DSA Digital subtraction 
angiography

0 Direct visualization of CBF Invasive
Exposure to iodinated contrast
Not readily available
Not portable
Expensive

SPECT Single-photon 
emission computed 
tomography

5 Widely available
Portable
Low cost
Whole brain coverage

Not quantitative
Poor spatial resolution

PET Positron emission 
tomography

0 Quantitative
Can assess multiple factors, including 

oxygen consumption, by using different 
radioligands

Repeated measurements possible
Whole brain coverage

Impractical for daily use
Not portable
Expensive

Xe-CT Xenon computed 
tomography

0 Quantitative
Allows simultaneous CT-based imaging 

techniques
Can be repeated within 10 min

Available in only a few academic 
centers because not FDA 
approved

Not portable
Limited brain coverage (6 cm)
Delivery of Xe gas may present 

challenges
MRA Magnetic resonance 

angiography
Depends on technique 

of acquisition, but 
considered very low 
(<10)

No contrast necessary
Can be combined with other MR-based 

techniques

Not readily available
Scanning time lengthy
Not portable
Expensive

MRP Magnetic resonance 
perfusion

8 Whole brain coverage
Can be combined with other MR-based 

techniques
Repeatable

Not quantitative for CBF
Not readily available
Not portable

CTA Computed tomography 
angiography

Unknown but likely 
very low (<10)

Readily available
Rapid acquisition

Exposure to iodinated contrast
Not portable

CTP Computed tomography 
perfusion

0 Readily available
Rapid acquisition
Quantitative*

Exposure to iodinated contrast 
and ionizing radiation

Limited anatomic coverage (2-4 
cm)

Requires postprocessing of data
Relies on intact blood-brain 

barrier
Not portable

TCD Transcranial Doppler 
ultrasound

Unknown Rapid
Noninvasive
Portable

Does not quantify CBF
Difficult to perform
One measurement for each 

hemisphere

Modified from Heran MK, Heran NS, Shemie SD: A review of ancillary tests in evaluating brain death. Can J Neurol Sci 35:409, 2008.
CBF, Cerebral blood flow; FDA, U.S. Food and Drug Administration; NDD, neurologic determination of death.
*Controversy exists regarding its true quantitative abilities.
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yield severe complications, such as vasospasm, subinti-
mal injection, arterial dissection, and thromboembo-
lism, leading to a false image of absent flow and cerebral 
ischemia. Intraarterial (aortic arch) or intravenous (vena 
cava) digital subtraction angiography has been shown to 
be as effective as conventional four-vessel angiography, is 
less invasive, and is easier to perform.96

Radionuclide Angiography
Confirmation of brain death using conventional dynamic 
radionuclide angiography with blood pool agents has 
been used for a long time.97 Such investigations are less 
invasive than others and may be carried out at the bed-
side using a mobile scintillation camera, but they can-
not image the posterior fossa well. Radioligands such 
as technetium-99m hexamethylpropyleneamine-oxime 
(HMPAO), which cross the blood-brain barrier and are 
picked up and held by viable cells for several hours, 
are recommended to confirm brain death.98 The lack of 
uptake of isotope in brain parenchyma (i.e., the hollow 
skull phenomenon) is characteristic for brain death.12 

99mTc-HMPAO single-photon emission computed tomog-
raphy (SPECT) provides much more precise regional infor-
mation and has been proved effective in the diagnosis of 
brain death both in children and adults.99,100 The lack of 
signal from the intracranial compartment and the normal 
uptake in other parts of the head produces the “empty 
light bulb” and “hot nose” signs.99,100 Munari and co-
workers confirmed the reliability of SPECT in the diagno-
sis of brain death and recommended that it should be a 
good candidate for the standard diagnostic modality.101

Computed Tomography
CT angiography has been useful as a noninvasive test to 
confirm brain death.102 After intravenous injection of 
contrast media, time-density analysis of a specific area 
can be performed with a CT scanner equipped with a soft-
ware program that can evaluate blood flow. CT angiog-
raphy has several advantages102: (1) it is easily accessible 
around the clock and present in almost all hospitals with 
an ICU, (2) it is fairly inexpensive, (3) imaging requires 
only minutes, (4) it delivers conventional CT images at 
the same imaging session and can also be combined with 
CT perfusion imaging, (5) it is noninvasive except for 
intravenous injection of the contrast agent, and (6) the 
images are easy to interpret. However, significant diver-
gence with catheter angiography was observed; CT angi-
ography demonstrated some opacified proximal anterior 
cerebral artery segments, although absence of intracranial 
flow was noted with catheter angiography,103 which may 
relate to contrast stasis with CT angiography.

The xenon-CT cerebral blood flow method has been 
applied to the confirmation of brain death.92 This tech-
nique is quantitative and allows coregistration of flow 
data with CT anatomy. Pistoria and associates104 suggested 
that an average global flow of less than 5 mL/100 g/min 
confirms brain death.

MAGNETIC RESONANCE

Magnetic resonance (MR) imaging (MRI) and MR angiog-
raphy have been used for the confirmation of brain death 
with the advent of MRI-compatible ventilators.105,106 
MRI allows an assessment of intracranial contents and 
is particularly helpful in defining abnormalities in the 
posterior fossa, which may be obscured by bone artifact 
inherent in CT. Although currently experimental and 
limited in spatial resolution, phosphorus and proton MR 
spectroscopy (MRS) has been proposed for the determina-
tion of brain death.107,108 MRS can demonstrate the total 
absence of high-energy phosphorus compound (includ-
ing adenosine triphosphate, leaving only one single 
peak of inorganic phosphate in 31P MRS and massive lac-
tate concentration in 1H MRS. Diffusion-weighted MRI, 
which detects the molecular diffusion of water, has been 
proposed as an adjunct in the diagnosis of brain death, 
because it can identify widespread cerebral ischemia.109

TRANSCRANIAL DOPPLER 
ULTRASONOGRAPHY

Transcranial Doppler ultrasonography (TCD) is a safe, non-
invasive, and inexpensive method that can be performed 
at the bedside. However, the test requires skill and knowl-
edge in its application to insonate the major intracranial 
arteries. The Neurosonology Research Group of the World 
Federation of Neurology created a task force group to eval-
uate the role of TCD as a confirmatory test for determin-
ing brain death and offered the criteria for the diagnosis 
of cerebral circulatory arrest.110 According to the criteria, 
cerebral circulatory arrest can be confirmed if the following 
extracranial and intracranial Doppler sonographic findings 
have been recorded and documented both intracranially 
and extracranially and bilaterally on two examinations at 
an interval of at least 30 minutes:
  

 1.  Systolic spikes or oscillating flow in any cerebral artery 
can be recorded by bilateral transcranial insonation 
of the internal carotid artery (ICA) and middle cere-
bral artery (MCA), respectively, or any branch or other 
artery that can be recorded (anterior and posterior 
circulation).

 2.  The diagnosis established by the intracranial examina-
tion must be confirmed by the extracranial bilateral 
recording of the common carotid artery, ICA, and ver-
tebral arteries.

 3.  The lack of a signal during transcranial insonation 
of the basal cerebral arteries is not a reliable finding 
because this can be due to transmission problems.

 4.  Ventricular drains or large openings of the skull as in 
decompressive craniotomy possibly interfering with 
the development of the intracranial pressure are not 
present.

  

According to the report of the Therapeutics and Tech-
nology Assessment Subcommittee of the American Acad-
emy of Neurology, the sensitivity of TCD for diagnosis 
of brain death ranges from 91% to 100%.111 In a meta-
analysis of 10 studies concerning TCD examination, two 
high-quality studies showed a sensitivity of 95% and a 
specificity of 99% to detect brain death, and all 10 studies 
showed a sensitivity of 89% and a specificity of 99%.112 
Poularas and co-workers113 reported that when they exam-
ined 40 clinically brain-dead patients by TCD and angiog-
raphy the agreement between the TCD and angiography 
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to confirm brain death was 100%. Young and associates,86 
however, strongly recommend that because of numerous 
caveats and lack of precise guidelines, TCD should not be, 
at this time, recommended as the sole test of brain perfu-
sion in the case of suspected brain death.

POSITRON EMISSION TOMOGRAPHY

Positron emission tomography (PET) imaging involves 
intravenous injection of radiotracers labeled with pos-
itron-emitting nuclides (e.g., O-15, carbon-11, nitro-
gen-13). These radionuclides are incorporated into 
organic compounds chemically similar to those present 
in the body, and several physiologic parameters can be 
measured. A few of the reports about the use of PET in 
the setting of brain death indicated the utility of PET in 
the confirmation of brain death. No detectable glucose 
metabolism was reported using fluorine-18 fluorodeoxy-
glucose (18F-FDG) in brain-dead patients.114 On the other 
hand, Medlock and colleagues115 reported a clinically 
brain-dead 2-month-old infant with no cerebral electri-
cal activity who demonstrated the persistence of glucose 
metabolism by PET. These investigators speculated that 
the preservation of glucose metabolism was partly caused 
by glial cells, which are more resilient than neurons. The 
use of PET in the investigation of comatose or brain-dead 
patients is still in an early stage of development and lim-
ited by its high cost and need for special facilities. Laureys 
and associates116 suggested that functional neuroimaging 
is providing new insights into cerebral activity in patients 
with severe brain damage and that measurements of 
cerebral metabolism and brain activations in response 
to sensory stimuli with PET, functional MRI, and elec-
trophysiologic methods can provide information on 
the presence, degree, and location of any residual brain 
function.

ORGAN DONATION

The concept of brain death has been developed with the 
development of organ transplantation, and the main pur-
pose of diagnosis of brain death is that it permits mul-
tiple vital organ procurement for transplantation (see 
also Chapter 75). In 2010, the World Health Assembly led 
by World Health Organization (WHO) endorsed revised 
Guiding Principles on Human Cell, Tissue and Organ 
Transplantation, referring to both living and deceased 
donations, to provide an orderly, ethical and acceptable 
framework for the acquisition and transplantation of 
human cells, tissues, and organs for therapeutic purposes. 
In guiding principles, it is stated that tissues and organs 
may be removed from the bodies of deceased persons for 
the purpose of transplantation if (1) any consent required 
by law is obtained and (2) there is no reason to believe 
that the deceased person objected to such removal.117 
The dead-donor rule118 is the ethical and legal axiom. 
Because of a critical shortage of organs for transplanta-
tion, various measures have been proposed to improve 
the rate of organ donation from brain-dead patients, such 
as “required request” and “presumed consent.”117,118 Fur-
thermore, “non–heart beating organ donor,”—that is, 
“donation after circulatory death (DCD)” protocols, in 
which life-sustaining therapy is withheld for an immi-
nently dying patient with the removal of the transplant-
able organs after the patient’s cardiac arrest, have been 
introduced. Such protocols have gained popularity, 
especially after a qualified endorsement by the Institute 
of Medicine.121,122 However, the protocols are not new 
and special, because before the acceptance of donation 
after brain death (DBD), cadaveric donations were from 
patients who had been declared dead by cardiorespiratory 
criteria and many of the renal transplantations performed 
have used organs retrieved after determination of cardiac 
arrest. Although warm ischemic injuries limit the poten-
tial for DCD, not only kidney but also liver, pancreas, and 
lungs, which are rather vulnerable to ischemia, are now 
being retrieved by DCD and successfully transplanted.123 
The warm ischemia time (WIT) in DCD begins at the 
withdrawal of life-sustaining cardiorespiratory support 
and ends at the end of cardiopulmonary function when 
cold perfusion is established, and a number of attempts 
to reduce the length and degree of WIT have been per-
formed to improve the outcomes of transplants from DCD 
to reduce ischemic injury. Although DBD, unlike DCD, 
has an opportunity to maintain or even improve the con-
dition of organs before retrieval by optimal donor man-
agement and minimizing WIT, various risk factors exist 
to aggravate injury to donor’s organs and consequently 
increase propensity to rejection, such as cardiovascular 
instability and generalized inflammatory and hormonal 
changes.122 Therefore, many therapeutic goals and treat-
ment guidelines have been proposed to maximize use of 
organs procured from cadaver donors.59,60,124,125

DCD is classified into five categories by the modified 
Maastricht classification: category I (dead on arrival), II 
(unsuccessful resuscitation), and V (unexpected arrest 
in patients in the ICU) belong to uncontrolled DCD, 
whereas category III (anticipated cardiac arrest) and IV 
(cardiac arrest in a brain-dead donor) belong to controlled 
DCD, in which organ retrieval is performed after death 
resulting from the planned withdrawal of life-sustaining 
cardiorespiratory support.126 The DCD may be used when 
the donor does not fulfill brain death criteria. Although 
the controlled DCD is the most common form of DCD, 
logistical and ethical difficulties remain: the robust diag-
nosis and reason for medical futility to justify treatment 
withdrawal is mandatory.127 It is also necessary that the 
decision to withdraw or withhold life-sustaining cardiore-
spiratory support should be independent and made before 
any consideration of organ donation.123 In addition, diag-
nosis of death requires the determination of irreversibility, 
but some cases of autoresuscitation (spontaneous return 
of the circulation after circulatory arrest) after cardiac 
arrest have been reported. Most criteria allow death to be 
confirmed (and therefore organ retrieval to begin) after 
5 minutes of continuous cardiorespiratory arrest, which 
is empirically believed to be sufficient interval to ensure 
that both consciousness and respiration have ceased and 
autoresuscitation should not occur. However, the Insti-
tute of Medicine acknowledges the uncertainty and lack 
of scientific evidence for irreversibility for the 5-minute 
interval.122,127-129 As in adults, DCD has been applied 
for children in the past decade as a result of the chronic 
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Critical Pathway for Organ Donation*

or

Treating physician
to identify/refer a potential donor

 A  medically suitable person who has been
 declared dead based on neurologic criteria as
 stipulated by the law of the relevant jurisdiction.

 A person whose clinical condition is
 suspected to fulfill brain death criteria.

   A consented eligible donor:

or

A. In whom an operative incision was made
     with the intent of organ recovery for the
     purpose of transplantation.

B. From whom at least one organ was
     recovered for the purpose of transplantation.

 An actual donor from whom at least one organ
 was transplanted.

Donation after circulatory death (DCD )

Potential DBD donor

Eligible DBD donor

Actual DBD donor

Utilized DBD donor

Donation after braindeath (DBD )

Possible deceased organ donor

System

Donor/Organ

Permission

Reasons why a potential donor
 does not become a utilized donor

A patient with a devastating brain injury or lesion or a patient with circulatory failure
and apparently medically suitable for organ donation

A person whose circulatory and respiratory
functions have ceased and resuscitative
measures are not to be attemped or continued.

A person in whom the cessation of circulatory
and respiratory functions is anticipated to
occur within a time frame that will enable
organ recovery.

• Failure to identify/refer a potential or eligible donor

• Medical unsuitability
  (e.g., serology positive, neoplasia)
• Haemodynamic instablity/unanticipated
  cardiac arrest
• Anatomic, histologic and/or functional
  abnormalities of organs
• Organs damaged during recovery
• Inadequate perfusion of organs or thrombosis

• Expressed intent of deceased not to be donor
• Relative's refusal of permission for organ donation
• Refusal by coroner or other judicial officer to allow
  donation for forensic reasons

• Brain death diagnosis not confirmed
(e.g., does not fulfill criteria) or completed

• Logistical problems (e.g., no recovery team)
• Lack of appropriate recipient (e.g., child, blood type,
  serology positive)

(e.g., lack of technical resources or clinician to
  make diagnosis or perform confirmatory tests)
• Circulatory death not declared within the
  appropriate time frame.

A.

B.

Potential DCD donor

Eligible DCD donor

Actual DCD donor

Utilized DCD donor

In whom an operative incision was made
with the intent of organ recovery for the
purpose of transplantation.

From whom at least one organ was
recovered for the purpose of transplantation.

 An actual donor from whom at least
 one organ was transplanted.

A consented eligible donor:

or

A medically suitable person who has been
declared dead based on the irreversible absence
of circulatory and respiratory functions as
stipulated by the law of the relevant jurisdiction,
within a time frame that enables organ recovery.

*The “dead donor rule” must be respected. That is, patients may become donors only after death, and the recovery of organs must not cause a donor ’s death.

A.

B.

Figure 76-2. The critical pathways for donation after brain death and donation after circulatory death, as published by the World Health Orga-
nization. (From Dominguez-Gil B, Delmonico FL, Shaheen FAM, et al: The critical pathway for deceased donation: reportable uniformity in the approach 
to deceased donation. Transplant Int 24:373, 2011.)
shortage of organs for transplantation and death is con-
firmed after 5 minutes of continuous circulatory arrest.77

Organ donation and transplant rates vary widely across 
the globe. A number of countries, such as Spain, Portu-
gal, France, Italy, and the United States, have deceased 
donation rates over 20 per million of population, whereas 
the rates were less than 20 per million of population in 
the United Kingdom, the Netherlands, and Australia in 
2009.130 The contribution of DCD to overall donor num-
bers varies internationally, too. Whereas DCD accounts 
for a substantial proportion of overall deceased organ 
donors in the Netherlands and the United Kingdom, DCD 
is virtually nonexistent in Germany and Portugal.123 The 
WHO recently issued the critical pathway for both DCD 
and DBD, a tool that can be applicable to every country 
and every area of specific hospitals, regardless of the level 
of development of the related health care system or its 
baseline experience on deceased organ donation (1) to 
provide a common systematic approach to the deceased 
organ donation process, considering both DBD and DCD; 
(2) to provide a useful and common tool for assessing the 
potential of deceased donation, evaluation performance 
in the deceased donation process and identifying areas 
for improvement; and (3) to create a common scenario or 
trigger in which the prospective identification and refer-
ral of a possible deceased organ donor can be undertaken 
(Fig. 76-2).131

Anesthesiologists should have ample knowledge about 
brain death and organ donation, because they would be 
involved not only in anesthetic management of a brain-
dead patient for organ procurement but also in brain 
death diagnosis. In brain-dead patients, brainstem func-
tion with or without cortical functions is absent, and the-
oretically the patients are unconscious. However, because 
the spinal cord is intact and somatic and visceral reflexes 
remain,1,69 special care is required for anesthesia manage-
ment. Muscle relaxants are necessary to suppress motor 
activity mediated by spinal reflexes. Vasodilators usually 
are employed to suppress hypertension and tachycardia 
by noxious stimuli. However, some have the opinion that 
sedation and analgesia should be given with muscle relax-
ation for organ donation, especially in cases of brainstem 
brain death,47 although analgesic and anesthetic agents 
are theoretically unnecessary. Van Norman119 stressed 
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that anesthesiologists must have specific knowledge 
about the medical and legal definitions of death, as well 
as the ethical concepts behind them, and when anesthe-
siologists face anesthetic management for organ dona-
tion, they should consider the conditions of brain-dead 
patients and furthermore determine whether they really 
are brain dead.
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