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Preface

Technological advances in cardiovascular care have changed the patient population
referred to cardiac surgeons. At a time when off-pump surgery and robotics are being uti-
lized to offer the patient a less invasive and potentially more benign procedure, the advent of
drug-eluting stents has dramatically decreased referrals for coronary bypass surgery.
Saphenous vein graft disease, multivessel disease, and at times, left main disease have become
“endovascular” problems to be approached by percutaneous coronary interventions (PCI) in
the cath lab. Seemingly, coronary artery bypass surgery (CABG) has become reserved for
patients with failed stents, unstentable disease, or such diffuse disease that even the most
aggressive cardiologist admits defeat and refers the patient to surgery. The percentage of
patients requiring valve or combined surgery has increased, although isolated coronary sur-
gery still remains the most common procedure. Yet, despite these trends, surgical results, as
tracked by the Society of Thoracic Surgeons database, continue to improve. So, we must be
doing something right!

Improvements in intraoperative management have contributed to better patient out-
comes. Excellence in cardiac anesthesia with protocols to achieve early extubation and rou-
tine use of intraoperative transesophageal echocardiography play a major role in optimizing
surgical outcome. Surgeons have also become more technically proficient and recognize the
importance of excellent myocardial protection. Despite improvements in cardiopulmonary
bypass (CPB) technology, off-pump surgery (OPCAB) has been promoted as a means of
minimizing the adverse effects of CPB, although its  advantages over traditional on-pump
CABG are somewhat controversial. Some surgeons reserve its use for patients with advanced
comorbidities that might otherwise contraindicate on-pump CABG. However, no matter
which technique of surgery is used and how well it is performed, excellence in perioperative
care will affect the outcome in critically ill patients. That is why an update of the manual is
timely, now 6 years since the last edition.

In an attempt to keep this manual at a reasonable length and not weigh down the pocket
of the user, the decision was made to retain only the Adult Cardiac Surgery section of the
book. Each chapter has been extensively updated and rereferenced to include the latest infor-
mation on perioperative care. The outline format, which most readers have found quite
beneficial in providing easy access to information, has been retained. It should be noted that
the book is written in a chronological fashion from Chapters 2 to 8, covering diagnostic tests,
then preoperative, intraoperative, and early postoperative care issues. Chapters 9–12 discuss
bleeding, and the respiratory, cardiac, and renal subsystems in depth, and the final chapter
covers additional problems and issues on the postoperative floor. Thus, there is no chapter
devoted specifically to off-pump surgery, which is discussed primarily in the chapters on
intraoperative and postoperative management (Chapters 4 and 8).

I am hopeful that this 4th edition will provide a timely update on perioperative care that
will allow its readers to provide the best possible care to their adult cardiac surgical patients.

Robert M. Bojar, M.D.
December 2004
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Notice: The indications and dosages of all drugs in this book have been recom-
mended in the medical literature and conform to the practices of the general com-
munity. The medications described do not necessarily have specific approval by the
Food and Drug Administration for use in the diseases and dosages for which they are
recommended. The package insert for each drug should be consulted for use and
dosage as approved by the FDA. Because standards for usage change, it is advisable
to keep abreast of revised recommendations, particularly those concerning new
drugs.

Abbreviations used throughout this book are typeset and easy to read. However,
many hospitals have lists of approved abbreviations designed to prevent medication
errors often caused by inability to interpret handwriting. It is therefore advisable
that all orders be written according to individual hospital regulations to ensure that
accurate medication doses and intervals are provided to patients.
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1 Synopsis of Adult Cardiac 
Surgical Disease

It is essential that all individuals involved in the assessment and management of patients with
cardiac surgical disease have a basic understanding of the disease processes that are being
treated. This chapter presents the spectrum of adult cardiac surgical disease that is encoun-
tered in most cardiac surgical practices. The pathophysiology, indications for surgery, specific
preoperative considerations, and surgical options for various diseases are presented.
Diagnostic techniques and general preoperative considerations are presented in subsequent
chapters, and postoperative issues specific to each type of surgical procedure are discussed in
Chapter 8.

I. Coronary Artery Disease
A. Pathophysiology. Coronary artery disease (CAD) results from progressive blockage

of the coronary arteries by atherosclerosis. Clinical syndromes result from an imbal-
ance of oxygen supply and demand resulting in inadequate myocardial perfusion to
meet metabolic demand (ischemia). Plaque rupture with superimposed thrombosis is
responsible for most acute coronary syndromes.

B. Management strategies
1. Symptomatic coronary disease is initially treated with nitrates, β-adrenergic block-

ers, calcium channel blockers, and aspirin.1 Angiotensin-converting enzyme
(ACE) inhibitors are generally used for hypertension control, and “statins” are ben-
eficial for hyperlipidemia and plaque stabilization.2

2. ST-segment infarctions should be treated by either primary angioplasty and stent-
ing or thrombolytic therapy if the patient presents within 6 hours of the onset of
chest pain.3,4

3. Patients presenting with acute coronary syndromes with non–ST-segment myocar-
dial infarctions should be administered unfractionated or low-molecular-weight
heparin, aspirin, and clopidogrel (Plavix).5–10 The latter should not be given if
urgent surgery is considered likely.

4. In patients with continuing ischemia and high-risk features (crescendo angina over
48 hours, rest pain, electrocardiographic changes at rest, congestive heart failure
[CHF], or elevated troponins levels), platelet glycoprotein IIb/IIIa inhibitors, such
as tirofiban or eptifibatide, should also be given with plans to proceed to an early
invasive strategy of catheterization, at which time the appropriate means of inter-
vention (angioplasty and stenting versus surgery) can be determined.11

C. Selection of an interventional procedure12 

1. An assessment of the patient’s clinical presentation, coronary anatomy, degree of
inducible ischemia on stress testing, and status of ventricular function is taken
into consideration in determining whether the patient is an appropriate candidate
for an interventional procedure. The primary objective of any intervention is the
relief of ischemia, and it should be considered for any patient with the appropriate
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coronary anatomy in whom refractory angina is present or in whom the degree of
ischemia, symptomatic or not, threatens to lead to myocardial infarction (MI).
When the indications for an intervention are present, selection of the appropriate
procedure depends on the extent and nature of the coronary disease.

2. Improvements in the technology of percutaneous coronary intervention (PCI) have
altered the basic approach to patients with CAD. Use of balloon angioplasty and/or
stenting is applicable to many patients with multivessel disease. Early results of the
use of drug-eluting stents in reducing restenosis rates are encouraging, although
the long-term results are not known because such devices only became available in
early 2003.13,14 There is still some limitation in the capacity of PCI to achieve com-
plete and lasting revascularization in patients with diffuse multivessel disease, espe-
cially in diabetics, but data suggest that with careful follow-up and repeat interven-
tions, comparable long-term results to coronary bypass surgery may be achieved.15

Results in the precoated stent era were optimized by the administration of clopido-
grel prior to the stenting procedure and continuing it for at least 1 month, and
probably for as long as 1 year.16

D. Indications for surgery. If PCI is not feasible (e.g., tight left main disease, diffuse
multivessel disease, or calcified coronaries) or if it is unsuccessful (e.g., inability to
cross the lesion, in-stent stenosis), surgery is indicated in the following situations:
1. Patient has refractory angina or a large amount of myocardium in ischemic jeopardy:

a. Class III–IV chronic stable angina refractory to medical therapy (Box 1.1).
b. Unstable angina refractory to medical therapy. The term “acute coronary syn-

drome” applies to the overlapping presentations of unstable angina and MI of
varying degrees. Measurement of troponin levels can differentiate unstable
angina without MI from a non–ST-segment elevation infarction. An elevated
troponin level is associated with an increased incidence of adverse cardiovascu-
lar events and is an indication for an early invasive strategy.

c. Acute ischemia or hemodynamic instability following attempted coronary
angioplasty or stenting (especially with dissection and compromised flow).

d. Acute evolving infarction within 4–6 hours of the onset of chest pain or later if
evidence of ongoing ischemia (early postinfarction ischemia).

e. Markedly positive stress test prior to major intraabdominal or vascular surgery.
f. Ischemic pulmonary edema, a common angina equivalent in elderly women.

Box 1.1  •  New York Heart Association Functional Classification

Class

I. No limitation of physical activity

II. Slight limitation of physical activity. Ordinary activity results in fatigue, palpitation,
dyspnea, or anginal pain

III. Marked limitation of physical activity. Less than ordinary activity causes fatigue,
palpitation, dyspnea, or anginal pain

IV. Inability to carry out any physical activity without discomfort. Symptoms may be
present even at rest
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2. A second group of patients includes those without disabling angina or refractory
ischemia in whom the extent of coronary disease, the status of ventricular function,
and the degree of inducible ischemia on stress testing are such that surgery may
improve long-term survival. This is presumed to occur by preventing infarction and
preserving ventricular function. Surgery is especially beneficial for patients with
impaired ventricular function and inducible ischemia in whom the medical prog-
nosis is unfavorable.
a. Left main stenosis > 50%.
b. Three-vessel disease with ejection fraction (EF) < 50%.
c. Three-vessel disease with EF > 50% and significant inducible ischemia.
d. Two-vessel disease with involvement of proximal left anterior descending artery

(LAD).
e. One- and two-vessel disease with extensive myocardium in jeopardy but lesions

not amenable to PCI.
3. A third group of patients should undergo bypass surgery when other open-heart

procedures are indicated:
a. Valvular operations, septal myectomy, and so forth with associated CAD.
b. Concomitant surgery for postinfarction mechanical defects (left ventricular

aneurysm, ventricular septal rupture, acute mitral regurgitation).
c. Coronary artery anomalies with risk of sudden death (vessel passing between

the aorta and pulmonary artery).
4. The American Heart Association/American College of Cardiology (AHA/ACC)

publications on coronary artery bypass grafting (CABG) have provided indica-
tions for surgery according to class I–III evidence of efficacy, subdividing the
indications initially by the clinical indication and then by coronary anatomy
(Table 1.1).

E. Preoperative considerations
1. Preoperative autologous blood donation is feasible in patients with chronic stable

angina to reduce the requirement for homologous transfusion.17,18 However, with
the use of antifibrinolytic drugs for on-pump surgery and the frequent performance
of off-pump surgery, fewer than 50% of patients receive any blood products during
their hospital stay. Thus, there is little benefit to autologous donation in the healthy
elective patient. It is best avoided in patients with unstable ischemic syndromes and
left main coronary disease, many of whom require urgent surgery soon after
catheterization and often have low hematocrits.

2. Avoidance of myocardial ischemia is essential in the immediate preoperative peri-
od. All antianginal medications should be continued up to and including the morn-
ing of surgery. Several studies have demonstrated the benefit of preoperative β-
blocker therapy on lowering perioperative mortality in cardiac surgery patients.19,20

Patients being admitted the morning of surgery should be reminded to take their
medications before coming to the hospital.

3. Aggressive management of ischemia is indicated in unstable patients to reduce
the risk of surgery. This may include adequate sedation, heparin and antiplatelet
therapy, antiischemic medications (intravenous  nitrates and β-blockers) to con-
trol heart rate and blood pressure, and/or placement of an intraaortic balloon
pump (IABP) for refractory ischemia. It cannot be overemphasized that just
because a patient has been catheterized and accepted for surgery does not mean
that his or her medical care should not be aggressive up to the time of surgery!



Class I Class IIA Class IIB

Table 1.1  •  ACC/AHA Guidelines for CABG Surgery: Indications for Surgery

ST-elevation MI

Unstable angina 
Non-STEMI

Stable angina

Asymptomatic/mild
angina

Persistent or recurrent ischemia or
hemodynamic instability if PCI fails
or patient is not a candidate for PCI

Cardiogenic shock developing within
36 h of STEMI if CABG possible within
18 h of developing shock (< age 75)

Life threatening ventricular arrhythmias
with left main ≥ 50% or 3 VD

Left main ≥ 50% 
Left main equivalent*
Refractory ischemia on maximal

medical therapy

Left main ≥ 50%
Left main equivalent
3 VD
2 VD with > 70% proximal LAD and EF

< 50% or + ETT
1–2 VD without proximal LAD but

large area of viable ischemic
myocardium 

Refractory angina with + ETT

Left main ≥ 50%
Left main equivalent
3 VD

Noncandidates for PCI or fibrinolysis
within 6–12 h of evolving STEMI

Cardiogenic shock as noted in class I
but age > 75

Proximal LAD with 1–2 VD

Proximal LAD with 1 VD
1–2 VD without proximal 

LAD with moderate area of 
ischemic myocardium

Proximal LAD with 1–2 VD

None

1–2 VD not involving LAD

None

1–2 VD not involving LAD



Class I Class IiA Class IIB

Table 3.2  •  ACC/AHA Guidelines for CABG Surgery: Indications for Surgery

Poor LV function

Ventricular 
arrhythmias 

Failed PCI

Reoperation

Left main ≥ 50%
Left main equivalent
Proximal LAD with 2–3 VD

Left main ≥ 50%
3 VD

Ongoing ischemia or threatened 
occlusion

Hemodynamic compromise

Disabling angina on maximal medical
therapy

No patent grafts but class I indications
for surgery for native vessel disease
(left main, LM equivalent, 3 VD)

Significant viable, dysfunctional
myocardium with CAD other than
noted at left

Bypassable 1–2 VD
Proximal LAD with 1–2 VD

Foreign body in crucial position
Hemodynamic compromise with

coagulopathy if no previous
sternotomy

Bypassable arteries with large area of
ischemia

Atherosclerotic vein graft to LAD or a
large area of myocardium

None

None

Hemodynamic compromise
with coagulopathy needing
reoperation

None

Class I: Procedure is useful and effective; class IIa: weight of opinion is in favor of usefulness/efficacy; class IIB: usefulness/efficacy is less well established.
* Left main equivalent is >70% in proximal LAD and circumflex.
CABG = coronary artery bypass grafting; LAD = left anterior descending artery; VD = vessel disease; Non-STEMI = non–ST-segment elevation myocardial infarction;
MI = myocardial infarction; EF = ejection fraction; ETT = exercise tolerance test; LV = left ventricular; CAD = coronary artery disease; PCI = percutaneous coronary
intervention; ITA = internal thoracic artery. 
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If the patient has persistent ischemia despite all of these measures, emergency sur-
gery is mandatory.

4. Intravenous unfractionated heparin is often used in patients with unstable angina,
left main coronary disease, or a preoperative IABP. The heparin should generally
be continued up to the time of surgery to avoid the potential problem of precipi-
tating ischemia in the prebypass period when the anticoagulant effect of heparin
dissipates. Central lines can usually be placed safely while the patient is
heparinized. Patients receiving heparin should have their platelet count rechecked
daily to detect the development of heparin-induced thrombocytopenia, particular-
ly within 24 hours of surgery. If low-molecular-weight heparin is used, it must be
stopped at least 12 hours prior to surgery.21

5. Preoperative blood transfusions should be considered in patients with unstable
angina and a hematocrit < 26%. This not only may improve the ischemic syndrome
but will minimize hemodilution during surgery and the requirement for blood
product transfusion. In addition to blood withdrawal for preoperative lab tests, it is
not uncommon for the hematocrit to fall several points after a cardiac catheteriza-
tion both from blood loss and hemodilution with hydration. One study showed
that coronary angiography was associated with a fall in hemoglobin of 1.8 g/dL
(equivalent to about a 5.4% fall in hematocrit).22 The requirement for transfusions
has been documented to increase perioperative mortality rates in the Society of
Thoracic Surgeons (STS) database.23

6. Whether aspirin should be stopped preoperatively is controversial. Although sev-
eral studies in the 1980s and early 1990s demonstrated increased perioperative
bleeding in patients who remained on aspirin up to the time of surgery,24,25 other
studies failed to demonstrate this.26,27 Despite the traditional recommendation that
aspirin should be stopped 7 days prior to elective surgery, studies have shown that
platelet function generally returns to normal without an increase in transfusion
requirements if it is stopped just 3 days preoperatively.28,29 Fueling this controversy
even more is evidence that perioperative mortality is lower in patients in whom
aspirin is continued up to the time of surgery.30,31

7. In contrast, the preoperative use of clopidogrel has been shown in many, but not all,
studies to significantly increase the risk of bleeding and reexploration for bleed-
ing.32–35 Thus, it has been recommended that it be stopped 5–7 days before elective
surgery.
a. Many patients are given a 300-mg loading dose of clopidogrel upon arrival in

the catheterization lab in anticipation of a stenting procedure, only to find that
surgery is indicated on an urgent basis. Furthermore, stenting of culprit vessels
may occasionally be performed on an emergency basis for an evolving infarction
with subsequent referral for urgent surgery to achieve complete revasculariza-
tion. Thus, it may not be possible to have the patient off clopidogrel for the rec-
ommended period of time.

b. Surgeons must take additional steps, including platelet transfusions, to control
bleeding caused by clopidogrel-induced platelet dysfunction. Unfortunately, the
circulating active metabolite of clopidogrel may bind to transfused platelets and
limit their effectiveness. It has been recommended that IIb/IIIa inhibitors
should be used rather than clopidogrel in patients with acute coronary syndromes
if there is any possibility that urgent surgery may be necessary.35
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F. Surgical procedures
1. Traditional coronary bypass grafting is performed through a median sternotomy

incision using cardiopulmonary bypass (CPB). Myocardial preservation is usually
provided by cardioplegic arrest. The procedure involves bypassing the coronary
blockages with a variety of conduits. The left internal thoracic (or mammary) artery
(ITA) is usually used as a pedicled graft to the LAD and is supplemented by saphe-
nous vein grafts interposed between the aorta and the coronary arteries (Figure 1.1).
a. The saphenous vein should be harvested endoscopically or with skip incisions

to minimize patient discomfort, reduce the incidence of leg edema and wound
healing problems, and optimize cosmesis.36

b. Since improved event-free survival has been documented with use of arterial
conduits, expanded use of the ITA (bilateral ITAs and sequential grafts)37 and
use of the radial artery have become more commonplace.38,39 The radial artery
usually is harvested through an open incision but can now be harvested endo-
scopically.40 Intravenous diltiazem 0.1 mg/kg/h (usually 5–10 mg/h) or intra-
venous nitroglycerin 10–20 µg/kg/min is initiated during surgery and contin-
ued into the postoperative period to minimize spasm in radial artery conduits,
although the necessity of using such pharmacologic management has not been
proved necessary.

2. Concerns about the adverse effects of CPB spurned the development of technology
to allow safe “off-pump” coronary artery bypass (OPCAB) during which complete

Figure 1.1 • Coronary artery bypass grafting. A left internal thoracic artery (LITA) has been
placed to the left anterior descending artery (LAD) with aortocoronary saphenous vein grafts
(SVG) to the circumflex marginal and right coronary arteries.
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revascularization could be performed with the avoidance of CPB. Deep pericardial
sutures are placed that, upon traction, allow for positioning of the heart without
hemodynamic compromise. Various devices provide assistance in retracting the
apex of the heart to improve lateral wall exposure. A stabilizing platform of various
types (pressure, suction) minimizes movement at the site of the arteriotomy
(Figure 1.2). Intracoronary or aortocoronary shunting can minimize ischemia after
an arteriotomy is performed.
a. Conversion to on-pump surgery may be necessary in the following circum-

stances:
i. Coronary arteries are very small, severely diseased, or intramyocardial.

ii. LV function is very poor, or there is severe cardiomegaly or hypertrophy that
precludes adequate cardiac translocation without hemodynamic compro-
mise or arrhythmias.

iii. Uncontrollable ischemia or arrhythmias develop with vessel occlusion that
persist despite distal shunting.

iv. Intractable bleeding occurs that cannot be controlled with vessel loops or an
intracoronary shunt.

b. Several studies have reported that OPCABs lower mortality rates, reduce trans-
fusion requirements, and arguably reduce the risk of neurocognitive dysfunc-
tion, renal dysfunction, and atrial fibrillation (AF). Despite these potential
advantages, the wave of enthusiasm for this technique has partially waned, and
many surgeons are reserving its use for patients with limited disease. Its major
advantage may be in very high-risk patients with multiple comorbidities in
whom it is critical to avoid CPB.41–43

Figure 1.2 • Off-pump bypass grafting requires displacement of the heart using techniques
to avoid hemodynamic compromise. These may include placement and elevation of deep
pericardial sutures or use of an apical suction device. A stabilizing device is used to minimize
motion and a proximal vessel loop is placed to minimize bleeding at the site of the anastomosis.
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c. In some patients with severe ventricular dysfunction, the heart will not tolerate
the manipulation required during off-pump surgery. In this circumstance, right
ventricular (RV) assist devices can be used to improve hemodynamics.
Alternatively, surgery can be done on pump on an empty beating heart to avoid
the period of cardioplegic arrest.

3. Minimally invasive direct coronary artery bypass (MIDCAB) was a procedure pop-
ularized in the late 1990s that involved bypassing the LAD  with the ITA without use
of CPB via a short left anterior thoracotomy incision. Although an additional incision
could be used to bypass the right coronary artery, most surgeons abandoned this tech-
nique in favor of an off-pump procedure via a median sternotomy incision.

4. Transmyocardial revascularization (TMR) is a technique in which laser channels
are drilled in the heart with CO2 or holmium-YAG lasers to improve myocardial per-
fusion. Although the channels occlude within a few days, the inflammatory reaction
created induces neoangiogenesis that may be associated with upregulation of various
growth factors, such as vascular endothelial growth factor. This procedure can be used
as a sole procedure performed through a left thoracotomy for patients with inopera-
ble CAD in regions of viable myocardium. Alternatively, it can be used as an adjunct
to CABG in viable regions of the heart where bypass grafts cannot be placed.44–47

II. Left Ventricular Aneurysm
A. Pathophysiology

1. An LV aneurysm results from the occlusion of a major coronary artery that pro-
duces an extensive transmural infarction. The damaged myocardium is converted
to thin scar tissue that exhibits dyskinesia during ventricular systole.48

2. The two most common presentations are those of ischemic syndromes and CHF.
Angina results from the presence of multivessel disease associated with the increased
systolic wall stress of a dilated ventricle. CHF results from poor ventricular function
and the reduction of stroke volume caused by geometric remodeling of the aneurys-
mal segment due to loss of contractile tissue and an increase in ventricular size.

3. Systemic thromboembolism may result from thrombus formation within the dys-
kinetic segment.

4. Malignant ventricular arrhythmias or sudden death may result from the develop-
ment of a macroreentry circuit at the border zone between scar tissue and viable
myocardium.

B. Indications for surgery. Surgery is usually not indicated for the patient with an
asymptomatic aneurysm because of its favorable natural history. This is in contrast to
the unpredictable prognosis and absolute indication for surgery in a patient with a
false aneurysm, which is caused by a contained rupture of the ventricular muscle.
Surgery may be beneficial in the patient with asymptomatic disease when an
extremely large aneurysm is present or when extensive clot formation is present in the
aneurysm. Surgery is most commonly indicated to improve symptoms and prolong
survival when one of the four clinical syndromes noted above is present: angina, CHF,
systemic thromboembolism, or malignant arrhythmias. In the past, the latter was
treated by a map-guided endocardial resection, but the expensive equipment for intra-
operative mapping is no longer manufactured. Therefore, it is treated by a nonguided
endocardial resection through the aneurysm with or without cryosurgery along with
subsequent placement of a transvenous implantable cardioverter-defibrillator (ICD).
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C. Preoperative considerations
1. A biplane left ventriculogram is helpful in differentiating aneurysms from areas of

akinesis and for evaluating the function of the nonaneurysmal ventricle. The thin-
ning of the ventricle is best identified by echocardiography.

2. The patient should be maintained on heparin up to the time of surgery if LV
thrombus is present. Thrombus is best delineated by echocardiography.

D. Surgical procedures49,50

1. Standard aneurysmectomy entails a ventriculotomy through the aneurysm, resec-
tion of the aneurysm wall, including part of the septum if involved, and linear clo-
sure over felt strips (Figure 1.3).51,52

Figure 1.3 • Repair of a left ventricular aneurysm using the linear closure technique. (A) The
thinned out scar tissue is opened and partially resected. Any left ventricular thrombus is
removed. (B) The aneurysm is then closed with mattress sutures over felt strips. (C) An addi-
tional over-and-over suture is placed over a third felt strip. (D) Cross section of the final repair.
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2. The “endoaneurysmorrhaphy” technique is used for large aneurysms. A pericardial
or Dacron patch is sewn to the edges of viable myocardium at the base of the
aneurysm and the aneurysm wall is reapproximated over the patch (Figure 1.4).
This preserves LV geometry and improves ventricular function to a greater degree
than the linear closure method.53

3. Other methods of endoventricular repair involve tailoring of the residual muscle
before patch closure ( Jatene operation) and the endoventricular circular patch
plasty technique of Dor that excludes the noncontracting segment with a patch
(Figure 1.4D).49,54,55 A slight modification of the Dor procedure called surgical
anterior ventricular endocardial restoration (SAVER) produces an elliptical con-
tour of the heart and results in significant improvement in ventricular size and
function.56

4. Coronary bypass grafting of critically diseased vessels should be performed.
Bypass of the LAD and diagonal arteries should be considered if septal reperfu-
sion can be accomplished.

Figure 1.4 • Repair of a left ventricular aneurysm using the endoaneurysmorrhaphy tech-
nique. (A,B) A pericardial patch is sewn at the base of the defect at the junction of scar and
normal myocardium to better preserve ventricular geometry. The left ventricle is closed in a
similar fashion to the linear technique. (C) Cross section of the final repair. (D) The Dor proce-
dure is a modification of this technique in which a circumferential pursestring suture is placed
at the base of the defect to restore a normal orientation to the ventricle. A patch is then sewn
over the defect.
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III. Ventricular Septal Defect
A. Pathophysiology. Extensive myocardial damage subsequent to occlusion of a major

coronary vessel may result in septal necrosis and rupture. This usually occurs within
the first week of an infarction, more commonly in the anteroapical region (from
occlusion of the LAD) and less commonly in the inferior wall (usually from occlu-
sion of the right coronary artery). It is noted in fewer than 1% of acute MIs, and the
incidence has been reduced by use of early reperfusion therapy for ST-segment ele-
vation infarctions. The presence of a ventricular septal defect (VSD) is suggested by
the presence of a loud holosystolic murmur that reflects the left-to-right shunting
across the ruptured septum. The patient usually develops acute pulmonary edema
and cardiogenic shock from the left-to-right shunt.57

B. Indications for surgery. Surgery is indicated on an emergency basis for nearly all
postinfarction VSDs to prevent the development of progressive multisystem organ
failure. Occasionally, a small VSD with a shunt of < 2:1 can be managed medically,
but it usually should be repaired after 6 weeks to prevent future hemodynamic
problems.

C. Preoperative considerations
1. Prompt diagnosis can be made using a Swan-Ganz catheter, which detects a

step-up of oxygen saturation in the right ventricle. Two-dimensional echocar-
diography can confirm the diagnosis of a VSD and differentiate it from acute
mitral regurgitation, which can produce a similar clinical scenario.

2. Inotropic support and reduction of afterload, usually with an IABP, are indicated
in all patients with VSDs in anticipation of emergent cardiac catheterization and
surgery.

3. Cardiac catheterization with coronary angiography should be performed to con-
firm the severity of the shunt and to identify associated CAD.

D. Surgical procedures
1. The traditional surgical treatment for postinfarct VSDs had been performance of

a ventriculotomy through the infarcted zone, resection of the area of septal
necrosis, and Teflon felt or pericardial patching of the septum and free wall. This
technique requires transmural suturing and is prone to recurrence.58

2. The preferred approach is to perform circumferential pericardial patching around
the border of the infarcted ventricular muscle. This technique excludes the
infarcted septum to eliminate the shunt and reduces recurrence rates because
suturing is performed to viable myocardium away from the area of necrosis
(Figure 1.5).59

3. Coronary bypass grafting of critically diseased vessels should be performed since
it has been shown to improve long-term survival after surgery.60

IV. Aortic Stenosis 
A. Pathophysiology. Aortic stenosis (AS) results from thickening, calcification, and/or

fusion of the aortic valve leaflets, which produce an obstruction to LV outflow. In
younger patients, AS usually develops on congenitally bicuspid valves, whereas in
older patients, degenerative change in trileaflet valves is more common. The impair-
ment to cusp opening leads to pressure overload, compensatory left ventricular
hypertrophy (LVH), and reduced ventricular compliance.61,62
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1. The development of LVH maintains normal wall stress and a normal EF. If the
increase in wall thickness does not increase in proportion to the rise in intraven-
tricular pressure, wall stress will increase and EF will fall. It is important to assess
whether a reduced EF is the result of excessive afterload (i.e., inadequate hyper-
trophy to overcome the obstruction) or depressed contractility. If the latter is
present, surgical risk is higher.

2. In patients with excessive LVH, wall stress is low and the heart will become
hyperdynamic with a very high EF. This finding portends a worse prognosis
after surgical correction.63,64

3. Angina may result from the increased myocardial oxygen demand caused by
increased wall stress, from reduction in blood supply per gram of hypertrophied
tissue, and/or from limited coronary vasodilator reserve. Thus it may occur with
or without concomitant CAD. Symptoms of CHF result from elevation of filling
pressures due to diastolic dysfunction and eventually by progressive decline in LV
systolic function. Cardiac output is relatively fixed across the valve orifice and can
lead to syncope in the face of peripheral vasodilatation. The development of AF

Figure 1.5 • Closure of a postinfarction ventricular septal defect using the exclusion technique.
(A) Anterior VSD. (B) Inferior VSD. The pericardial patch is anchored to viable myocardium away
from the site of the defect, thus eliminating shunt flow across the septal defect.
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commonly causes symptoms due to the dependence of the hypertrophied ventri-
cle on atrial “kick” to maintain a satisfactory stroke volume.

4. The degree of valve stenosis is determined by measuring the cardiac output and
the peak or mean pressure gradient across the valve (pressures obtained from the
left ventricle and aorta). A valve area is calculated from the ratio of the cardiac
output to the square root of the valve gradient (the Gorlin formula).

where:
SEP is systolic ejection period (per beat)
CO is cardiac output (mL/min)
HR is heart rate
AVA is aortic valve area in cm2 (normal = 2.5–3.5 cm2)

5. The severity of AS can be readily diagnosed by either echocardiography or car-
diac catheterization. In patients with critically diseased valves, it is occasionally
impossible to cross the valve with the catheter to measure the gradient.
Furthermore, one study showed that the risk of embolic stroke was significant in
patients in whom catheterization was used to assess the degree of AS, suggest-
ing that confirmation by echocardiography should provide sufficient information
and may be safer.65

6. Echocardiography can provide an assessment of valve area using the continuity
equation, which examines the dimensions of the LV outflow tract and the flow
velocities. It may also measure the valve area directly by planimetry in the short-
axis view. A mean echocardiographic gradient >50 mm Hg with an AVA <0.75 cm2

is consistent with severe AS.66

7. Aortic stenosis may be graded as mild (AVA > 1.5 cm2), moderate (AVA =
1.0–1.5 cm2), severe (AVA < 1.0 cm2), or critical (AVA < 0.75 cm2). More pre-
cisely, the valve area should be indexed to the patient’s size, since a valve area of
1.0 cm2 may not be significant in a small patient but may be very significant in
a larger patient. Critical AS is present when the AVA index is less than 0.45 cm2.

B. Indications for surgery
1. The average survival of the symptomatic patient with severe AS is less than 2–3

years, and thus the traditional indications for surgery have been the presence of
angina, CHF, syncope, or resuscitation from an episode of sudden death. In con-
trast, surgery has not been considered for the patient with asymptomatic disease
no matter how severe the degree of stenosis because the risk of sudden death is
considered to be low. However, the majority of patients with critical AS will have
symptoms in a short period of time and are at an increased risk of sudden
death.67 Furthermore, they can develop significant LVH, which is an adverse
marker for long-term survival. Although the rate of progression of AS can be
quite variable, analysis of Doppler outflow velocity and its rate of increase dur-
ing serial studies can predict the rate of hemodynamic progression of the AS and
the clinical outcome.68,69 Thus, patients with severe or critical AS require very
careful monitoring for the development of symptoms and progressive disease
that warrant surgery.

AVA =  
CO / (SEP  HR) 

44.5 mean gradient

×
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2. Indications for surgery in the patient with asymptomatic disease are controver-
sial, since the risk of sudden death is very low. However, the presence of LV sys-
tolic dysfunction, a hypotensive response to exercise, ventricular tachycardia
(VT), or marked LVH (> 15 mm) are adverse prognostic signs that should
prompt earlier surgery. Thus, these findings as well as an AVA < 0.6 cm2 and a
transvalvular peak gradient > 50 mm Hg can be considered indications for sur-
gery in a patient with asymptomatic disease.62

3. If a patient requires coronary bypass grafting, an aortic valve with a valve area of
1.1 cm2 or less should be replaced. Invariably, a native valve with this degree of
stenosis will require surgery within a few years for progressive obstruction, thus
mandating a reoperative procedure at higher risk. In this situation, one consid-
eration is to place a valve with hemodynamics superior to the valve being
replaced because there must be assurance that the benefits outweigh the risks of
potential prosthetic valve complications. However, even if comparable hemody-
namics are obtained, a prosthetic valve will not develop progressive stenosis as a
native valve will, thus avoiding reoperation.

4. Assessing the degree of AS in a patient with a low gradient and poor ventricu-
lar function can be problematic. This combination may translate into a low cal-
culated valve area, although the degree of AS may not be significant.
Dobutamine stress echocardiography  can be used in this circumstance to deter-
mine whether poor ventricular function is primarily related to afterload mis-
match or contractile dysfunction. If the patient has an increase in cardiac output
with little increase in gradient, the valve area will increase, indicating that the
severity of valve stenosis was overestimated and surgery is not indicated. In con-
trast, if there is contractile reserve with an increase in cardiac output and gradi-
ent, valve area will remain the same, confirming true AS is present that will ben-
efit from surgery.70–72

C. Preoperative considerations
1. Coronary angiography should be performed in any patient over the age of 40 years

or in a younger patient with coronary risk factors, angina, or a positive stress test.
2. Ischemic syndromes in patients with AS require judicious management.

Medications  that should be avoided are those that can reduce preload (nitro-
glycerin), afterload (calcium channel blockers), or heart rate (β-blockers) because
they may lower cardiac output and precipitate cardiac arrest in a patient with
critical AS. The ventricular response to AF must be controlled, and cardiover-
sion should be performed if this rhythm is poorly tolerated.

3. Dental work should be performed before surgery to minimize the risk of pros-
thetic valve endocarditis unless it is felt to be a prohibitive risk.

4. Selection of the appropriate procedure and valve type depends on a number of
factors, including the patient’s age, contraindications to long-term anticoagula-
tion, and the patient’s desire to avoid anticoagulation.

D. Surgical procedures
1. Aortic valve procedures are usually performed through a full median sternotomy

incision, although an upper sternotomy with a “J” or “T” incision into the third
or fourth intercostal space can provide adequate exposure.73,74 Cannulation for
CPB can be performed either through the incision or using the femoral vessels
for minimally invasive approaches.
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2. Aortic valve replacement with either a tissue or mechanical valve is the standard
treatment for AS (Figure 1.6). A stentless valve may provide a larger effective
orifice area and may be placed in the subcoronary position or as a root replace-
ment (Figure 1.7). The Ross procedure, in which the patient’s own pulmonary
valve is used to replace the aortic root, with the pulmonary valve replaced with a
homograft, is a more complicated procedure generally reserved for patients
younger than age 50 who wish to avoid anticoagulation (Figure 1.8).75 Homografts
are usually used for patients with aortic valve endocarditis.76

3. Reparative procedures, such as commissurotomy or debridement, have little role
in the management of critical AS. However, debridement may be considered in
the patient with moderate AS in whom the valve disease is not severe enough to
warrant valve replacement but in whom decalcification may delay surgery for a
number of years.

Figure 1.6 • Aortic valve replacement. (A) A transverse aortotomy incision is made and hold-
ing sutures are placed. (B) The valve is excised, and the annulus is debrided and sized. (C, D)
Pledgetted mattress sutures are placed through the annulus and through the sewing ring of
the valve, which is tied into position. The aortotomy is then closed.



Figure 1.7 • Stentless valves have a larger effective orifice than stented valves that allows for
more regression of LV hypertrophy. (A) The proximal suture line sews the lower Dacron skirt
of the prosthesis to the aortic annulus. (B) Subcoronary implantation of a Medtronic
Freestyle valve. This requires scalloping of two sinuses with the distal suture line carried out
below the coronary ostia. (C) A stentless valve can be used as a root replacement, requiring
reimplantation of buttons of the coronary ostia. The distal suture line is an end-to-end anasto-
mosis to the aortic wall. 
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Figure 1.8 • Ross procedure. (A) The aorta is opened and the diseased aortic valve is
removed. The pulmonic valve and main pulmonary artery are carefully excised and the coro-
nary arteries are mobilized. (B) The pulmonary autograft is then transposed to the aortic root.
(C) The coronary arteries are reimplanted and the RV outflow tract is reconstructed with a
cryopreserved pulmonary valved homograft.
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V. Aortic Regurgitation
A. Pathophysiology. Aortic regurgitation (AR) results from abnormalities in the aortic

valve leaflets (postinflammatory deformity, bicuspid valve, destruction from endo-
carditis) or from aortic root dilatation that prevents leaflet coaptation (annuloaortic
ectasia, aortic dissection with cusp prolapse). Acute AR from endocarditis or a type
A dissection produces acute LV failure and pulmonary edema because the ventricle is
unable to dilate acutely to handle the volume overload. Chronic AR produces pres-
sure and volume overload of the left ventricle, resulting in progressive LV dilatation,
increase in wall stress, progressive hypertrophy, and symptoms of left-sided fail-
ure. The increased stroke volume increases pulse pressure, increases systolic blood
pressure, and produces peripheral manifestations of a hyperdynamic circulation.
Eventually, increased afterload and impaired contractility lead to a fall in EF. Angina
may also occur.61,62,77

B. Indications for surgery
1. Acute AR with congestive heart failure.
2. Endocarditis with hemodynamic compromise, persistent bacteremia or sepsis,

conduction abnormalities, recurrent systemic embolization from vegetations, or
annular abscess formation (see section IX).

3. The presence of symptoms is an indication for surgery as long as the AR is con-
sidered to be severe. If LV function is normal (EF > 50%), surgery is recom-
mended for patients in New York Heart Association (NYHA) class III–IV. If the
EF is < 50%, surgery is also recommended for patients in NYHA class II.

4. Patients with asymptomatic or minimally symptomatic disease must be followed
closely for the development of symptoms or evidence of ventricular decompensa-
tion. Patients with impaired LV function will become symptomatic at a rate of
about 25%/yr, whereas those with normal LV function have a 4% annual rate of
development of symptoms or LV systolic dysfunction. Once there is evidence of
ventricular decompensation, survival even with surgery may be compromised.
Thus, surgery is recommended in the following patients whose disease is relatively
asymptomatic:62,77–79

a. EF < 50%
b. EF > 50% but evidence of progressive LV dilatation (end-diastolic dimension

> 75 mm or end-systolic dimension > 55 mm at rest) or decline in EF > 5%
with exercise

5. Moderate to severe AR is an indication for valve replacement if present during
surgery for another indication, whether symptomatic or not.

C. Preoperative considerations
1. Systemic hypertension should be controlled with vasodilators to reduce the degree

of regurgitation. However, excessive afterload reduction may reduce diastolic coro-
nary perfusion pressure and exacerbate ischemia.

2. β-blockers for control of ischemia must be used cautiously because a slow heart
rate increases the amount of regurgitation.

3. Placement of an IABP for control of anginal symptoms is contraindicated.
4. As for all valve patients, dental work should be completed before surgery.
5. Contraindications to warfarin should be identified so that the appropriate valve

can be chosen.
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D. Surgical procedures
1. Aortic valve replacement has traditionally been the procedure of choice for adults

with AR. This may involve use of a tissue or mechanical valve, the Ross proce-
dure, or a cryopreserved homograft.

2. Aortic valve repair, involving resection of portions of the valve leaflets and reap-
proximation to improve leaflet coaptation (especially for bicuspid valves), often
with a suture annuloplasty, has been performed successfully. This is valuable in the
younger patient in whom a valve-sparing procedure is preferable to valve replace-
ment.80,81

3. A valved conduit (“Bentall procedure”) is placed if an ascending aortic aneurysm
(“annuloaortic ectasia”) is also present (Figure 1.9).

Figure 1.9 • Bentall procedure. (A) The aorta is opened longitudinally and then divided prox-
imally and distally. (B) Coronary ostial buttons are mobilized. (C, D) A valve incorporated into
the proximal end of the conduit is then sewn to the aortic annulus. (E) The coronary ostial
buttons are reimplanted and the distal suture line is completed.
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VI. Mitral Stenosis
A. Pathophysiology. Mitral stenosis (MS) occurs nearly exclusively as a consequence

of rheumatic fever. Thickening of the valve leaflets with commissural fusion, and
thickening and shortening of the chordae tendineae gradually reduce the size of the
mitral valve orifice and the efficiency of LV filling. These changes decrease the for-
ward output and increase the left atrial and pulmonary venous pressures, leading to
CHF. The development of atrial fibrillation may further decrease ventricular filling
and precipitate symptoms of CHF. The development of pulmonary hypertension
may eventually lead to right-sided heart failure and functional tricuspid regurgitation
(TR). The severity of MS is determined by measuring a transvalvular mean gradient
(pulmonary capillary wedge pressure [PCWP] minus the LV mean diastolic pressure)
and calculating a mitral valve area that relates the cardiac output to the gradient.

where
DFP is diastolic filling period/beat
mean gradient is PCWP – LV mean diastolic pressure
MVA is mitral valve area in cm2 (normal = 4–6 cm2)

B. Indications for interventions
1. An interventional procedure is indicated for a patient in NYHA class III–IV

with moderate or severe MS (MVA < 1.5 cm2). It may also be considered for
patients in class II when critical MS (MVA < 1 cm2) is present.

2. Percutaneous balloon mitral valvuloplasty (PBMV) is the procedure of choice if
valve morphology is favorable. This is determined by an echocardiographic assess-
ment of valve thickness, leaflet pliability, commissural calcification, and subvalvular
disease. The presence of left atrial thrombus or more than 2+ MR usually con-
traindicates this procedure. Thus, PBMV is recommended for symptomatic class
II–IV patients and patients with asymptomatic disease who have pulmonary
hypertension (> 50 mm Hg at rest or > 60 mm Hg with exercise) and perhaps those
with new-onset AF. This technique generally results in a doubling of the valve
area and a 50% reduction in the mean gradient with excellent long-term results.

3. Surgery is indicated when PBMV is contraindicated or not feasible. This
includes symptomatic class III–IV patients with an MVA < 1.5 cm2, unfavorable
valve morphology for PBMV, left atrial thrombus, MR, or a history of systemic
thromboembolism from left atrial thrombus despite adequate anticoagulation.
Generally, surgery is not indicated in patients with NYHA class I–II symptoms
unless there is critical MS (MVA < 1 cm2) with severe pulmonary hypertension
(pulmonary artery systolic pressure > 60 mm Hg).

C. Preoperative considerations
1. Many patients with long-standing MS are cachectic and at increased risk of res-

piratory failure. Aggressive preoperative diuresis and nutritional supplementa-
tion may reduce morbidity in the early postoperative period.

2. Warfarin may be used for AF or the presence of left atrial thrombus. It should
be stopped 4 days before surgery and the patient placed on heparin when the
international normalized ratio (INR) falls below the therapeutic range (generally
< 1.8) until the morning of surgery.

MVA  
CO / (DFP  HR) 

37.7  mean gradient
=

×
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3. There is often a delicate balance between fluid overload, which can precipitate
pulmonary edema, and aggressive diuresis, which can compromise renal function
when the cardiac output is marginal. Thus, preload must be adjusted judiciously
to ensure adequate LV filling across the stenotic valve. The ventricular response
to AF must be controlled to prolong the diastolic filling period. Most patients are
on digoxin for rate control, and this should be given up to the morning of surgery.

D. Surgical procedures
1. Closed mitral commissurotomy has been supplanted by PBMV, which produces

similar results. Either should be considered in the pregnant patient with critical
MS in whom CPB should be avoided.82,83

2. Traditional mitral valve operations have been performed through a median ster-
notomy incision. Other “minimal access” approaches, such as an upper sternotomy
incision (using the “superior” approach to the valve between the aorta and supe-
rior vena cava [SVC]), a right parasternal incision (using the biatrial transseptal
approach), or a right anterolateral thoracotomy (using the posterior approach
behind the interatrial septum), can also be considered. CPB can be established
either directly through the chest or through the femoral vessels.

3. Open mitral commissurotomy is performed if PBMV is not considered feasible
or there is evidence of left atrial thrombus. It produces better hemodynamics
than either a PBMV or a closed commissurotomy.83,84

4. Mitral valve replacement is indicated if the valve leaflets are calcified and fibrotic
or there is significant subvalvular fusion (Figure 1.10).

5. A Maze procedure should be considered in a patient with preoperative AF.
Either a “cut and sew” Maze is performed or an energy source (cryo, microwave,
radiofrequency) is delivered to well-defined areas to ablate this arrhythmia with
fairly good success rates (see section XIV).85,86

6. A tricuspid valve ring should be considered for patients with 3–4+ TR, especially
when the pulmonary vascular resistance is elevated. Although functional TR
usually improves after left-sided surgery, a better clinical result will be obtained
if a tricuspid annuloplasty is performed for significant TR.

VII. Mitral Regurgitation
A. Pathophysiology. Mitral regurgitation may result from abnormalities of the annulus

(dilatation), valve leaflets (myxomatous change with redundancy and prolapse, leaflet
defect or damage from endocarditis, leaflet shrinkage from rheumatic disease), chordae
tendineae (rupture, elongation), or papillary muscles (rupture, ischemic dysfunction).
1. Acute MR usually results from myocardial ischemia or infarction with papillary

muscle rupture, from endocarditis, or from idiopathic chordal rupture. Acute
LV volume overload develops with a reduction in forward output and regurgi-
tant flow into a small noncompliant left atrium. This may result in both car-
diogenic shock and acute pulmonary edema.

2. Chronic MR is characterized by a progressive increase in compliance of the left
atrium and ventricle, followed by progressive dilatation of the left ventricle.
There is an increase in preload that increases overall stroke volume and main-
tains forward cardiac output. At the same time, there is a decrease in afterload
due to ventricular unloading into the left atrium. Thus, ventricular function
may be impaired despite a normal EF. Patients may remain asymptomatic well
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Figure 1.10 • Mitral valve replacement via the posterior approach. (A) The left atrium is
opened behind the intraatrial groove and the retractor is positioned. Although both leaflets
may be retained, the anterior leaflet is usually resected. (B) The posterior leaflet is retained
and imbricated into the suture line. (C) Pledgetted mattress sutures are placed through the
annulus, through or around the valve tissue, and into the sewing ring. The valve is then tied
into position. The left atrial appendage may be sewn off from inside the left atrium.
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after ventricular decompensation has occurred. Eventually, LV dysfunction
becomes evident and is associated with progressive LV dilatation and elevated
filling pressures. The progression of MR and assessment of LV dimensions and
function should be followed by serial echocardiograms.

3. “Ischemic MR” may be acute or chronic. Acute MR may be the result of a
mechanical complication, such as papillary muscle rupture, or it may be func-
tional, due to ongoing ischemia. Chronic ischemic MR may develop following
an MI from either annular dilatation caused by LV enlargement that prevents
leaflet coaptation, or from papillary muscle displacement caused by LV remod-
eling that produces apical tethering of the leaflets.

B. Indications for surgery62,77

1. Acute MR associated with CHF or cardiogenic shock.
2. Acute endocarditis with hemodynamic compromise, persistent bacteremia or

sepsis, annular abscess, recurrent systemic embolization from vegetations, or
threatened embolization from large vegetations.

3. NYHA class II–IV symptoms with severe (3–4+) MR independent of EF
(although high risk with EF < 25%).

4. Asymptomatic/class I patients should be considered for surgery in any of the
following circumstances when severe MR is present:
a. EF < 60%
b. End-systolic dimension > 45 mm (even if EF > 60%)
c. Preserved LV function with atrial fibrillation or pulmonary artery (PA) sys-

tolic pressure > 50 mm Hg at rest or > 60 mm Hg with exercise
d. Subnormal right ventricular EF at rest

5. Earlier operation can be recommended when the likelihood of mitral valve
repair is high. This is particularly true in patients with preserved LV function
or recent-onset AF.

6. Mitral regurgitation present at the time of coronary surgery has been shown in
some, but not all, studies, to adversely affect long-term prognosis. However, it
should generally be repaired if it is 2+ or greater.87–89

C. Preoperative considerations
1. Patients with acute MR are susceptible to pulmonary edema and multisystem organ

failure from a reduced forward cardiac output. Use of inotropes, vasodilators, and
the IABP can transiently improve myocardial function and forward flow in antici-
pation of urgent cardiac catheterization and surgery. Intubation and mechanical
ventilation are frequently required for progressive hypoxia or hypercarbia. Diuretics
must be used judiciously to improve pulmonary edema while not creating prerenal
azotemia. Some patients with chordal rupture who present with acute pulmonary
edema may stabilize and develop chronic MR that can be managed electively.

2. Patients with chronic MR are treated with digoxin, diuretics, and oral unload-
ing agents, such as the ACE inhibitors. These medications should be continued
up to the time of surgery.

3. Adequate preload must be maintained to ensure forward output while carefully
monitoring the patient for evidence of CHF. Systemic hypertension should be
avoided because it will increase the amount of regurgitant flow. If the patient
has ischemic MR or a borderline cardiac output, use of systemic vasodilators or
an IABP generally improves forward flow.
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4. Left ventriculography may quantitate the degree of MR inaccurately, depend-
ing on catheter position, the amount and force of contrast injection, the size of
the left atrium, and the presence of arrhythmias. Echocardiography, preferably
by the transesophageal approach, should be used to better determine the degree
and nature of MR. The latter is invaluable to the surgeon in helping to deter-
mine whether a valve can be repaired, what type of repair might be performed,
or whether replacement is indicated from the outset.

5. There is often a discrepancy between the degree of mitral regurgitation identi-
fied preoperatively in the awake patient and that assessed under general anes-
thesia with an alteration in systemic resistance and loading conditions. Thus,
preoperative transesophageal echocardiography (TEE) is essential to quantitate
the degree of MR and define the precise anatomic mechanism for the MR.

D. Surgical procedures
1. Mitral valve reconstruction is applicable to more than 90% of patients with degen-

erative MR. Techniques include annuloplasty rings, leaflet repairs, and chordal
transfers and replacement (Figure 1.11).90–92 These reparative techniques can also
be applied to patients with mitral valve endocarditis.93 The decision to repair or

Figure 1.11 • Mitral valve repair. The most common pathology involves a flail posterior
mitral leaflet. (A) A quadrangular excision is made as indicated by the dotted lines and the
flail segment is resected. The remaining leaflet tissue may be incised along the annulus. (B) It
is then advanced and reattached to the annulus (“sliding plasty”). (C) The leaflet tissue is then
approximated, and (D) an annuloplasty ring is placed. 
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replace a valve for ischemic MR can be difficult and depends on an understanding
of the pathophysiology of the MR and patient-related factors.94–97

2. Mitral valve replacement is indicated when satisfactory repair cannot be accom-
plished. Acute MR from papillary muscle rupture usually requires mitral valve
replacement. Chordal preservation of at least the posterior leaflet should be
considered for all mitral valve replacements performed for MR. This improves
ventricular function and minimizes the risk of LV rupture.

VIII. Tricuspid Valve Disease
A. Pathophysiology. Isolated tricuspid stenosis (TS) is very rare, but tricuspid regur-

gitation (TR) is commonly seen on a functional basis secondary to mitral valve
disease, which leads to pulmonary hypertension, RV dilatation, and tricuspid
annular dilatation. RV systolic dysfunction contributes to elevated right atrial and
systemic venous pressures, producing signs of right-sided heart failure. Atrial fib-
rillation is common. Forward output may also be reduced, resulting in fatigue and
a low output state. TR may develop as a result of endocarditis, usually in associa-
tion with intravenous drug abuse.

B. Indications for surgery
1. Repair of TS is indicated for class III–IV symptoms, including hepatic con-

gestion, ascites, and peripheral edema that are refractory to salt restriction and
diuretics.

2. Repair of TR is indicated for severe symptoms or when moderate to severe
functional TR is present at the time of left-sided valve surgery. Repair is espe-
cially important if the pulmonary vascular resistance is elevated. It is indicated
for severe TR if the mean PA pressure is less than 60 mm Hg and the patient
is symptomatic after a trial of diuretic therapy.62 Surgery is high risk if the
mean PA pressure exceeds 60 mm Hg, especially in the absence of left-sided
valvular disease.

3. Persistent sepsis or recurrent pulmonary embolization from tricuspid valve
vegetations is an indication for surgery.

C. Preoperative considerations
1. Passive congestion of the liver frequently leads to coagulation abnormalities,

which should be treated aggressively before and during surgery. Frequently,
these patients have uncorrectable prothrombin times before surgery.

2. Salt restriction, digoxin, and diuretics may improve hepatic function, but sig-
nificant improvement in liver function tests may not be possible until after
surgery.

3. Maintenance of an elevated central venous pressure is essential to achieve sat-
isfactory forward flow. A normal sinus mechanism provides better hemody-
namics than AF, although the latter is frequently present. Slower heart rates are
preferable for TS and faster heart rates for TR.

D. Surgical procedures
1. Tricuspid commissurotomy can be performed for rheumatic TS.
2. Tricuspid annuloplasty with a ring (Carpentier) or suture technique (DeVega

or bicuspidization) is feasible for the majority of patients with annular dilata-
tion (Figure 1.12).98
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3. Tricuspid valve replacement is necessary when leaflet shrinkage and poor coap-
tation prevent an annuloplasty technique from eliminating the TR. Biologic
valves are preferred, not just due to concerns about thromboembolism on
mechanical valves in the right side of the heart, but also because long-term sur-
vival after tricuspid valve replacement is suboptimal, especially in patients with
multivalvular disease (about 60% 5-year survival).99,100

4. Due to the necessity of placing sutures near the conduction system, patients are
more prone to developing heart block after tricuspid valve surgery. If there are
concerns that permanent pacing may be required, epicardial pacing leads should
be placed on the right ventricle, pacing and sensing thresholds determined, and

Figure 1.12 • Tricuspid valve repair involves reduction of annular dilatation to correct func-
tional tricuspid regurgitation. (A, B) The circumferential suturing technique (“DeVega” repair).
(C, D) Placement of an annuloplasty ring. Note the location of the coronary sinus and the
proximity of the conduction system to the repair.
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the pacing leads buried in a subcutaneous pocket for later attachment to a per-
manent pacemaker.

5. The management of tricuspid valve endocarditis is noted below.

IX. Endocarditis
A. Pathophysiology. Endocarditis can result in destruction of valve leaflets, invasion of

surrounding myocardial tissue, systemic embolization of valve vegetations, or per-
sistent systemic sepsis. Tricuspid valve endocarditis is usually caused by intravenous
drug abuse. The incidence of prosthetic valve endocarditis (PVE) is approximately
0.5% per patient-year for mechanical mitral valves and 1.0% per patient-year for all
other valves except homografts.101

B. Indications for surgery in native valve endocarditis
1. Presence of moderate to severe CHF
2. Worsening renal or pulmonary function after initial improvement
3. Persistent bacteremia despite adequate antibiotic therapy
4. Evidence of local extension producing annular or myocardial abscesses, conduc-

tion disturbances, or intracardiac fistulas
5. Second episode of systemic embolization. Large (> 1.5 cm) or enlarging vegeta-

tions with threatened embolization may also be considered a relative indication
for surgery.102 It has been shown that vegetations caused by Staphylococcus aureus
that are larger than 1 cm and involve the mitral valve tend to embolize.103

C. Indications for surgery in PVE101,104

1. All of the above
2. Fungal PVE
3. Valvular dysfunction or dehiscence (unstable prosthesis or perivalvular leak)
4. New onset of heart block 
5. Relative indications: early-onset PVE, nonstreptococcal organism, relapse fol-

lowing completion of therapy, culture-negative PVE with persistent fever
D. Preoperative considerations

1. TEE is the gold standard for the diagnosis of endocarditis. It can be used to
identify and quantify the size of vegetations, detect annular destruction, and
identify valvular abnormalities.105

2. A 6-week course of antibiotics should ideally be completed before surgery to
reduce the risk of PVE. However, surgery is more commonly indicated at an ear-
lier phase due to one of the indications listed above. The appropriate antibiotics
should then be continued for a total course of 6 weeks. The risk of PVE is sig-
nificantly greater (around 10%) if surgery is performed during the phase of active
endocarditis (i.e., prior to completing the 6-week course).

3. Attempts should be made to optimize hemodynamic and renal status before
operation, but surgery should not be delayed if there is evidence of progressive
organ system deterioration.

4. If the patient has developed a neurologic deficit from a cerebral embolism, surgery
can be performed safely as long as a CT scan does not demonstrate a hemorrhagic
infarction. However, an increase in cerebral edema in an area of extensive infarc-
tion could ensue if surgery is performed too soon after a stroke has occurred.
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5. Patients with aortic valve endocarditis may have evidence of heart block from
involvement of the conduction system by periannular infection. This may require
preoperative placement of a transvenous pacing wire.

E. Surgical procedures
1. Surgery entails excision of all infected valve tissue, drainage and debridement of

abscess cavities, and repair or replacement of the damaged valves. An aortic valve
homograft is the valve of choice because of its increased resistance to infection
and adaptability to disrupted tissue in the aortic root.77 Homograft replacement
is technically quite complex and many surgeons are not experienced in their
placement. Furthermore, appropriately sized homografts may not be immediately
available. Aortic valve replacement with either mechanical or tissue valves is a
satisfactory alternative.106,107 The risk of PVE on tissue or mechanical valves is
fairly comparable.

2. Mitral endocarditis can frequently be repaired, especially if leaflet perforation is
the primary pathology.93 More advanced stages of endocarditis usually require
valve replacement.

3. Tricuspid valve repair is recommended if there is single leaflet involvement.108 If
repair cannot be accomplished, tricuspid valvulectomy can be performed in
patients without pulmonary hypertension with few adverse hemodynamic seque-
lae.109 Otherwise, a tricuspid valve should be placed. The decision whether or not
to place a prosthetic valve is controversial, especially in drug addicts. One must
weigh the relative risks of hemodynamic compromise against the high risk of
PVE if the patient continues intravenous drug abuse.

X. Hypertrophic Obstructive Cardiomyopathy
A. Pathophysiology. Septal hypertrophy and mitral septal-apposition (systolic anterior

motion, or SAM) that produce dynamic LV outflow tract obstruction are present to
varying degrees in patients with hypertrophic obstructive cardiomyopathy (HOCM).
Symptoms of CHF are usually caused by diastolic dysfunction and may be present
with or without outflow tract obstruction. Angina is usually related to abnormal coro-
nary microvasculature and inadequate capillary density for the degree of hypertrophy.
Atrial fibrillation may develop due to left atrial enlargement in 20–25% of patients.
The risk of sudden death is estimated at 1%/yr but may be increased in patients with
any of the following risk factors: a history of cardiac arrest, sustained ventricular tachy-
cardia (VT) or repetitive prolonged bursts of nonsustained VT, a family history of pre-
mature HOCM-related death, syncope, a hypotensive blood pressure response to
exercise, or extreme LVH with wall thickness greater than 30 mm.110–112

B. Indications for intervention
1. No pharmacologic regimen has been shown conclusively to reduce the risk of sud-

den death. Therefore, medications are used to alleviate symptoms, usually those of
CHF. β-blockers should be initiated along with disopyramide (if outflow tract
obstruction) or verapamil (if no obstruction). β-blockers will mitigate the gradient
and alleviate symptoms in most patients.

2. ICD placement should be considered in patients at high risk for sudden death (as
noted above).

3. Biventricular pacing with a short atrioventricular delay to ensure complete
ventricular-paced activation is effective in reducing the gradient by approximately
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50% and in improving symptoms. It may be beneficial in elderly patients, but
symptomatic relief in younger patients has not been shown to correlate with doc-
umented improvement in exercise tolerance.

4. Further intervention is indicated in patients with a peak gradient > 50 mm Hg and
persistent symptoms despite medications. It may also be considered in patients
with asymptomatic disease who are considered to be at high risk for sudden death,
including younger patients and those with a peak gradient > 80 mm Hg.

5. Alcohol septal ablation may prove to be an alternative for patients with medically
refractory symptoms. It has been demonstrated to initially reduce LV ejection
acceleration, and subsequently to reduce basal septal thickness, enlarge the LV
outflow tract, and decrease SAM. It is associated with a number of complications,
especially the need for a permanent pacemaker, and the long-term results are not
known.

C. Preoperative considerations
1. Measures that produce hypovolemia or vasodilatation must be avoided because

they increase the outflow tract gradient. Volume infusions should be used to main-
tain preload with the use of α-agonists to maintain systemic resistance.

Figure 1.13 • (A) Hypertrophic obstructive cardiomyopathy is characterized by septal hyper-
trophy which orients the outflow jet into the anterior leaflet of the mitral valve, producing sys-
tolic anterior motion (SAM). An extensive septal myectomy is performed, often  requiring a
midventricular resection. (B, C) Using a nerve hook to provide traction, the atypical attach-
ments of hypertrophied anomalous papillary muscles are partially detached from the ventricu-
lar wall and trimmed. (D) After this procedure, the outflow jet is directed more anteriorly.
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2. Use of β-blockers and calcium channel blockers to reduce heart rate and contrac-
tility are the mainstay of medical management of HOCM and should be contin-
ued up to the time of surgery.

D. Surgical procedures
1. The traditional surgical approach of an LV myotomy-myomectomy entailed

resection of a 1.5 × 4 cm wedge of septum below the right coronary aortic leaflet
through an aortotomy incision.

2. With further understanding of the mechanism of SAM, the current operation of
choice is an extended septal myectomy to the base of the papillary muscles, mobi-
lization and partial excision of the papillary muscles off the ventricular wall to
allow the papillary muscles to assume a more posterior position in the left ventri-
cle, and anterior mitral leaflet plication if there is any redundancy. This reduces
chordal and leaflet slack that can produce SAM (Figure 1.13).

3. Mitral valve replacement is indicated if the septal thickness is less than 18 mm, if
there is atypical septal morphology, if there is significant MR, or if other proce-
dures fail to relieve the outflow tract gradient.

XI. Aortic Dissections
A. Pathophysiology. An aortic dissection results from an intimal tear that allows pas-

sage of blood into the media, creating a false channel. This channel is contained
externally by the outer medial and adventitial layers of the aorta. With each cardiac
contraction, the dissected channel can extend proximally or distally. Depending on
the location of the intimal tear and the extent of the dissection, potential complica-
tions include cardiac tamponade from hemopericardium (the most common cause of
death), aortic regurgitation, myocardial infarction, stroke, intrapleural rupture, or
branch artery compromise. The latter may involve the brachiocephalic vessels, caus-
ing stroke or discrepancy in upper extremity blood pressures, the intercostal vessels
causing paraplegia, mesenteric or renal vessels compromising blood flow to the bowel
or kidneys, or iliofemoral vessels reducing distal blood flow to the legs. Dissections
involving the ascending aorta are classified as Stanford type A (DeBakey type I–II,
or proximal), whereas those not involving the ascending aorta are called Stanford
type B (DeBakey type III, or distal) dissections (Figure 1.14).113–115 The dissection
is termed acute when it is diagnosed within 2 weeks of onset; otherwise, it is termed
chronic.

B. Indications for surgery 
1. Type A dissection: Surgery is indicated for all patients unless it is considered to

carry a prohibitive risk because of medical debility; extensive renal, myocardial,
or bowel infarction; or massive stroke. Surgery is also indicated for virtually all
patients with chronic type A dissections.

2. Type B dissections: Patients with uncomplicated type B dissections are usually
treated medically, with surgery reserved for complicated dissections (i.e., patients
with persistent pain, uncontrollable hypertension, evidence of aneurysmal expan-
sion or rupture, or visceral, renal, or lower extremity vascular compromise).
Centers with extensive experience in thoracic aortic surgery are operating more
routinely on low-risk candidates with acute type B dissections with low mortality
and excellent long-term results. Chronic type B dissections should be operated
upon when they reach 6–6.5 cm in diameter.116



34 Synopsis  of  Adult Cardiac Surgical Disease

C. Preoperative considerations
1. Upon suspicion of the diagnosis, all patients must be treated pharmacologically

to reduce the blood pressure (to about 110 mm Hg systolic), the force of cardiac
ejection (dp/dt) and the heart rate (to 60–70/min). The patient should be care-
fully monitored and must undergo diagnostic testing as soon as possible to estab-
lish or exclude the diagnosis.

2. Recommended antihypertensive regimens include sodium nitroprusside with a
β-blocker (esmolol or metoprolol), or just a β-blocker (esmolol, metoprolol, or
labetalol) (see Table 11.7 for dosages). Aggressive management up to the time of
surgery is essential to prevent rupture.

3. A careful pulse examination may indicate the extent of the dissection. Particular
attention should be paid to the carotid, radial, and femoral pulses. Differential
upper extremity blood pressures in a young patient with chest pain is a strong
clue to the presence of a dissection.

4. A detailed preoperative neurologic examination is essential because a deficit rec-
ognized postoperatively may have been present at the time of presentation. A
change in neurologic status may indicate progressive compromise of cerebral per-
fusion that can resolve with emergency surgery. Evidence of renal dysfunction
(rising BUN or creatinine, oliguria) or bowel ischemia (abdominal pain, acidosis)
may necessitate modification of the surgical approach. Recurrent chest or back
pain usually indicates extension, expansion, or rupture of the dissection.

5. Dissections can be diagnosed by a variety of techniques.
a. TEE has become the gold standard for identifying intimal flaps, evidence of

tamponade, and aortic insufficiency. However, this must be performed very

Figure 1.14 • Classification of aortic dissection. Type A dissections involve the ascending
aorta. Type B dissections usually originate distal to the left subclavian artery and do not
involve the ascending aorta. If they do extend retrograde, they are then considered type A
dissections.
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cautiously because sedation may lead to hypotension in a patient with a peri-
cardial effusion, and acute hypertension due to inadequate sedation could
precipitate rupture. Transthoracic echocardiography may be valuable in rul-
ing out a significant effusion before proceeding with a TEE.

b. When TEE is not immediately available, CT scanning with contrast should
be performed first. It is the most commonly performed screening test for aor-
tic dissection in smaller hospitals to which many patients present before being
transferred to an open-heart surgery center.

c. Magnetic resonance imaging (MRI) may be the most sensitive and specific
diagnostic technique to identify a dissection, but only rarely can it be obtained
on an emergency basis. Furthermore, there are usually limitations to its per-
formance in a patient requiring careful monitoring and intravenous drug
infusions.

d. Due to the availability and reliability of echocardiography and CT as initial
tests for the diagnosis of aortic dissection, there is currently little role for aor-
tography in the evaluation of an acute dissection unless there is a need to
define branch vessel perfusion in the abdomen.

e. Because of the surgical urgency of an acute type A dissection, coronary arte-
riography is rarely done.117 Furthermore, catheter manipulation in the proxi-
mal ascending aorta is fraught with danger. A confusing picture that may lead
to coronary angiography is myocardial ischemia due to compromise of the
coronary ostia by the dissection. In contrast, coronary angiography and aor-
tography are helpful in planning surgical strategy in patients with chronic
dissections.

D. Surgical procedures
1. Type A dissection. Repair involves resuspension or replacement of the aortic

valve (if AR is present), resection of the intimal tear, and interposition graft
replacement to reapproximate the aortic wall (Figure 1.15).118 Biologic glue
(preferably BioGlue) can be used to improve tissue integrity for grafting.119 If the
root is destroyed and cannot be reconstructed, a Bentall procedure (valved con-
duit) is performed. Repair of type A dissections is usually performed during a
period of deep hypothermic circulatory arrest (see section XII.E). The complex
situation of the type A dissection with a tear in the descending aorta can be man-
aged by an initial repair via a median sternotomy leaving an elephant trunk for
repair of the descending aorta.120

2. Type B dissection. Repair involves resection of the intimal tear and interposi-
tion graft replacement to reapproximate the aortic wall.121 The risk of paraple-
gia is greater in patients with dissections than with atherosclerotic aneurysms
because less collateral flow is present. Thus, measures to reduce spinal cord
ischemia by maintaining distal perfusion should be taken (see section XII.E).
Visceral malperfusion may improve with restoration of flow into the true lumen.
Otherwise a fenestration procedure should be performed to produce a commu-
nication between the true and false lumens in an attempt to improve organ sys-
tem perfusion.122 Percutaneous fenestration is a newer means of accomplish-
ing this and may be beneficial in a patient with significant life-threatening
malperfusion, thus obviating the need for thoracotomy and grafting.
Endovascular stenting has become more common in the management of type B
dissections. 123
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Figure 1.15 • Repair of a type A aortic dissection. (A) During circulatory arrest without aortic
crossclamping, the aorta is opened and the entry site is resected. The aortic valve is resus-
pended. (B) The proximal and distal suture lines are fragile and are reinforced. Two felt strips
are shown for the distal suture line, being placed inside the true lumen and outside the
adventitia. (C) After the distal suture line is completed, the graft is cannulated to reestablish
antegrade cardiopulmonary bypass flow with  proximal application of a cross-clamp. BioGlue
is injected to stabilize the proximal suture line, and the proximal graft anastomosis is
performed. 
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XII. Thoracic Aortic Aneurysms
A. Pathophysiology. Ascending aortic aneurysms usually result from medial degen-

eration, whereas those in the distal arch, descending thoracic aorta, and thoracoab-
dominal aorta are generally atherosclerotic in nature (Figure 1.16).124 Aneurysms
in any location may result from expansion of chronic dissections. Although pro-
gressive enlargement may result in compression of adjacent structures, most deaths
result from aneurysmal rupture or dissection. Natural history studies have attempt-
ed to correlate the rupture rate of aneurysms based on their size so as to provide
objective data on when surgery should be performed.125–127

B. Indications for surgery
1. Ascending aortic aneurysms

a. Symptomatic, expanding, > 5 cm in diameter with Marfan’s syndrome, or
> 5.5 cm without Marfan’s syndrome.125,126

b. Aneurysms > 4.5–5 cm if operation is indicated for AS or AR (“annuloaor-
tic ectasia”). Studies have shown that the risk of subsequent dissection is
more than 20% if the aortic size exceeds 5 cm at the time of aortic valve
replacement.128 Resecting aneurysms that exceed 4 cm in diameter may be
considered in patients undergoing surgery with bicuspid aortic valves.

c. All acute type A dissections (as noted above)
d. Mycotic aneurysms

2. Transverse arch aneurysms
a. Ascending aortic aneurysms that require replacement that also extend into

the arch
b. Acute arch dissections with an intimal tear in the arch or evidence of arch

expansion or rupture
c. Aneurysms > 5–6 cm in diameter

Figure 1.16 • Crawford classification of thoracoabdominal aneurysms.



38 Synopsis  of  Adult Cardiac Surgical Disease

3. Descending thoracic and thoracoabdominal aneurysms (see Figure 1.16 for
classification)
a. Symptomatic aneurysms
b. Aneurysms > 6.5 cm in diameter (atherosclerotic or chronic dissections)
c. Complicated acute type B dissections (uncomplicated if low risk patient)

C. Preoperative considerations
1. Coronary angiography is required before surgery for ascending aortic and prox-

imal arch aneurysms (not acute dissections). If significant coronary disease is
present, it is bypassed at the time of the aneurysm resection.

2. Myocardial perfusion stress imaging (dipyridamole-thallium or sestamibi) is
indicated in patients with descending thoracic aneurysms because of the likeli-
hood of coexistent CAD. If the scan is positive, coronary angiography should be
performed. The presence of significant coronary disease usually warrants some
form of intervention (PCI or CABG) to reduce the risk of cardiac complica-
tions associated with repair of the aneurysm.

3. A careful preoperative baseline neurologic evaluation is important because of the
risks associated with circulatory arrest (stroke, seizures) and aortic cross-clamping
(paraplegia). A detailed informed consent discussion with the patient about
these devastating complications is essential and must be documented.

4. Pulmonary status must be optimized prior to surgery. Many patients with
aneurysmal disease have concomitant chronic obstructive pulmonary disease,
and the use of a thoracotomy incision, lung manipulation during surgery, anti-
coagulation, and multiple blood transfusions may have a detrimental effect on
pulmonary function.

5. Renal function must be monitored carefully after angiography, especially in diabetic
patients. The creatinine should be allowed to return to baseline before surgery to
reduce the risk of renal dysfunction associated with aortic cross-clamping.

D. Surgical procedures
1. Ascending aortic aneurysms

a. Supracoronary interposition graft placement is performed if the aneurysm
does not involve the sinuses.

b. A valved conduit (Bentall procedure) is placed in the patient with Marfan’s syn-
drome, if the sinuses are involved, or for annuloaortic ectasia (see Figure 1.9).

c. An aortic valve–sparing operation can be performed for ascending
aneurysms even if aortic insufficiency is present. The design of this proce-
dure depends on the exact location of the aneurysm (whether it involves the
sinuses or not) and the pathophysiology of aortic insufficiency.129,130

d. CPB is required for repair of ascending aortic aneurysms. Depending on the
site of the distal anastomosis, simple aortic cross-clamping or a period of
deep hypothermic circulatory arrest may be necessary. Arterial access for
CPB can be achieved through the femoral artery or the axillary artery if sig-
nificant descending aortic atherosclerosis is present. For an arch repair, ante-
grade cerebral perfusion can be achieved through an axillary artery cannula
after the arch vessels are attached.

e. Adjuncts to improve cerebral protection during a period of circulatory arrest
include thiopental or pentobarbital 5–10 mg/kg, methylprednisolone
30 mg/kg, packing the head in ice, and continuous retrograde perfusion of
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the SVC or antegrade perfusion of the cerebral vessels.131–133 The central
core temperature should be lowered to 18°C at which time there is presumed
to be electroencephalographic silence; this should provide 45–60 minutes of
safe arrest with minimal risk of neurologic insult.

f. Profound hypothermia and warming are associated with a coagulopathy.
Platelets, fresh frozen plasma, and cryoprecipitate are helpful in achieving
hemostasis. Aprotinin is arguably helpful in reducing intraoperative bleeding
in patients undergoing surgery with deep hypothermia, although there have
been reports of adverse neurologic sequelae. Proponents of aprotinin believe
it is safe as long as certain measures are taken. These include ensuring an ade-
quate activated clotting time (ACT) (> 750–1000 seconds by kaolin ACT),
giving additional heparin (1 mg/kg just prior to period of circulatory arrest),
and stopping the infusion of aprotinin during the arrest period.134,135

Alternatively, aprotinin may be started during the rewarming phase.
2. Transverse arch aneurysms

a. Hemiarch repair is performed if the ascending aorta and proximal arch are
involved. A graft is sewn to the undersurface of the arch leaving the brachio-
cephalic vessels attached to the native aorta.

b. Extended arch repair involves placement of an interposition graft and reim-
plantation of a brachiocephalic island during a period of circulatory arrest.
Alternatively, a trifurcation graft can be placed with individual anastomoses
to the arch vessels. Retrograde or antegrade cerebral perfusion can be used to
minimize the risk of cerebral complications during the period of deep
hypothermic circulatory arrest.131–133

c. Distal arch repair can be performed via a left thoracotomy without CPB. Use of
CPB and a period of circulatory arrest (through either a sternotomy or a thora-
cotomy incision) may be useful when additional exposure is required for the prox-
imal anastomosis or when a difficult dissection is anticipated (reoperations).

d. If it is anticipated that a descending aortic repair may be necessary in the
future, a piece of graft material is left dangling from the distal anastomosis
and can be retrieved at a subsequent operation through the left chest (the
“elephant trunk” procedure).136

3. Descending thoracic aorta
a. Graft replacement of the diseased aorta is performed with reimplantation of

intercostals vessels at the level of T8–T12 for more extensive aneurysms.
This is performed through a left thoracotomy or thoracoabdominal incision
with use of one-lung anesthesia.

b. Consideration should be given to the use of adjuncts (medications, cere-
brospinal fluid drainage, shunting) to prevent spinal cord ischemia during
the period of aortic cross-clamping.137,138 Shunting can be accomplished by
draining blood from a site proximal to the aortic cross-clamp (inferior pul-
monary vein/left atrium/proximal aorta) and returning it distally (distal
aorta/femoral artery) to perfuse the spinal cord and kidneys. A Biomedicus
centrifugal pump, which actively returns blood to the patient at a designated
rate, can be used with or without oxygenation

c. Left-heart bypass alone has been shown to reduce the incidence of paraplegia
during surgery for thoracoabdominal aneurysms, but not necessarily more lim-
ited descending thoracic aneurysms.139,140 Alternatively, partial femorofemoral
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bypass can be used. Circulatory arrest using femorofemoral bypass is an
excellent alternative to the above techniques when clamping is not possible
due to extensive disease or calcification. This technique also provides visceral
and spinal cord protection.141

d. Arterial monitoring lines are inserted in the right radial and the femoral
artery to monitor proximal and distal pressures during the period of aortic
cross-clamping, especially if left-heart bypass is used.

XIII. Ventricular Tachycardia and Sudden Death
A. Pathophysiology 

1. Nonidiopathic ventricular tachycardia (VT) occurs in association with struc-
tural heart disease. It may be subdivided into ischemic and nonischemic
etiologies.142,143

a. Ischemic VT refers to VT that is caused by active ischemia, usually from a
ruptured plaque, or from a previous MI. The latter results from heteroge-
neous myocardial damage that produces the electrophysiologic substrate for
the development of a reentrant rhythm. This commonly occurs at the bor-
der zone of an LV aneurysm between dense subendocardial scar tissue and
normal myocardium. Premature stimuli delivered during electrophysiologic
testing may initiate an impulse that triggers the reentrant circuit of
monomorphic VT (“inducible VT”).

b. Nonischemic VT may be the result of reentrant circuits or triggered auto-
maticity. It is most commonly noted in patients with dilated cardiomy-
opathies and markedly depressed ventricular function, as well as less com-
mon entities such as arrhythmogenic RV dysplasia. In these conditions, the
arrhythmogenic focus frequently cannot be adequately mapped and is dif-
ficult to ablate with catheter intervention.

2. Idiopathic VT occurs in the absence of structural heart disease and may arise
along the RV outflow tract or in the left posterior fascicle of the left ventricle.
It is usually caused by triggered activity related to a high adrenergic state. As
such, it can be treated by medical therapy or, if that fails, by radiofrequency
catheter ablation.

3. Out-of-hospital cardiac arrest (so-called sudden cardiac death) is estimated to
be the first manifestation of coronary disease in 40% of patients, usually as a
result of rupture of an unstable plaque. Other patients have no identifiable
cause for such an event and may or may not have inducible arrhythmias.
Numerous secondary-prevention studies have been carried out to identify the
proper treatment for these patients.144

B. Interventional procedures and their indications144,145

1. ICD implantation is indicated in patients with:
a. Cardiac arrest due to ventricular fibrillation (VF) or VT not due to a tran-

sient or reversible cause, such as documented myocardial ischemia that
should initially be treated by CABG. Three secondary prevention trials
(Antiarrhythmics Versus Implantable Defibrillator [AVID], Cardiac Arrest
Study Hamburg [CASH], and Canadian Implantable Defibrillator Study
[CIDS]) have shown reduction in mortality with ICDs compared with
medical therapy, usually with amiodarone.
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b. Spontaneous sustained VT with structural heart disease (usually a dilated
cardiomyopathy with depressed ventricular function).

c. Syncope of undetermined origin if hemodynamically significant sustained
VT or VF is inducible and drug therapy is ineffective, not tolerated, or not
preferred.

d. Nonsustained VT in patients with coronary disease, previous MI, LV dys-
function (EF < 35%), and inducible VF or sustained VT at electrophysiologic
study that is not suppressible with procainamide (Multicenter Automatic
Defibrillator Implantation Trial [MADIT]). Note that patients were
excluded from this trial if they were candidates for surgical revascularization.

e. Spontaneous sustained VT without structural heart disease (idiopathic VT)
that is not amenable to medications or catheter ablation (which generally is
90% successful).

f. Patients with EF < 30% at least 1 month after MI and 3 months after
CABG (MADIT II).146 Note that these patients benefit from ICD without
any electrophysiologic testing to assess for inducibility.

g. Note: There are no trials that have studied whether ICD placement is of
benefit in patients with poor LV function who develop nonsustained VT
within the first few weeks after a CABG, even if VT is inducible. However,
it is intuitive, based on an understanding of the mechanism of reentrant cir-
cuits, that an ICD should benefit patients who are inducible for VT
(extrapolation of the MADIT and MUSTT [Multicenter Unsustained
Tachycardia Trial] results). The unresolved question is whether ICD
implantation is indicated without electrophysiologic study in patients
developing nonsustained VT within a few weeks of surgery.

h. Two additional indications are cardiac arrest presumed to be on the basis of
VF when electrophysiologic testing cannot be performed and the develop-
ment of severe symptoms (such as syncope) that may be attributable to ven-
tricular tachyarrhythmias in a patient awaiting cardiac transplantation.

2. Blind endocardial resection should be performed when ischemic VT is present
in a patient undergoing resection of an LV aneurysm. This has supplanted the
map-guided surgery used through the mid-1990s that achieved success rates
greater than 75% and reached 90% with the addition of medications. In high-
risk patients with depressed ventricular function, one study showed that long-
term survival was fairly similar with direct VT surgery or placement of an
ICD, often with associated CABG.147

C. Preoperative considerations
1. A thorough preoperative evaluation should be undertaken to determine

whether structural heart disease is present. Preliminary cardiac catheterization
should be performed to ascertain whether myocardial revascularization is indi-
cated. This may lower the risk of ICD implantation, and may also reduce the
risk of recurrent VT if it was occurring on an ischemic basis.

2. Many patients with cardiomyopathies are maintained on warfarin, which must
be held for several days to prevent bleeding into the ICD pocket. Infection
developing in the pocket implies infection of the entire lead system and man-
dates its removal.148 Prophylactic antibiotics are indicated.

3. Careful monitoring and provisions for cardiac resuscitation (trained personnel
and equipment) are essential during ICD implantation.
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D. Surgical procedures
1. Myocardial revascularization should be performed in the patient with

reversible ischemia and bypassable anatomy. The role of PCI in such patients
is undefined. Standard indications for ICD implantation, including electro-
physiologic testing for inducibility, should then be followed.

2. The equipment for map-guided endocardial resection is no longer available,
but blind endocardial resection should be performed at the time of aneurysm
surgery. Aggressive resection of scar tissue, including that on the septum, with
cryoablation at the periphery of the scar tissue and reconstruction of the ven-
tricle by geometric remodeling (Dor procedure or SAVER, see page 13), which
may also reduce inducibility, should be performed.149

3. ICD implantation is usually performed in the electrophysiology lab. The sin-
gle chamber system consists of one RV lead that contains shocking coils that
lie within the SVC and the right ventricle and bipolar sensing and pacing elec-
trodes that lie within the ventricle. Dual-chamber systems provide ports for
additional atrial or LV electrodes which can be used to perform atrioventricu-
lar sequential pacing, biventricular pacing, and antitachycardia pacing. The
device is implanted in a prepectoral pocket. Testing of the leads for sensing and
defibrillation thresholds is performed. The generator is then connected to the
leads and the system is retested (Figure 1.17).

Figure 1.17 • Transvenous ICD system. The single chamber system consists of one right ven-
tricular lead that contains shocking coils that lie within the SVC and the right ventricle and
bipolar sensing and pacing electrodes that lie within the ventricle.
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4. Prior to the development of transvenous systems, ICD implantation was per-
formed through left thoracotomy, median sternotomy, subcostal or subxiphoid
approaches. Device replacement and removal of infected lead systems mandate
an understanding of their implantation methods. These systems usually
involved two rate-sensing electrodes placed into the right or left ventricular
epicardium and two titanium mesh patches for defibrillation placed over the
ventricles, either inside or outside the pericardium.

XIV. Atrial Fibrillation
A. Pathophysiology

1. Atrial fibrillation (AF) results from the presence of multiple reentrant circuits
that prevent the synchronous activation of adequate atrial tissue to generate
mechanical contraction. It is perpetuated by the variable refractoriness of atrial
tissue to the generation of these circuits. Atrial distention may predispose to
this arrhythmia, which then promotes progressive atrial dilatation and remod-
eling, leading to chronic AF. AF can lead to:
a. Loss of atrioventricular (AV) synchrony, which reduces ventricular filling

and stroke volume. This can produce dizziness, fatigue, and shortness of
breath, especially when the ventricular rate is high.

b. Thrombus formation in the left atrium with a predisposition to throm-
boembolism and stroke.

c. Symptoms of an irregular heartbeat (palpitations).
d. Cardiomyopathy if the rate is not controlled.

2. AF may occur as an isolated entity (“lone AF”) in patients with no structural
heart disease, in which case it may be chronic or paroxysmal. The latter usually
lasts less than 48 hours in duration and the atrial foci that serve as the trigger
are usually located in the tissue surrounding the pulmonary veins as they enter
the left atrium. However, AF is more common in patients with hypertension
or valvular heart disease, in whom the AF tends to be chronic rather than parox-
ysmal. The reentrant circuits usually originate from the left atrium.150

B. Management considerations
1. AF is managed with medications to control the ventricular rate (β-blockers,

calcium channel blockers, digoxin) and to prevent thromboembolism (war-
farin). When the rate cannot be controlled, symptoms are disabling, throm-
boembolism occurs on anticoagulation, or anticoagulation cannot be tolerated
or is not desirable, surgery should be considered.

2. AF present when surgery is performed for other indications can be treated dur-
ing the same operation.

3. In the absence of the above indications, surgery for AF is generally not indi-
cated, although with the use of thoracoscopic approaches and advances in
catheter ablation technology, the indications may expand to include patients
with lone AF or those in whom the indications noted above are not present.

4. Paroxysmal AF arising from the pulmonary veins can be ablated successfully by
transcatheter intervention in about 80% of cases.

C. Preoperative considerations
1. Procedures to correct AF may not be successful for several months. Therefore,

medications used for rate control or for AF prophylaxis can be continued up to
the time of surgery.
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2. Other considerations pertain to the specific lesion for which surgery is indicated
if the AF surgery is being performed as an additional procedure.

D. Surgical procedures
1. In 1986, Cox designed an operation called the “Maze” procedure, which was

used to ablate AF, restore AV synchrony, and preserve atrial transport function.
Early results of this technically complex procedure were encouraging with suc-
cess rates of 90%, although 40% of patients required atrial pacemakers.151

2. Because the original Maze operation was technically difficult, frequently asso-
ciated with the inability to generate a sinus tachycardia in response to exercise,
and associated with left atrial dysfunction, a modification called the Cox-Maze
III operation was designed to address these issues.152 The incisions not only
interrupted the microreentrant circuits, but also allowed the sinus node to
function and directed propagation of the sinus impulse through both atria.
Sinus rhythm occurred more commonly than with previous operations, but
10% of patients still required pacemakers. Although this operation simplified
the original Maze operation, it still was not widely adopted because the “cut
and sew” technique was complex and time consuming.

3. Various ablation technologies have now been developed to mimic the suture
lines of the Cox-Maze III operation, including cryo-, radiofrequency, laser, and
microwave ablation, all with fairly comparable results.153–157 To achieve success,
the lesions created must achieve transmurality. Since the left atrium is usually
the primary focus of reentry, a left-sided Maze is most commonly performed.
a. A left-sided Maze operation is usually performed in conjunction with

mitral valve surgery (Figure 1.18). This procedure produces ablation lines
that encircle and connect the right and left pulmonary veins, and one that

Figure 1.18 • The left-sided Maze involves ablation lines that encircle and connect the right
and left pulmonary veins and one that extends from the left inferior pulmonary vein to the
mitral valve annulus. The left atrial appendage is amputated and an additional ablation line
extended from the base of the appendage to the left pulmonary veins. 
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extends from the inferior pulmonary vein to the mitral valve annulus. The
left atrial appendage is usually amputated and an ablation line carried from
the base of the appendage to the left pulmonary vein encircling line.

b. The right-sided Maze includes one incision extending from the base of the
amputated right atrial appendage about 4 cm toward the IVC and another
posterior longitudinal incision extending from just caudad to the SVC can-
nulation site toward the atrioventricular groove reaching the interatrial sep-
tum. Through this incision, the endocardium between the SVC and IVC is
ablated (Figure 1.19A). Additional ablation lines extend from the base of
the excised right atrial appendage to the anterior tricuspid valve leaflet,
from the end of the longitudinal incision to the posterior tricuspid valve
annulus, and from the middle of the right atriotomy across the fossa ovalis
up to the coronary sinus, down to the IVC, and then back to the tricuspid
valve (Figure 1.19B).156

Figure 1.19 • (A) The right-sided Maze involves two incisions in the right atrial wall with an
ablation line between the SVC and IVC cannulation sites. (B) Sites for endocardial ablation are
shown by the dotted lines (see text).
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XV. End-Stage Heart Failure
A. Pathophysiology

1. End-stage heart failure develops due to progressive deterioration in LV func-
tion associated with LV remodeling. The left ventricle dilates and changes from
an elliptical to a spherical shape. This increases wall stress, which increases oxy-
gen requirements, causes pathologic cardiomyocyte hypertrophy that further
compromises contractile function, and induces functional MR. These changes
lead to intractable heart failure. In addition, ventricular remodeling increases
the tendency to develop ventricular arrhythmias.158

2. The prognosis for end-stage heart failure is very poor, with a markedly impaired
quality of life and a limited life span. Clinical improvement and improved sur-
vival have been noted with use of ACE inhibitors, β-blockers, and spironolac-
tone, but in the absence of revascularization, annual mortality rates exceed
12%/year.159,160 Thus, alternative strategies are essential to treat this growing
segment of the population.

B. Indications for surgery and surgical procedures. A variety of surgical procedures
can be utilized to treat patients with end-stage heart failure, depending on the
pathophysiology of their disease.
1. Coronary bypass surgery should be performed in patients with ischemic hiber-

nating myocardium. This can improve anginal symptoms, in many cases improve
ventricular function, lower the risk of sudden cardiac death, and improve
survival.160,161

2. Mitral valve repair with a small annuloplasty ring can be offered to patients with
severe MR to promote reverse remodeling, restore normal geometric relation-
ships, and alleviate symptoms of CHF.162

3. Cardiac resynchronization (atrial-synchronized biventricular pacing) has been
demonstrated to improve heart failure symptoms and exercise tolerance, and to
promote reverse remodeling. It increases LV filling time, decreases septal dys-
kinesis, and may reduce MR.163,164

4. Procedures that reduce the size of the left ventricle or limit its expansion may reduce
wall stress with the expectation that alleviation of CHF symptoms will result.
a. LV reconstructive procedures can be used for patients with areas of akinesis

or dyskinesis subsequent to an MI. Myocardial revascularization, resection
of nonfunctioning tissue, and restoration of more normal size and shape
result in a decrease in ventricular volume and an improvement in EF and
apical geometry. These procedures, including the Dor and SAVER proce-
dures noted in section II.D, can be performed with moderately low risk, pro-
ducing symptomatic improvement and an increase in long-term survival.52

b. The Batista operation or left ventriculectomy was popularized in the late
1990s but has since been abandoned. However, it conceptually brought to
light the concept of improving ventricular contractile efficiency by reducing
ventricular volume.

c. Techniques and devices that prevent ventricular dilatation, such as a car-
diomyoplasty, the Acorn restraint device, and the Myocor myosplint, which
tethers the anterior and posterior walls together, are being investigated as
means of improving symptoms of CHF. These have been shown to reduce
end-diastolic dimensions, reduce wall stress, improve EF,and reduce MR.158,165–167
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5. When the patient has advanced heart failure and is not a candidate for any of
the above procedures, cardiac transplantation should be considered. Patients
with end-stage heart failure with an EF < 15% and MvO2 < 10 mL/min/m2 are
generally considered to be candidates for transplantation.
a. Insertion of a left ventricular assist device (LVAD) should be considered when

a patient develops progressive hemodynamic deterioration despite use of maxi-
mal pharmacologic therapy and an IABP. This can provide adequate bridging
to transplantation.168–171

b. An LVAD may be used as destination therapy when a patient is not consid-
ered to be a transplantation candidate.172 As of late 2004, only the Thoratec VE
HeartMate device was approved for this use, but centrifugal pumps and several
devices using axial flow technology have been under investigation for years for
bridging and potential destination therapy (see pages 383–387).

6. Muscle and stem cell transplantation into areas of infarcted myocardium are
being investigated as a means of improving ventricular function.173,174

XVI. Pericardial Disease
A. Pathophysiology. The pericardium may become involved in a variety of systemic

disease processes that produce either pericardial effusions or constriction. The
most common causes of effusions are idiopathic (probably viral), malignant,
uremic, pyogenic, and tuberculous. The most common causes of constriction are
idiopathic, radiation, and tuberculous. Early and late postoperative cardiac tam-
ponade due to hemopericardium are discussed on pages 283 and 524.
1. Large effusions result in tamponade physiology with progressive low output

states.175 They are best documented by two-dimensional echocardiography,
which delineates their size and provides hemodynamic evidence of tamponade.
Findings include right atrial and ventricular diastolic collapse, increased rever-
sal of flow in the hepatic veins during atrial systole, a dilated IVC with lack of
inspiratory collapse, and decreased SVC flow during diastole.176 Equilibration
of intracardiac pressures (RVEDP = PCWP = LVEDP) will be detected by
cardiac catheterization.

2. Constriction can also produce a low output state despite preserved systolic
function. Cardiac catheterization will demonstrate a “square-root sign” in
the RV tracing, indicating rapid early filling and a diastolic plateau caused
by severe impairment of RV filling (see Figure 1.20). CT scanning can be
done to assess the thickness of the pericardium. The differentiation of con-
striction, which is surgically correctable, from restriction, which is not, can
be difficult because they have many findings in common. Although restric-
tive pathology is associated with diastolic dysfunction, it may or may not be
associated with systolic dysfunction. However, the presence of significant
pulmonary hypertension suggests a restrictive process, since it is rarely seen
with constriction.177,178

B. Indications for surgery179

1. Large effusions that fail to respond to noninvasive measures (dialysis for ure-
mia, antibiotics for infection, radiation or chemotherapy for malignancy, thy-
roid replacement for myxedema) may be treated by pericardiocentesis and
percutaneous catheter drainage or by percutaneous balloon pericardiostomy.180
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If these measures cannot be performed or the effusion recurs, a surgical
drainage procedure should be performed.

2. Constriction that produces a refractory low output state, hepatomegaly, or
peripheral edema should be treated by a pericardiectomy. Lesser degrees of
constriction may resolve spontaneously or respond to a course of nonsteroidal
antiinflammatory medications or steroids.

C. Preoperative considerations
1. The progressive development of cardiac tamponade frequently leads to renal

dysfunction and hepatic congestion, and neither problem will improve until
drainage is accomplished. Fresh frozen plasma should be available if there is a
preexisting coagulopathy.

2. Tamponade and constriction are associated with low cardiac output states.
Intrinsic compensatory mechanisms to maintain blood pressure and cardiac
output include a tachycardia and increased sympathetic tone. Maintenance of
adequate preload is essential to increase cardiac output. Use of β-blockers and
vasodilators must be avoided.

3. Patients with low output states from severe constriction may benefit from a few
days of inotropic support prior to surgery.181

Figure 1.20 • Simultaneous right and left ventricular pressure tracings in constrictive peri-
carditis. Note the “dip-and-plateau” pattern as diastolic filling of the ventricular chambers is
abruptly truncated by the constriction. Not also the equilibration of diastolic ventricular pres-
sures. (Reproduced with permission from Myers RBH, Spodick DH. Constrictive pericarditis: clinical
and pathophysiologic characteristics. Am Heart J 1999;138:219–32.)



Pericardial Disease 49

4. Preliminary pericardiocentesis for very large effusions improves the safety of
anesthetic induction, which can produce vasodilatation, a fall in filling pres-
sures, and profound hypotension.

D. Surgical procedures
1. Percutaneous catheter drainage with a pigtail catheter should be the initial pro-

cedure for a large pericardial effusion. Echocardiography is helpful in localiz-
ing the effusion and determining whether it is easily accessible to a percuta-
neous needle or not.182–184 If the effusion recurs, especially in patients with
malignant effusions, consideration may be given to instilling a sclerosing agent
into the pericardium to prevent reaccumulation of fluid (doxycycline, bleomycin,
thiotepa).185,186

2. A subxiphoid pericardiostomy opens the pericardium, drains the pericardial
space, allows for obtaining a small biopsy specimen, and obliterates the peri-
cardial space by promoting the formation of adhesions with several days of
chest tube drainage (Figure 1.21). It is the safest surgical approach in the
unstable patient and the best for patients with malignancies and a limited life
span. Studies have shown that the recurrence rate for an effusion is signifi-
cantly less with this procedure than with percutaneous catheter drainage.183,184

A modification of this technique may allow for drainage of pericardial fluid
into the peritoneal cavity.187

3. A pericardial window, created with a balloon technique,180 limited thoracotomy,
or a thoracoscopic approach188 can be used to drain the effusion into the pleural
space and obtain a biopsy specimen. The latter two procedures require general

Figure 1.21 • The subxiphoid approach to pericardial disease. (A) An incision is made over the
xiphisternal junction extending inferiorly for 5 cm. The rectus fascia is incised and the xiphoid
process is removed. (B) With upward traction on the distal sternum, the preperitoneal fat is
swept away. The pericardium is grasped and incised and a small specimen may be removed. A
finger is insinuated to break up any loculations, and pericardial fluid is aspirated with a suction
catheter. One or two chest tubes are then placed within the pericardium.
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anesthesia and are best utilized when there is suspicion of underlying pleu-
ropulmonary pathology. Although recurrence rates are low, the pericardial win-
dow may seal as the adjacent lung becomes adherent to the surrounding tissues.

4. Pericardiectomy is best performed through a median sternotomy approach
with pump standby.181,189 The pericardium is removed to within 2 cm of the
phrenic nerves on either side, or at least as far as exposure allows. Dissection of
the aorta and pulmonary arteries should be performed first, followed by the left
and then the right ventricle to avoid pulmonary edema. If severe epicardial
constriction is present with no dissection plane, a “waffle” procedure is per-
formed, which entails multiple criss-crossing incisions in the scar tissue to
optimize ventricular expansion and filling. When dense, calcific adhesions are
present without a cleavage plane, use of CPB may allow for a safer dissection,
although bleeding may be increased due to the need for systemic hepariniza-
tion. It is frequently prudent to leave heavily calcified areas adherent to the
heart to minimize bleeding and pericardial damage.
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2 Diagnostic Techniques
in Cardiac Surgery

Although the general nature of a patient’s cardiac disease can usually be ascertained from a
thorough history and physical examination, diagnostic tests are essential to define the pathol-
ogy and extent of cardiac disease more precisely. Both noninvasive and invasive modalities are
available to obtain this information and should be chosen selectively. Various techniques may
provide unique or complementary data, while others may provide comparable information
and need not be performed. This chapter will briefly review the basic types of diagnostic
modalities available to the clinician and define their role in preoperative evaluation. Updated
detailed discussions of the indications, uses, and results of several diagnostic tests can be
found in the American College of Cardiology/American Heart Association (ACC/AHA)
guidelines section at www.acc.org.

I. Chest Radiography 
A. A PA and lateral chest x-ray should be obtained on all patients before surgery. It

should be consistent with the patient’s cardiac diagnosis and can provide a wealth of
potential information to the surgeon (Figure 2.1).
1. Compatibility with the diagnosis: Left ventricular (LV) enlargement in patients with

a dilated cardiomyopathy or volume overload (aortic insufficiency/mitral regurgita-
tion), left ventricular hypertrophy (LVH) in aortic stenosis, large left atrium in mitral
valve disease, calcified mitral valve or annulus, enlarged cardiac silhouette with a
large pericardial effusion, wide mediastinum with an aortic dissection.

2. Identify complications of cardiac disease: congestive heart failure (CHF) or pul-
monary vascular redistribution that should be treated by preoperative diuresis.

3. Identify other potentially relevant abnormalities:
a. Pulmonary: emphysema, pneumonia, parenchymal nodules, interstitial disease,

previous pulmonary resection
b. Pleural: effusions, pneumothorax
c. Mediastinum: tumors or widened mediastinum consistent with aortic disease
d. Bone: pectus excavatum, rib resection from a previous thoracotomy
e. Foreign bodies: sternal wires from a previous sternotomy, pacemaker wires, cen-

tral venous catheters, position of an intraaortic balloon pump (IABP), type of
prosthetic heart valve

B. The chest x-ray also provides specific information of importance to the surgeon dur-
ing an operative procedure.
1. Calcification of the ascending aorta or arch may influence the techniques of cannu-

lation and clamping in order to reduce the risk of stroke. Calcification of the aortic
knob is fairly common but of little significance. In contrast, suspicion of ascending
aortic calcification (usually noted at the time of coronary angiography) is very
important and may be further defined by noncontrast computed tomography (CT).



Figure 2.1 • Chest x-rays of several patients with mitral valve pathology. (A) Chest x-ray of a
patient with advanced mitral stenosis that shows marked enlargement of the left atrium pro-
jecting to the right of the cardiac silhouette. (B) Acute pulmonary edema caused by acute
mitral regurgitation from papillary muscle dysfunction due to acute myocardial infarction. 

(A)

(B)
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Figure 2.1 • (Continued)   (C) Left ventricular enlargement from volume overload in a
patient with chronic mitral insufficiency. (D) Lateral film of a patient with a prior coronary
bypass operation with chronic mitral regurgitation. Note the proximity of the enlarged right
ventricle to the posterior table of the sternum. A lateral coronary angiogram may identify the
proximity of the internal thoracic artery pedicle to the sternum.

(C)

(D)
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Epiaortic echocardiographic imaging may be indicated during surgery to evaluate
for ascending aortic atherosclerosis.1

2. An elevated hemidiaphragm on one side might deter the surgeon from using the
contralateral internal thoracic artery (ITA), especially in diabetic patients who are
more prone to phrenic nerve paresis.2

3. Mitral annular calcification in patients with MR makes mitral valve repair, as well as
replacement, much more difficult and may necessitate creative surgical techniques.

4. For patients undergoing reoperation, the PA film will identify the proximity of the
ITA pedicle to the midline. The lateral film will determine the proximity of the
cardiac structures and the ITA pedicle clips to the posterior sternal table.

5. For patients with ascending aortic aneurysms, especially in reoperations, close
proximity of the aneurysm to the posterior sternal table may necessitate groin can-
nulation for bypass prior to sternotomy.

6. The location and orientation of the heart should be considered when selecting
the appropriate incision for minimally invasive surgery. For example, in thin
patients and those with emphysema, the heart has a vertical orientation and lies
quite caudad in the chest. Thus, a partial upper sternotomy incision for aortic
valve surgery may require a transverse incision in the fourth  rather than the
third interspace.

7. The patient in profound CHF may benefit from aggressive diuresis or hemofiltra-
tion during bypass.

II. Electrocardiography
A. A 12-lead electrocardiogram must be reviewed prior to surgery because it can yield

valuable information about the nature of the patient’s disease, the urgency of surgery,
the appropriate management of arrhythmias, and other considerations in periopera-
tive management.

B. Disorders of rate and rhythm
1. The presence of sinus tachycardia in a patient with coronary disease suggests that

the patient is inadequately β-blocked. These patients are more prone to the devel-
opment of atrial fibrillation (AF) after surgery.

2. Patients with sinus bradycardia tend to require temporary postoperative pacing
and may not tolerate β-blockers used prophylactically to prevent postoperative
AF. Patients with known sick sinus or tachycardia/bradycardia syndrome are
more likely to require a permanent pacemaker system postoperatively.

3. A rapid ventricular response to AF must be controlled medically. It can precipi-
tate myocardial ischemia in the patient with coronary artery disease (CAD) and
can compromise the cardiac output. If chronic AF is present preoperatively, there
is little benefit to using medications postoperatively to convert the patient to sinus
rhythm, but anticoagulation must be used to prevent a thromboembolic stroke. A
Maze procedure may be considered as an adjunct to other cardiac operations in
the patient with either paroxysmal or chronic AF.

4. Ventricular tachyarrhythmias may be present on the basis of ischemia or infarction.
Generally, if revascularization is indicated, a postoperative electrophysiology study
should be performed. An implantable defibrillator should be inserted in patients
with sustained ventricular tachycardia and depressed LV function.
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C. Conduction problems
1. The presence of bifascicular block raises the risk of asystole during insertion of a

Swan-Ganz pulmonary artery catheter. This should be deferred until after the ster-
notomy has been performed so that immediate epicardial pacing can be achieved.

2. Ischemic ECG changes are difficult to assess in the patient with a bundle branch
block, which may alter the aggressiveness of evaluation for the patient presenting
with chest pain.

3. The presence of conduction abnormalities in a patient with aortic valve endocarditis
suggests annular extension of the infection, which is an indication for urgent surgery.

4. Patients sustaining inferior infarctions may develop heart block and require tem-
porary pacing preoperatively.

D. Evidence of ischemia and infarction
1. ST and T wave changes consistent with ischemia require aggressive management.

This may entail use of intravenous nitrates, antiplatelet agents, heparin, and/or
placement of an IABP. An early invasive strategy with urgent percutaneous coro-
nary intervention or surgery may be indicated. Evidence of recent infarction may
influence the timing and risk of surgery.

2. The presence of Q waves suggests myocardial damage in the distribution of spe-
cific coronary arteries and may dictate the appropriateness and selection of an
interventional approach.

3. The absence of Q waves in a patient with depressed LV function suggests that the
myocardium may be chronically ischemic and hibernating, rather than infarcted.
Further evaluation with viability studies may be indicated to determine whether
surgery will prove beneficial.

E. Pacemaker issues
1. The function of a permanent transvenous pacing system can be disrupted by use

of electrocautery at the time of surgery. A magnet must be available to convert the
pacemaker to a fixed mode.

2. Because the right atrial lead may be displaced during surgery and because the pulse
generator may be damaged by electrocautery, all permanent pacemaker systems must
be interrogated immediately after surgery to ensure appropriate sensing and pacing.

III. Myocardial Perfusion Imaging
A. Rest and stress imaging play a major role in the evaluation of patients with coronary

disease.Their primary role is to identify viable and ischemic myocardium that will ben-
efit from an interventional procedure. The technology of stress imaging and radionu-
clide testing has become very sophisticated and only the salient features are presented.

B. Types of stress testing
1. In its simplest form, an exercise tolerance test is performed with a graded pro-

tocol on a treadmill (Figure 2.2).3–5 The following findings are consistent with
multivessel coronary disease and an adverse prognosis, especially when they
occur at a low workload (< 6 metabolic equivalents [mets]).
a. Development of anginal symptoms 
b. > 2 mm ST depression in multiple leads and persisting > 5 minutes into

recovery
c. ST segment elevation
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d. Failure to increase blood pressure to higher than 120 mm Hg, or a sustained
decrease in blood pressure greater than 10 mm Hg or below rest levels

e. Sustained ventricular tachycardia
2. More commonly, myocardial perfusion imaging is performed with planar

images or single-proton emission computed tomography (SPECT) scanning.
Thallium-201, technetium-99m sestamibi (Cardiolite), and technetium-99m
tetrofosmin (Myoview) are the most commonly used tracers.6,7 At peak exercise,
the tracer is injected and scintigraphy is performed. These agents are taken up
by viable myocardium and “light up” whereas they are not taken up by irre-
versibly infarcted muscle, which appears as a “cold spot.” Ischemic muscle lights
up on a delayed basis due to redistribution (Figure 2.3). In some patients, stress
redistribution imaging may underestimate the degree of ischemic and viable

Figure 2.2 • Positive exercise stress test. (Left) Baseline ECG before exercise (leads II, III, V5,
V6. (Right) Exercise ECG after 4 minutes of stage 2. At a heart rate of 157 beats/min, note the
presence of 4 mm of ST depression in these leads, reflecting inferolateral ischemia.
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Figure 2.3 • Stress imaging studies with 99mTc-tetrofosmin. (A) The short-axis (upper two
rows) and vertical long-axis views (lower two rows) at stress (top images of each pair) and
redistribution (lower images of each pair). The stress images demonstrate reduced tracer
uptake in the anteroapical region that improves during the redistribution phase, consistent
with anteroapical ischemia. (B) Similar views demonstrating a defect in the inferolateral region
in the stress images that does not improve with redistribution. This is consistent with infarction.
(Image courtesy of Dr. David Bader, Department of Radiology, St. Vincent Hospital, Worcester, MA.)

(A)

(B)
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myocardium, but reinjection will improve sensitivity.8 If the patient cannot exer-
cise, adenosine or dipyridamole (Persantine) is given to mimic the effect of exer-
cise on the distribution of blood flow. Pharmacologic imaging produces fairly
comparable results to exercise-induced ischemia.

3. Exercise radionuclide angiography can be used to identify myocardial ischemia.
The development of a regional wall motion abnormality or fall in ejection frac-
tion with exercise is indicative of ischemia. The use of technetium-labeled trac-
ers can be used to assess both myocardial perfusion and ventricular function.7

4. Exercise echocardiography is based on the principle that stress-induced
ischemia caused by coronary artery stenosis will produce regional wall motion
abnormalities. These tests may be performed using bicycle or treadmill exercise.
An alternative to exercise is the use of dobutamine to increase myocardial oxy-
gen demand (dobutamine stress echocardiography [DSE]). If this cannot be met
by an increase in blood flow, ischemia will produce regional wall motion abnor-
malities in the distribution of the stenotic coronary artery. These tests have pro-
vided comparable results to those of thallium imaging.9,10

C. Viability studies. Myocardial viability studies are useful in patients with severe LV
dysfunction to identify “hibernating myocardium” that may recover function after
revascularization. Studies  that assess cell membrane integrity, metabolic activity, or
contractile reserve have documented improved patient survival after myocardial
revascularization when there is evidence of dysfunctional yet viable myocardium.11–13

In contrast, survival is usually not improved if there is no demonstrable viability in
these zones.14 In patients with CHF, improvement in regional and global LV func-
tion usually improves symptoms and increases survival, with the degree of func-
tional improvement correlating with the number of viable zones.15 In patients with
angina and in some patients with CHF, symptomatic improvement may be related
to reperfusion of zones that demonstrate stress-induced ischemia, and thus may occur
without any improvement in global or regional function. Consequently, increased sur-
vival may not necessarily be associated with improvement in LV function.
1. Rest redistribution imaging with thallium is the most basic means of assessing

viability, using either planar imaging or SPECT. Thallium uptake reflects cell
membrane integrity, so that viable zones, whether ischemic or not, will perfuse and
retain thallium at rest. This is in contrast to stress imaging, during which ischemic
zones only light up from reinjection or redistribution on delayed imaging.

2. 18F-deoxyglucose (FDG) uptake using positron emission tomography (PET) or
SPECT imaging is a very sensitive test of viability. FDG is a marker of glucose
uptake by the myocardium, thus assessing metabolism and cell viability. An
assessment is made of perfusion with 13N-ammonia, and then 18FDG is injected
to assess metabolism. Zones with matching perfusion and metabolism are not
ischemic or are infarcted. Evidence of preserved metabolic activity in zones of
reduced perfusion indicates viable, hibernating myocardium. These studies may
detect viability in zones considered nonviable by thallium imaging.

3. Dobutamine stress echo (DSE) can be used to identify contractile reserve,
which suggests viability.9,10 Low doses of dobutamine are administered during
echocardiography to assess any change in global and regional wall motion. A
biphasic response during dobutamine echocardiography (improvement in func-
tion at low dose and worsening of function at peak stress from high doses of
dobutamine) is highly predictive of recovery of regional contractile function in



Cardiac Cathe terization 69

patients with LV dysfunction.16 Another use for this test is in patients with low-
output, low-gradient aortic stenosis, in whom an improvement in LV function
and an increase in the gradient with dobutamine suggests that the patient will
benefit from an aortic valve replacement.17

4. Contrast-enhanced magnetic resonance imaging (MRI) holds promise as a
means of assessing viability. MRI-defined diastolic wall thickness > 5.5 mm and
dobutamine-induced systolic wall thickening > 2 mm are predictive of contrac-
tile recovery after coronary artery bypass grafting. MRI provides excellent image
quality with precise identification of epicardial and endocardial borders to allow
for assessment of wall motion and thickening.18–21

5. In a meta-analysis of PET, SPECT, and DSE in patients with LV dysfunction,
all three tests showed relatively comparable efficacy in demonstrating the asso-
ciation between viability and improved survival after myocardial revasculariza-
tion. PET and SPECT scanning were more sensitive, but DSE was more spe-
cific in predicting functional improvement.11

IV. Cardiac Catheterization
A. The gold standard for the diagnosis of most forms of cardiac disease remains car-

diac catheterization.22,23 It is indicated in most patients for whom an interventional
procedure is contemplated based on a review of the history, examination, and stress
test results. The exceptions are acute type A aortic dissections and patients with aor-
tic valve endocarditis and vegetations, in whom the risk of catheter manipulation in
the root is significant.

B. Techniques (Tables 2.1 and 2.2; Figures 2.4 and 2.5)

Figure 2.4 • Left heart catheterization of aortic stenosis. Comparison of the simultaneous
peak left ventricular and femoral artery pressures demonstrates a peak gradient of 60 mm Hg.
If there is a discrepancy between the central aortic and femoral artery pressures, the pullback
gradient is calculated as the catheter is withdrawn from the left ventricle into the aorta. (Image
courtesy of Dr. John J. Smith, MD, PhD, Division of Cardiology, New England Medical Center.)



Figure 2.5 • Left heart catheterization of mitral stenosis. There is a pressure difference (gradient)
of approximately 20 mm Hg between the pulmonary capillary wedge pressure and the mean
left ventricular end-diastolic pressure. (Image courtesy of Dr. John J. Smith, MD, PhD, Division of
Cardiology, New England Medical Center.)

Table 2.1  •  Information Obtained from Right and Left
Heart Catheterization 

Elevated RA pressures

Elevated RV pressures

Elevated PA pressures

Elevated PCWP

Elevated LVEDP

Tricuspid stenosis (large “a” wave)
Tricuspid regurgitation (large “v” wave)
RV dysfunction (pulmonary hypertension, RV infarction)
Constrictive pericarditis/tamponade

RV dysfunction (pulmonary hypertension, RV infarction)
Constrictive pericarditis (square root sign; rapid x and y 

descent)
Cardiac tamponade (absent y descent)

Mitral stenosis/regurgitation
LV systolic or diastolic dysfunction (ischemic, dilated

cardiomyopathy, aortic stenosis/regurgitation)
Pulmonary hypertension of other causes
Constrictive pericarditis/tamponade

Mitral stenosis (large “a” wave if sinus rhythm)
Mitral regurgitation (large “v” wave)
LV systolic or diastolic dysfunction (ischemic, dilated

cardiomyopathy, aortic stenosis/regurgitation)
Constrictive pericarditis/tamponade

LV systolic or diastolic dysfunction (ischemic, dilated
cardiomyopathy, aortic stenosis/regurgitation)

Constrictive pericarditis/tamponade

RA = right atrial; RV = right ventricular; LV = left ventricular; PA = pulmonary artery; PCWP = pulmonary
capillary wedge pressure; LVEDP = left ventricular end-diastolic pressure. 
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1. Right heart catheterization is performed in patients with valve disease and
those with coronary disease and LV dysfunction. It involves placement of a
Swan-Ganz catheter through the venous system into the pulmonary artery.
Intracardiac pressure measurements and pressure waves are obtained. In addi-
tion, oxygen saturations are obtained from each chamber and can detect intra-
cardiac shunts (atrial or ventricular septal defects). Measurement of the mixed
venous oxygen saturation from the PA port indirectly reflects the cardiac output.
A thermodilution cardiac output is obtained and can be used along with pressure
gradients obtained from right and left heart catheterization to calculate valve
areas using the Gorlin formula (see Chapter 1).

2. Left heart catheterization involves placing a catheter from the aorta through
the aortic valve into the left ventricle. This allows for the measurement of the left
ventricular end-diastolic pressure, assessment of ejection fraction by a left ven-
triculogram (end-diastolic volume minus end-systolic volume) (Figure 2.6),
identification of MR, and measurement of the gradient across the aortic valve
during pullback of the catheter. A Fick cardiac output can be calculated. One
study showed that there is an increased risk of cerebral embolization when
attempts are made to cross a stenotic aortic valve to measure LV pressure.
Consequently, if echocardiography identifies severe aortic stenosis, confirmation
in the catheterization laboratory should not be necessary.24

Location Pressures (mm Hg)

Right atrium Mean 3–8

Right ventricle Systolic 15–30
Diastolic 3–8

Pulmonary artery Systolic 15–30
Diastolic 5–12
Mean 9–16

PCW position 5–12

Left atrium 5–12

Left ventricle Systolic 90–140
End-diastolic 5–12

Aorta Systolic 90–140
Diastolic 60–90
Mean 70–105

Table 2.2 • Hemodynamic Norms During
Cardiac Catheterization

PCW = pulmonary capillary wedge.
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Figure 2.6 • Digital left ventriculogram. The ejection fraction is calculated from the end-
diastolic volume (left) minus the end-systolic volume (right).

Figure 2.7 • A “root shot” with injection of contrast through a pigtail catheter in the proximal
aorta demonstrating severe aortic insufficiency. This injection can also provide a relative assessment
of the size of the ascending aorta, but magnification factors must be taken into consideration.

3. Aortography (“root shot”) is usually performed in patients with aortic valve dis-
ease to assess the degree of aortic regurgitation (Figure 2.7). Both an aortogram
and a left ventriculogram will give an estimate of aortic size that might necessi-
tate replacement of the ascending aorta. Excessive whip of an angiographic
catheter may also suggest the presence of a dilated aortic root. A CT scan or
echocardiogram may be needed to further assess the size of the aorta, since mag-
nification of the aorta is very common during aortography.
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4. Fluoroscopy can yield valuable information. This may demonstrate:
a. Calcification of the ascending aorta (and the coronary arteries) that may

necessitate further evaluation by CT scanning.
b. The location of intravascular catheters or position of an IABP.
c. “Rocking” of a prosthetic valve suggestive of endocarditis with annular inva-

sion and possible dehiscence.
d. Failure of movement of prosthetic valve disks, consistent with valve throm-

bosis or restriction by pannus ingrowth (Figure 2.8).

V. Coronary Angiography
A. Coronary angiography is performed as part of the cardiac catheterization procedure

by placing special preformed catheters directly into the coronary ostia and injecting
dye into the coronary arteries (Figures 2.9 and 2.10). Angiography will define
whether the circulation is right or left dominant (i.e., whether the posterior descend-
ing artery arises from the right or left system), and it will define the location, extent,
and degree of coronary stenoses. It will also identify the quality and bypassability of
the target vessels based on their size and the extent of distal disease. Anteroposterior,
right anterior oblique, and left anterior oblique views are obtained at varying degrees
of cranial and caudal angulation to optimally visualize each of the coronary arteries.
Based on the clinical picture, the results of the stress test and angiogram, and an
assessment of LV function, an informed decision can be made as to whether contin-
ued medical therapy, a percutaneous coronary intervention, or surgery is indicated.

B. Important indications for coronary angiography include:22,23

1. Any patient with suspected CAD in whom an interventional procedure might be
indicated on a clinical basis. Most prominently, this includes patients with ST
segment elevation and non–ST-segment elevation myocardial infarctions, pro-
gressive or unstable angina, positive stress tests, and ischemic pulmonary edema.

(A) (B)

Figure 2.8 • Fluoroscopy of a patient with a St. Jude Medical bileaflet valve in the aortic
position, which was noted to have a high gradient by echocardiography. Note that one leaflet
is frozen open while the other one has limited excursion. Severe pannus ingrowth with minimal
thrombus was noted at surgery.
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Figure 2.9 • Left coronary angiograms in four projections. (A) Right anterior oblique (RAO)
nicely demonstrates the circumflex (Cx) marginal system. (B) RAO with cranial angulation
best demonstrates the left anterior descending (LAD) and the origin of its diagonal branches.
(C) Left anterior oblique (LAO) provides a good view of the LAD system and the origin of the
circumflex. (D) LAO caudal “spider view” shows the left main giving rise to three vessels,
including a large ramus intermedius. 

(A)

(B)
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Figure 2.9 • (Continued)

(C)

(D)
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Figure 2.10 • Right coronary angiograms in the (A) LAO and (B) RAO projections. The right
coronary artery (RCA) divides at the crux into the posterior descending artery (PDA), best seen
in the RAO view and the posterior left ventricular branch (PLV), best seen in the LAO view.

(A)

(B)
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2. Patients > age 40 who require open-heart surgery for other reasons. Angiography
should also be considered in younger patients with multiple risk factors for pre-
mature CAD.

3. Annual follow-up of the cardiac transplantation patient to detect the develop-
ment of silent allograft CAD.

C. The risk of sustaining a complication from cardiac catheterization and coronary
angiography is 1–2%. To a great degree, the risks are dependent on the clinical sta-
tus of the patient at the time of the study and on preexisting comorbidities, specifi-
cally renal dysfunction. Patients with left main disease carry the highest risks of
myocardial infarction, arrhythmias, hemodynamic compromise, and death. In
patients with renal dysfunction, use of nonionic contrast and  N-acetylcysteine may
reduce the risk of contrast-induced nephropathy.25 Fenoldopam, a dopaminergic
agonist, has also been used successfully in reducing the risk of renal dysfunction in
patients at high risk.26 Patients taking metformin for diabetes should withhold this
medication for 1–2 days before and after catheterization to prevent the development
of lactic acidosis after the use of ionic dyes.27

VI. Echocardiography
A. Echocardiography provides real-time two-dimensional (and recently three-dimensional)

imaging of the thoracic aorta and cardiac structures. It is an invaluable noninvasive
means of evaluating ventricular and valvular function before, during, and after sur-
gery. 28–32 Although a transthoracic study is usually the initial study performed in the
preoperative patient, transesophageal echocardiography (TEE) provides superior
imaging because of the proximity of the probe to the heart. Routine evaluation
includes multiplane two-dimensional imaging, pulsed wave Doppler, and color flow
Doppler analysis. TEE is very important in the preoperative evaluation of the patient
with mitral valve pathology (Figure 2.11). In patients with MR, it provides an assess-
ment of the nature and degree of MR that may be different during intraoperative
evaluation due to altered loading conditions. TEE has become the gold standard for
the diagnosis of aortic dissections (Figure 2.12).33,34 It is the best technique to iden-
tify the location and site of attachment of cardiac tumors (Figure 2.13A).

B. Dobutamine stress echocardiograms can be used to identify ischemia and myocar-
dial viability as noted in section II.C above.9,10,16

C. Examples of information that can be derived from preoperative and postoperative
echocardiography are noted in Tables 2.3 and 2.4. The utility of TEE in the oper-
ating room is noted in Table 4.1.

VII. Computed Tomography
A. CT is indicated primarily for the evaluation of thoracic aortic disease and has few

applications in the assessment of cardiac disease. Specific indications for obtaining
a CT scan in a cardiac surgical patient include:
1. Identification of an aortic dissection in a patient with unexplained chest pain (if

echocardiography is not available or not interpretable). The scan must be per-
formed with contrast (Figure 2.14). It can also be used for follow-up evaluation
after repair of aortic dissections to identify distal aneurysmal disease, although
MRI may be preferable.
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Figure 2.11 • Transesophageal echocardiograms of mitral valve pathology. (A) Papillary
muscle rupture and acute mitral regurgitation. Note the flail anterior leaflet with the attached
papillary muscle head. Color flow Doppler showed a severe degree of mitral regurgitation. (B)
Vegetation on the anterior mitral valve leaflet in a patient with endocarditis.

(A)

(B)
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Figure 2.13 • (A) Transesophageal echocardiogram of a large left atrial myxoma attached to
the superior aspect of the atrial septum. This mass was initially detected on a CT scan (B), and
MRI (C) was also performed before the TEE was performed. (D) Photograph of the resected
myxoma.

Figure 2.12 • Transesophageal echocardiogram of a type A aortic dissection. Note the inti-
mal flap separating the true and false lumen.



All patients

Coronary artery disease 

Mitral stenosis

Mitral regurgitation

Aortic stenosis

Aortic regurgitation

Tricuspid valve disease

Endocarditis

Aortic dissection

Cardiac masses

Pericardial tamponade

TR = tricuspid regurgitation; TS = tricuspid stenosis.

Table 2.3  •  Information Obtained from Preoperative Echocardiography

Global and regional wall motion abnormalities
Valve function
Aortic atherosclerosis
Pericardial fluid and thickening
Presence of an intracardiac shunt

Global and regional wall motion abnormalities
LV mural thrombus
Presence of mitral regurgitation
Stress imaging for ischemic zones

Size of left atrium
Diastolic gradient
Planimetry of valve area
Presence of left atrial thrombus

Size of left atrium
Degree of regurgitation
Nature of pathology (annular dilatation, anterior or

posterior leaflet prolapse, elongated or torn chords,
papillary muscle rupture)

Gradient calculation from flow velocity
Planimetry of valve area
Annular diameter (root enlargement, selection of

homograft size) and root size (aortic replacement)
Presence of mitral regurgitation

Degree of regurgitation
Annular diameter (selection of homograft size)

Calculation of pulmonary artery pressure from TR 
jet velocity (4V 2 )

Gradient (TS) or degree of regurgitation (TR)

Vegetations
Annular abscesses
Valvular regurgitation

Location of intimal flap
Detection of aortic regurgitation
Presence of pericardial effusion

Location and relationship to cardiac structures of tumors, 
thrombus, vegetations

Diastolic collapse of atrial or ventricular chambers
Location of fluid around heart

80 Diagnostic Techniques in Cardiac Surgery



Computed Tomography 81

2. Assessment of aortic size
a. When the standard angiogram (left ventriculogram or root shot) suggests

ascending aortic enlargement, noncontrast CT can provide an exact mea-
surement of dimensions in a transverse section (Figure 2.15). One has to be
careful in interpreting these studies because an obliquely coursing structure
(such as a tortuous or ectatic segment of aorta) may appear enlarged on a
transverse section and this may not represent the true diameter of the aorta.

b. Descending thoracic aneurysms (Figure 2.16A)
3. Evaluation of ascending aortic calcification suggested by chest x-ray or

angiogram (Figure 2.17). This may require alternative techniques of cannula-
tion and clamping.

4. Identification of the thickness of the pericardium in cases of constrictive peri-
carditis or the presence of pericardial effusions.

5. Identification of intracardiac masses (see Figure 2.13B).
6. Identification of pulmonary or mediastinal abnormalities on preoperative chest

x-ray. Obtaining a baseline CT scan prior to cardiac surgery eliminates the
potential distortion of pulmonary pathology by postoperative changes.

B. With advancements in technology, several other modifications of CT have found
application in cardiac disease.
1. Electron beam CT (EBCT) with ultrafast scanning can provide an assessment

of coronary artery calcification that assesses the atherosclerotic plaque burden.
Its primary use is to screen asymptomatic patients with  coronary risk factors for
possible coronary disease and for assessing the progression or regression of dis-
ease in patients with modifiable risk factors.35

2. Contrast-enhanced EBCT and multidetector-row (or multislice) CT angiogra-
phy (MDCTA) may be useful in identifying coronary stenosis, but remain
investigational.35–40

Table 2.4  •  Indications for Postoperative Echocardiography

Low output states

New/persistent murmur
(recurrent CHF)

Evaluation of ventricular recovery
after assist device insertion

LV systolic or diastolic dysfunction
Cardiac tamponade
Hypovolemia
RV dysfunction

Paravalvular leak
Inadequate valve repair
Outflow tract gradient from small valve or systolic 

anterior motion of mitral valve leaflet (SAM)
Recurrent ventricular septal defect

LV or RV systolic function
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Figure 2.14 • CT scan with contrast of aortic dissections. (A) Type A involving only the
ascending aorta. (B) Type B starting just distal to the left subclavian artery without any
involvement of the ascending aorta. Note the intimal flap separating the true and false
lumens. AAo, ascending aorta; DAo, descending aorta; PA, pulmonary artery.

(A)

(B)
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VIII. Magnetic Resonance Imaging (MRI)
and Angiography (MRA)

A. MR scanning can provide excellent images of the cardiac structures and aorta in
multiple planes and does not require radiation. Tremendous advances in MR
technology are now finding application in cardiovascular diagnoses.41

1. The primary indication for MRI is the evaluation of aortic disease.
a. MRI is the most sensitive and specific test for detection of an aortic dis-

section (Figure 2.18), but it generally cannot be performed in an unstable
patient who requires careful monitoring and often intravenous infusions.
However, it should be considered when the clinical suspicion of a dissec-
tion is very high but the results of other tests have been inconclusive. Most
commonly, it is used in the follow-up of patients who have had repair of an
aortic dissection to assess the status of the false channel or distal aneurys-
mal expansion.42

b. MRI can detect intracardiac masses and delineate any extension into the
cardiac muscle (see Figure 2.13C).

c. MRI is helpful in identifying the thickness of the pericardium in cases of
constrictive pericarditis.

d. MRA has virtually replaced routine arteriography for the evaluation of
cerebrovascular, aortic, and peripheral vascular disease.

e. MR scanning is useful in the evaluation of inflammatory aneurysms or in
identifying fluid collections around aortic grafts when infection is suspected.

2. Myocardial viability may be evaluated using myocardial contrast-enhanced
MRI or dobutamine MRI.18–21,43,44

3. Three-dimensional MRA has been used to identify stenoses in the proximal
portion of the coronary arteries and is quite sensitive in identifying stenoses in

Figure 2.15 • CT scan demonstrating an enlarged ascending aorta to 8 cm that will need 
to be replaced at the time of aortic valve surgery by a valved conduit. Note the enlarged
descending thoracic aorta with intraluminal thrombus.
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Figure 2.16 • (A) CT scan of a large descending thoracic aortic aneurysm. Note the large amount
of thrombus surrounding the vascular channel. (B) A digital aortogram of the same patient.
Although this gives a better appreciation of the proximal and distal extent of the aneurysm and its
relationship to side branches, it significantly underestimates the overall size of the aneurysm.

(A)

(B)
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Figure 2.17 • A CT scan demonstrating severe calcification of the posterior wall of the
ascending aorta and the entire circumference of the descending aorta. Because the anterior
wall was normal, the patient could be cannulated for bypass. However, this patient required
an aortic valve replacement, which was performed under circulatory arrest because the aorta
could not be safely clamped.

Figure 2.18 • MRI demonstrating the intimal flap separating the true and false lumens in a patient
with an extensive aortic dissection involving both the ascending and descending thoracic aorta.
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saphenous vein or internal thoracic artery grafts. At present, its usefulness
seems to be in ruling out proximal left main or three-vessel disease in patients
with atypical chest pain or equivocal stress tests.36,39,45,46

4. MRI may also identify coronary plaques with indications similar to those
noted for EBCT.36,47

B. MRI cannot be performed in patients with pacemakers, implantable defibrillators,
and early-generation (Starr-Edwards) valves. However, it can be performed safely
in patients with St. Jude valves or retained epicardial pacing wires.48 Although
manufacturers of coronary stents recommend postponing MRI for 8 weeks after
stent implantation to prevent thrombosis from dislodgment, one clinical study
reported that early MRI scanning (at an average of 18 days) was safe.49 The
www.radiology.upmc.edu/MRsafety/ website provides additional information on
these issues.

IX. Aortography
A. Once considered the gold standard for the diagnosis of aortic dissections, aortogra-

phy is now reserved for the evaluation of aortic aneurysms, traumatic aortic tears,
and chronic dissections. It images only the vascular lumen and can underestimate
the overall size of an aneurysm (see Figure 2.16B). It does provide an appreciation
of the extent of an aneurysm and its relationship to the aortic branches, especially
using three-dimensional digital reconstruction of the aorta.

B. Advances in angiographic imaging have reduced some of the complications of
angiography. One of the major drawbacks was dye-induced renal dysfunction, noted
in a study from the 1980s to have an incidence of 10% overall but nearly 50% in
patients with preexisting renal insufficiency.50 Current technology uses digital
acquisition, allowing for use of more dilute contrast in smaller amounts.
Embolization of atheromatous material, aortic dissection, and puncture site com-
plications (bleeding, false aneurysms) can still occur with intraarterial injections.
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3 Preoperative Considerations 
and Risk Assessment

I. General Considerations
A. Once a patient is considered a candidate for cardiac surgery, a comprehensive evalua-

tion of the patient’s overall medical condition and comorbidities is essential. This
includes a detailed history and physical examination that should confirm the patient’s
cardiac diagnosis. It should also identify noncardiac problems that might have to be
addressed perioperatively to minimize postoperative morbidity (Box 3.1). On occa-
sion, the severity of comorbidities and an assessment of the patient’s quality of life may
contraindicate a surgical procedure that might otherwise seem to be indicated.
Attention should also be paid to identifying new cardiac abnormalities that may have
arisen since the initial cardiac catheterization that may warrant further workup.
Baseline laboratory tests, if not recently performed, are also obtained, and further
evaluation and consultation are performed, if indicated.

B. Evaluation of demographic factors, cardiac disease, and noncardiac comorbidities can
afford both the surgeon and the patient an insight into the risk of surgery (see section
VIII). Use of software that is compatible with the Society of Thoracic Surgeons (STS)
database (see www.STS.org) is invaluable in allowing surgeons to compare their results
not only with national norms but also, through sophisticated risk modeling, with the
“expected” results for their own patient population (Table 3.1).

C. A cardiac anesthesiologist should interview the patient and discuss issues related to
cessation or modification of preoperative medications (specifically insulin or oral hy-
poglycemic medications and any anticoagulant medications). Issues related to seda-
tion, monitoring lines, awakening from anesthesia, and mechanical ventilation should
also be discussed to make the patient aware of various aspects of the immediate peri-
operative period and hopefully to put his or her mind at ease (see Chapter 4).

D. Nurses with experience and an understanding of postoperative care should discuss a
simplified critical pathway so that the patient has a realistic expectation of what will
transpire during the hospital stay. Informing the patient of what procedures will take
place and when, what is expected of him or her on each day, when discharge should
be anticipated, and what the options are for post–hospital discharge care (skilled nurs-
ing facility, rehabilitation facility, home health care) are extremely beneficial in pro-
moting prompt recovery from surgery and early hospital discharge. The patient should
be provided with antiseptic scrub solution to be used during a shower at home prior
to surgery.



Box 3.1  •  Preoperative Evaluation for Open-Heart Surgery

History

1. Bleeding issues: antiplatelet or anticoagulant medications, bleeding history

2. Smoking (COPD, bronchospasm)

3. Alcohol (cirrhosis, DTs)

4. Diabetes (protamine reactions, wound infections)

5. Neurologic symptoms (transient ischemic attack, remote stroke, previous carotid
endarterectomy)

6. Vein stripping (alternative conduits)

7. Distal vascular reconstruction (alternative conduits) 

8. Urologic symptoms

9. Ulcer disease/GI bleeding (stress prophylaxis)

10. Active infections (urinary tract)

11. Current medications

12. Drug allergies

Physical Examination

1. Skin infections/rash

2. Dental caries (valve surgery)

3. Vascular examination—carotid bruits (stroke), abdominal aneurysm and peripheral
pulses (IABP placement)

4. Differential arm blood pressures (pedicled ITA graft)

5. Heart/lungs (congestive heart failure, new murmur) 

6. Varicose veins (alternative conduits)

Laboratory Data

1. Hematology: CBC, PT, PTT, platelet count

2. Chemistry: electrolytes, BUN, creatinine, blood sugar, liver function tests

3. Urinalysis

4. Chest x-ray PA and lateral

5. Electrocardiogram

94 Preoperative Considerations and Risk Assessment



History 95

II. History
A. The nature, duration, and pattern of the patient’s cardiac symptoms should be

briefly summarized to allow for symptomatic classification using either the
Canadian Classification System (for angina) or the New York Heart Association
(NYHA) system (for both angina and heart failure symptoms). Adequate informa-
tion must be provided to determine the patient’s estimated operative risk of mor-
bidity and mortality.1 The results of diagnostic tests already performed should be
noted.

B. Review of the patient’s previous and current medications is important. Particular
attention should be paid to anti-ischemic and antiplatelet/anticoagulant medications,
which may need to be maintained or discontinued prior to surgery (Table 3.2).
1. The recent use of aspirin has been shown in most studies to be associated

with increased perioperative blood loss by superimposing impaired platelet
function on the numerous derangements in the clotting mechanism caused by
cardiopulmonary bypass (CPB).2–4 Aspirin irreversibly acetylates platelet cyclo-
oxygenase, impairing thromboxane A2 formation and inhibiting platelet aggre-
gation for the life span of the platelet (7–10 days). Although the traditional 

Demographics Cardiac Disease

Age History of MI < 24 h
Gender Left main disease
BSA Ejection fraction
Race No. diseased vessels

Associated valve disease

Comorbidities Preoperative Status

Renal failure/dialysis Salvage status 
Cerebrovascular disease Cardiogenic shock
COPD Preop IABP
Diabetes Reoperation 
PVD NYHA class 
Hypertension Failed PTCA < 6 h
Hypercholesterolemia
Immunosuppressive therapy

Factors are listed in order of their relative risk ratio for operative mortality within
each category (i.e., the factor associated with the highest mortality is noted first
and achieves greater weighting in the risk assessment model). A partial list of def-
initions from the 2004 STS specification publication is noted in Appendix 10.

BSA = body surface area; PTCA = percutaneous transluminal coronary
angioplasty.

Table 3.1  •  Risk Factors for Operative Mortality 
in the STS Database (2004) 
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recommendation has been that aspirin should be stopped 7 days prior to sur-
gery, newer studies have shown that a preoperative aspirin-free interval of only
3 days significantly improves platelet function and reduces transfusion require-
ments.5–7 Other studies have documented reduced perioperative myocardial
infarction (MI) rates and improved survival when aspirin is continued up to the
time of surgery, so the concept of stopping aspirin prior to surgery has become
more controversial.8,9

a. Some patients are aspirin resistant and appear to have inadequate inhibition of
platelet function. This may account for why some patients on aspirin tend to
bleed perioperatively, whereas others do not.10

b. A bleeding tendency is more likely in patients who are aspirin responders or
have other conditions associated with platelet dysfunction, such as uremia and
von Willebrand’s disease. In these patients, the possibility of platelet dysfunc-
tion should prompt consideration of additional steps to optimize platelet func-
tion during surgery (use of aprotinin)11,12 or lower the threshold for giving
platelet transfusions at the conclusion of surgery if the patient is bleeding. In
general, aspirin does not pose a significant perioperative bleeding problem and
with careful attention to hemostasis and occasional use of platelets, periopera-
tive hemorrhage is usually not a problem.

2. Clopidogrel (Plavix) is a thienopyridine that is biotransformed into an active
metabolite that inhibits platelet function by irreversibly modifying the platelet
adenosine diphosphate (ADP) receptor, thus inhibiting ADP-mediated activation
of the platelet glycoprotein IIb/IIIa receptor. It is commonly administered to
patients with acute coronary syndromes (CURE trial) and to those in whom stent
placement is contemplated.13 Given in a standard dose of 75 mg daily, it takes
about 5 days to achieve 50% inhibition of platelet function. However, given in a
300-mg loading dose, as is commonly done prior to percutaneous coronary inter-
vention, it produces significant platelet inhibition within 2–6 hours. This effect

Drug Mechanism of Action Duration of Effect Discontinue

Aspirin Cyclooxygenase 7 days (life span 3–7 days preop
inhibition of platelet)

Clopidogrel Inhibits ADP–mediated 7 days (life span 5–7 days preop
aggregation of platelet)

Abciximab Inhibits IIb/IIIa receptors >12 h 12–24 h preop

Epitifibatide Inhibits IIb/IIIa receptors 4–6 h 2–4 h preop

Tirofiban Inhibits IIb/IIIa receptors 4–6 h 2–4 h preop

Table 3.2  •  Platelet Inhibitors to Be Stopped Prior to Surgery
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lasts for the life span of the platelet. Most patients receiving clopidogrel also
receive aspirin, which increases antiplatelet activity.
a. For patients undergoing elective surgery, clopidogrel should be discontinued

5–7 days preoperatively.
b. For patients receiving clopidogrel who require urgent surgery, the surgeon should

be aware of the potential for increased bleeding. Several, but not all, studies have
documented a significantly increased rate of bleeding and reexploration for
bleeding in patients receiving clopidogrel.14–18 Since clopidogrel has a half-life of
6–8 hours, recently administered doses may also inhibit exogenously administered
platelets. Point-of-care testing can be used to determine whether significant
inhibition of platelet function is present which will benefit from platelet trans-
fusion. Aprotinin might potentially attenuate some of the platelet dysfunction
noted with clopidogrel, but this has not been well studied.

3. Heparin is given to patients with acute coronary syndromes and is usually continued
if critical coronary disease warranting surgical intervention is recommended. It is
also used in patients with preoperative intraaortic balloon pumps (IABPs).
a. Unfractionated heparin is given using a weight-based protocol (see Appendix 5)

and requires monitoring by a partial thromboplastin time (PTT) to ensure a
therapeutic range of approximately 50–60 seconds. There is usually little risk in
continuing this up to the time of surgery as long as the anesthesiologist feels
comfortable inserting neck lines with the patient heparinized. When heparin is
used preoperatively, the platelet count should be checked on a daily basis to
assess for the development of heparin-induced thrombocytopenia (HIT) (see
pages 154–156).19 

b. A low-molecular-weight heparin (LMWH) (enoxaparin, dalteparin) 1 mg/kg
SC twice a day is commonly used in patients with acute coronary syndromes due
to its simplicity of use and the fact that it does not require blood monitoring.
LMWHs have demonstrated comparable efficacy to unfractionated heparin and
may be in fact be more effective, since they not only inhibit the conversion of
prothrombin to thrombin, but also inhibit activated factor X (factor Xa).20 Since
only 60–80% of LMWH is neutralized by protamine, it should be stopped at
least 12 hours prior to surgery to minimize perioperative bleeding.21–23

4. Patients taking warfarin, usually for atrial fibrillation (AF), a previous mechanical
valve replacement, or a prior stroke, should stop their warfarin 4 days before
surgery. Consideration may be given to using heparin when the international
normalized ratio (INR) falls below the therapeutic range, although the risk of
thromboembolism is considered to be very low during the brief period of subther-
apeutic anticoagulation.24–26

a. If there are concerns about an increased risk of thromboembolism, patients
may be admitted the day before surgery and given unfractionated heparin IV
or 5000 units SC. Alternatively, the latter may be given on an outpatient basis
to provide protection when the INR becomes subtherapeutic.

b. If the patient requires urgent surgery, administration of 5 mg of vitamin K
(given intravenously over 30 minutes) should significantly reduce the INR
within 12–24 hours, but fresh frozen plasma may be necessary if more emer-
gent surgery is indicated.27 Oral vitamin K is safer than parenteral administra-
tion (which has a risk of an anaphylactic reaction), although it takes longer to
reverse the INR. It can be used in less urgent situations or when only partial
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reversal of the INR is desired, usually before an operation not requiring CPB.28

Subcutaneous vitamin K has unpredictable and delayed absorption.24

5. Glycoprotein IIb/IIIa inhibitors are commonly used in patients with acute
coronary syndromes and non–ST-segment myocardial infarctions in whom an early
invasive strategy and possible percutaneous coronary intervention is planned.29,30

As of late 2004, three drugs were available, one long-acting (abciximab) and two
short-acting (eptifibatide [Integrilin] and tirofiban [Aggrastat]).
a. Abciximab (Reopro) is the Fab fragment of a monoclonal antibody that binds

to the IIb/IIIa receptor on the surface of platelets. Platelet aggregation is sig-
nificantly inhibited by preventing the binding of fibrinogen and von
Willebrand’s factor to this receptor site on activated platelets.
i. Reopro is usually given as a bolus dose of 0.25 mg/kg followed by a con-

tinuous infusion of 0.125 µg/kg/min for 12 hours. This achieves 80%
saturation of the receptor sites, which is considered essential to render a
damaged blood vessel nonreactive to platelets. Free abciximab is rapidly
cleared from the circulation, although it has a half-life of at least 12 hours.

ii. After the infusion is stopped, low levels of blockade persist for up to 10
days, but platelet function usually recovers within 48 hours. Elevated bleed-
ing times and abnormal platelet aggregation tests are still noted in up to
25% of patients after 48 hours, but there is little hemostatic compromise
when receptor blockade levels are less than 50%.

iii. Ideally, surgery should be delayed for at least 12–24 hours after a patient has
received Reopro. However, a patient should not be denied emergency
surgery if it is indicated. Platelet transfusions are effective in producing
hemostasis by reducing the overall number of platelet receptors bound to
abciximab.31 A hemoconcentrator can remove some of the residual free
abciximab, allowing platelets to function more for hemostasis than binding
free antibody.32

b. Eptifibatide (Integrilin) and tirofiban (Aggrastat) are short-acting reversible
antagonists of fibrinogen binding to the IIb/IIIa receptor.
i. Eptifibatide is given in a 180-µg bolus followed by an infusion of 2.0

µg/kg/min for 72–96 hours. Tirofiban is given at a dosage of 0.4 µg/kg/min
for 30 minutes followed by an infusion of 0.1 µg/kg/min for 48–96 hours.

ii. The time course of platelet inhibition parallels their plasma level. It is esti-
mated that platelet aggregation returns to 90% of normal within 4–8 hours
after stopping tirofiban and to 50–80% of normal within 4 hours of stop-
ping eptifibatide. It is recommended that these medications be stopped
approximately 4 hours prior to surgery (see Table 3.2). It is noteworthy,
however, that their use is not associated with increased post-bypass bleed-
ing even if stopped 2 hours preoperatively or even as late as the time of skin
incision. This may be attributable to their transient “platelet anesthesia”
effects offsetting the adverse influence of CPB on platelet number and
function.33–35

6. Surgery should be delayed at least 24 hours, if possible, in patients receiving
thrombolytic therapy for an acute evolving infarction. Increased perioperative
bleeding may result from the persistent systemic hemostatic defects of throm-
bolytic agents that outlive their short half-lives (less than 30 minutes for most
recombinant tissue plasminogen activator preparations). These effects include
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depletion of fibrinogen; reduction in factor II, V, and VIII levels; impairment of
platelet aggregation; and the appearance of fibrin split products. When surgery
must be performed on an emergency basis, the antifibrinolytic agents noted in
Chapter 4 and a variety of clotting factors are usually necessary to control medi-
astinal hemorrhage.

7. Nonsteroidal antiinflammatory drugs have a reversible effect on platelet function
and need to be stopped only a few days before surgery. Omega-3 fatty acids (fish
oils), garlic, vitamin E, and gingko preparations all have antiplatelet activity and
should be stopped as soon as possible before surgery.36–38 Even flavonoids in pur-
ple grape juice have been shown to inhibit platelet function.39 All of these vitamins
and herbal remedies may be of benefit to patients with coronary artery disease but
can contribute to significant perioperative bleeding if not recognized and stopped
prior to surgery.

C. Inquiry should be made about any known clinical bleeding disorder or hypercoagula-
ble state. This may direct perioperative anticoagulant management or provide direc-
tion in the management of bleeding problems.
1. Antiphospholipid syndrome is usually seen in patients with valvular heart disease

and is associated with a hypercoagulable state due to the presence of antiphospho-
lipid antibodies (anticardiolipin antibodies and/or lupus anticoagulant), even though
thrombocytopenia is commonly present. In these patients, the baseline PTT or acti-
vated clotting time (ACT) is elevated, and the ACT is unreliable in assessing the
degree of heparinization during surgery. Thus, it is recommended that the heparin-
protamine titration test be used, aiming for a heparin level of 3.4 U/mL.40

2. Other hypercoagulable states, such as factor V Leiden or protein C or S deficiency,
are usually not recognized until the patient sustains a postoperative thrombotic
event. However, if these syndromes are known to be present and the patient was
taking preoperative warfarin, aggressive anticoagulant measures should be taken to
reduce the risk of postoperative thrombosis. Admission for preoperative
heparinization should be considered when the INR is subtherapeutic. If the
patient has an antithrombin III deficiency, which is also a hypercoagulable condi-
tion, either fresh frozen plasma or antithrombin III concentrate (Thrombate) may
be required to achieve adequate heparinization during CPB.41–43

D. Chronic obstructive pulmonary disease (COPD) is a term often applied to patients
with a significant smoking history independent of the degree of respiratory impair-
ment. However, the degree of COPD is best defined by pulmonary function testing.
Although mild to moderate COPD usually does not increase postoperative morbid-
ity, significant COPD, especially that in elderly patients and those on steroids, is
associated with an increased incidence of pulmonary and sternal wound complica-
tions, longer intensive care unit (ICU) stays, and increased operative mortality.44–46 

1. The definitions of chronic lung disease in the 2004 STS database specifications
distribution are as follows:
a. Mild: Forced expiratory volume in the first second (FEV1) 60–75% of predicted

and/or on chronic inhaled or oral bronchodilator therapy
b. Moderate: FEV1 50–59% of predicted and/or on chronic steroid therapy 
c. Severe: FEV1 < 50% predicted and/or room air PO2 < 60 torr or PCO2 > 50 torr

2. Pulmonary complications are more common in patients who actively smoke, espe-
cially those with advanced age, obesity, diabetes, preoperative cardiac instability, a
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productive cough, and lower respiratory tract colonization.47–52 Actively smoking
patients should be advised to terminate smoking at least 4 weeks (and preferably
2 months) before surgery to decrease the volume of airway secretions and improve
mucociliary transport.53–55 Of course, this is rarely feasible since most patients who
continue to smoke are addicted to nicotine and have extreme difficulty stopping
smoking. Not smoking for just a few days before surgery is probably of little
benefit and may increase airway secretions.

3. An active pulmonary or bronchitic process (evidenced by a productive cough)
should be resolved before surgery using antibiotics. Bronchospastic disease should
be treated with bronchodilators and, if severe, with steroids. Pulmonary consulta-
tion may be indicated in this situation. Short-term pulmonary rehabilitation is
effective in improving perioperative pulmonary function in patients with signifi-
cant COPD and can reduce the risk of pulmonary complications.56

4. The patient’s functional status, including the ability to walk up a flight of stairs
or several hundred feet on a level surface, is at least as important as, if not more
important than, spirometric studies in determining whether a patient can toler-
ate a surgical procedure. Although one study showed that a severe reduction in
expiratory flow parameters (FEV1, forced vital capacity [FVC], or maximal mid-
expiratory flow in the first 50–75 seconds [MMEF50–75] less than 50% of pre-
dicted) was associated with the need for prolonged intubation and an increased
risk of pulmonary complications,50 other studies have not shown any correlation
of pulmonary function tests (PFTs) with surgical outcome.57 However, in
patients with significant respiratory impairment, PFTs might identify patients at
such high pulmonary risk that surgery may be contraindicated (generally an
FEV1 < 0.6). Even then, it may be difficult to determine the contribution of a
cardiac problem, such as advanced heart failure, to abnormal PFTs or diffusion
capacity (< 20% of predicted is an ominous sign of impaired ability to oxy-
genate). In this situation, careful clinical judgment must be used in deciding
whether surgery will improve the patient’s pulmonary status or will leave the
patient a pulmonary cripple.

5. B-type natriuretic peptide (BNP) can be used as a diagnostic test to ascertain
whether dyspnea is primarily of cardiac or pulmonary origin. BNP is secreted by
the atria and ventricles in patients with systolic or diastolic dysfunction. A BNP
level < 100 pg/mL indicates that a patient’s dyspnea is most likely related to a
primary pulmonary process, such as exacerbation of COPD. In contrast, dyspnea
in a patient with a BNP level > 500 pg/mL is usually caused by decompensated
heart failure. Intermediate values may be associated with LV dysfunction without
decompensation, but a pulmonary process must also be considered in the differ-
ential diagnosis.58,59

6. Baseline pulse oximetry on room air should be obtained on every patient. If the
patient has significant COPD, arterial blood gases can be valuable for comparison
with postoperative values when weaning the patient from the ventilator. An
elevated PCO2 has been found to be the most significant marker for postoperative
pulmonary morbidity and mortality.51 Patients on home oxygen or with a baseline
PO2< 60 torr are extremely borderline operative candidates.

7. Some patients on chronic amiodarone therapy are prone to the development of
postoperative pulmonary toxicity and adult respiratory distress syndrome after
surgery. This is manifested by dyspnea, hypoxia, radiographic infiltrates, and a
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decrease in diffusion capacity, and carries a very high mortality rate.60–62 The exact
mechanism of pulmonary toxicity is not known, but it is more common in patients
who have been on high doses of amiodarone for a long period of time. It is also
more common in those with a documented preoperative decrease in diffusion
capacity or prior history of pulmonary toxicity. Evidence of advanced pulmonary
toxicity may contraindicate a cardiac surgical procedure. Avoidance of potential
contributing causes, such as a high inspired oxygen fraction, long duration of
bypass, and fluid overload, is critical. On rare occasions, this syndrome may occur
after a very short course of amiodarone and appears to be an idiosyncratic or
hypersensitivity reaction.63 

E. A history of heavy alcohol abuse identifies potential problems with intraoperative
bleeding and postoperative hepatic dysfunction, agitation, and alcohol withdrawal.
Prevention of postoperative delirium tremens (DTs) with thiamine, folate, and ben-
zodiazepines should be considered. Bioprosthetic valves should be selected to avoid
postoperative anticoagulation.
1. Mildly elevated liver function tests are often of unclear significance and usually do

not require further evaluation. However, in a patient with a drinking history, they
may suggest the presence of alcoholic hepatitis or cirrhosis. A gastrointestinal (GI)
evaluation is indicated and surgery should be deferred. A common cause of mildly
elevated liver function tests is use of a “statin” medication for hypercholesterolemia.

2. A history of GI bleeding, an elevated prothrombin time (PT), or a low serum
albumin, indicating impaired synthetic function or malnutrition, or a low platelet
count may suggest the presence of severe cirrhosis with portal hypertension and/or
hypersplenism. A liver biopsy may be indicated to evaluate the risk of surgery and
the potential for postoperative hepatic failure.

3. Patients in Child-Pugh class A cirrhosis with a bilirubin < 2 mg/dL and albumin
> 3.5 g/dL will usually tolerate CPB, but may have a higher risk of postoperative
complications, including infections, bleeding, GI complications, respiratory and
renal failure.64–68 Patients with advanced alcoholic cirrhosis (class B or C) are gen-
erally not candidates for cardiac surgery. 64–68 The mortality rate for these patients
is very high, with two studies showing a 50% mortality for class B and 100% for
class C patients.67,68 However, off-pump bypass surgery can be performed suc-
cessfully in patients with advanced liver disease if their lifestyle and life span are
compromised primarily by their heart disease.68,69

F. There is a higher incidence of stroke, infection, renal dysfunction, and operative mor-
tality in patients with diabetes mellitus than in nondiabetics.70,71 Insulin-dependent
diabetics have higher rates of respiratory and renal failure than non–insulin-dependent
diabetics.71 Diabetes is a relative contraindication to bilateral internal thoracic artery
(ITA) bypass grafting. Some studies have shown the risk of infection is significantly
greater, although others have not.72,73 Skeletonizing the ITA pedicle may reduce the
risk of infection, although it remains significant in obese, diabetic women.74 Diabetics
are also more prone to phrenic nerve dysfunction after ITA harvesting.75,76 Patients
taking NPH insulin are at increased risk of experiencing a protamine reaction.77

G. Neurologic symptoms, whether active (transient ischemic attack) or remote (history
of stroke), increase the risk of perioperative stroke and warrant evaluation.78 Generally,
a carotid noninvasive study with ultrasound imaging and measurement of flow veloc-
ities should be performed in the patient with neurologic symptoms, history of a carotid
endarterectomy (CEA), or asymptomatic carotid bruits to assess for significant
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stenoses or flow-limiting lesions. It should also be considered as a screening test for
patients with significant peripheral vascular disease or calcified aortas.79 Further evalu-
ation by carotid arteriography (usually magnetic resonance angiography) may be con-
sidered if noninvasive studies are inconclusive or more precise visualization of the
carotid vessels is desired.
1. Actively symptomatic carotid disease always warrants CEA either prior to or at

the time of cardiac surgery. Combined coronary artery bypass grafting
(CABG)–CEA should be performed in the patient with unstable angina or sig-
nificant myocardium at risk if neurologic symptoms are present.80

2. The management of asymptomatic carotid lesions in patients requiring cardiac
surgery is controversial and is noted below in the discussion of carotid bruits.

H. A history of saphenous vein strippings and/or ligation or distal vascular recon-
structive procedures using saphenous vein alerts the surgeon to potential problems
in obtaining satisfactory conduits for bypass grafting. Noninvasive venous mapping
of the lower extremities may identify satisfactory greater or lesser saphenous veins for
use. Doppler assessment of the palmar arch should be performed to assess the feasi-
bility of using the radial artery as a bypass conduit (i.e., confirming that the arm is
ulnar dominant). Informing the patient of potential complications of radial artery
harvesting (specifically numbness of the dorsum of the thumb and part of the thenar
eminence from trauma to the superficial radial nerve) is essential.81 Venipunctures
and intravenous catheters should be avoided in the arm from which the radial artery
will be harvested. The anesthesiologist should also be alerted to avoid placing a radial
artery line or intravenous catheter in that arm in the operating room!

I. Urologic symptoms in women suggest the presence of an active urinary tract infec-
tion that must be treated before surgery. In men, a history of prostatic cancer treated
by irradiation, a prior transurethral resection, or other urinary symptoms consistent
with prostatic hypertrophy identify potential problems with Foley catheter placement
in the operating room. Use of a Coudé catheter may be necessary. Urologic consulta-
tion should be obtained if a catheter cannot be passed. Either a catheter may be
placed after dilating the urethra or a suprapubic tube may be inserted. Prolonged
postoperative urinary drainage should be anticipated until the patient is fully ambu-
latory or until further urologic evaluation is performed.

J. A history of significant ulcer disease or GI bleeding may necessitate further evalua-
tion by endoscopy, especially if the patient will require postoperative anticoagulation.
However, invasive diagnostic tests might have to be deferred in patients with signif-
icant coronary disease. Use of postoperative proton pump inhibitors, H2 blockers, or
sucralfate should be considered in these patients.82,83

K. The risk of infection is increased if another infectious source is present in the body
(commonly a urinary tract or skin infection). Concurrent infections must be identi-
fied and treated before surgery. An upper respiratory infection may increase the risk
of pulmonary complications, and bacterial infections may increase the risk of a
hematogenous sternal wound infection and can seed a prosthetic heart valve.

L. The patient’s medications and allergies should be reviewed. Most cardiac medica-
tions should be continued up to the time of surgery; some must be stopped in advance
(warfarin, antiplatelet drugs, metformin); and others may require specific attention
during anesthesia and the early postoperative course (steroids, insulin, monoamine
oxidase inhibitors, alternative antibiotics for antibiotic allergies)
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M. Other significant medical history, such as previous chest wall irradiation for cancer,
endocrine conditions, or psychiatric history, should be detailed in the medical record.
A thorough review of systems will assist in identifying other comorbid conditions
likely to affect the outcome of surgery.

III. Physical Examination
A. The patient’s general appearance, mental status, and affect should be evaluated and

noted in the medical record as a baseline for comparison with the postoperative
period.

B. An active skin infection or rash that might be secondarily infected must be treated
before surgery to minimize the risk of sternal wound infection.

C. Dental caries must be treated before operations during which prosthetic material
(valves, grafts) will be placed.84 Dental extractions, however, should be recommended
cautiously to patients with severe ischemic heart disease or critical aortic stenosis.
Cardiac complications may occur even if dental procedures are performed under
local anesthesia.

D. Carotid bruits are a marker, although an insensitive one, of carotid disease, which
is present in about 10% of patients with significant coronary disease. Carotid non-
invasive studies are warranted in virtually all patients with bruits to assess for high-
grade unilateral or bilateral disease.85

1. The management of an asymptomatic carotid lesion in a patient requiring open-
heart surgery is controversial. The risk of stroke with a high-grade unilateral
stenotic lesion during an isolated CABG is increased.86 Thus, if the patient pres-
ents with an acute coronary syndrome or has a large degree of myocardium at
risk, most surgeons would perform a combined CABG-CEA for a unilateral
stenosis > 90%. The risk of stroke in a combined operation for unilateral asymp-
tomatic disease is very low, and this approach reduces the subsequent risk of
stroke and is cost effective.87–90 In contrast, preliminary CEA is the preferred
approach in patients with stable angina and may result in a lower overall risk of
stroke, MI, and death.91

2. The risk of stroke with bilateral disease (> 75% bilaterally) is significant during
isolated CABG (as high as 10–15%), especially in patients with unilateral steno-
sis with contralateral occlusion.86 However, it remains quite significant even with
a combined operation. Thus, the operations should be staged with the CEA per-
formed first if cardiac disease permits. If this is not possible because of unstable
angina, left main or severe three-vessel disease with a large amount of
“myocardium in jeopardy,” a combined operation should be performed, with the
understanding that the risk of stroke is increased.

E. Bilateral arm blood pressures should be measured. Differential pressures may
identify possible subclavian artery stenosis, a contraindication to use of a pedicled
ITA graft. This finding is also noted in some patients presenting with an acute aor-
tic dissection.

F. The presence of a heart murmur may warrant a pre- or intraoperative echocardio-
gram if no valvular abnormality had been identified at the time of catheterization.
Occasionally, new-onset ischemic mitral regurgitation or unsuspected aortic valve
disease will be detected.
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G. An abdominal aortic aneurysm detected upon palpation should be evaluated by
ultrasound. IABP placement through the femoral artery should be avoided to pre-
vent distal atheroembolism.

H. Severe peripheral vascular disease (PVD) must be assessed by a careful pulse
examination. It is often associated with cerebrovascular disease and may prompt a
preoperative carotid noninvasive study. In several studies, PVD has been shown to
be a risk factor for operative mortality.
1. Weak femoral pulses may be indicative of “inflow” aortoiliac disease. This may

dictate the unsuitability of the femoral arteries for cannulation or placement of
an IABP. If the ascending aorta is also significantly diseased and an alternative
cannulation site must be utilized, the axillary artery should be considered.92

2. PVD may contribute to poor wound healing. Generally, the saphenous vein
should be harvested from the leg with the best circulation to improve wound
healing. This will also leave venous conduit for future peripheral vascular recon-
struction. “Minimally invasive” vein harvesting using endoscopic equipment or
through short “skip incisions” under direct vision is preferable to one long
incision in the leg.93

I. The presence of varicose veins identifies potential problems with conduits for
CABG. The distribution of varicosities may indicate whether or not the greater
saphenous vein is involved. Noninvasive venous mapping may identify a normal
greater saphenous vein despite significant varicosities. The lesser saphenous vein
distribution should be inspected to determine whether it might serve as a potential
conduit. Assessment of the radial artery, as noted above, should be considered.

IV. Laboratory Assessment
A. Complete blood count (CBC), PT, PTT, and platelet count

1. An elevated WBC may be associated with an infectious process that should be
identified before surgery. However, it may also be a generalized marker of
inflammation. One large study showed that the operative mortality for CABG
was 2.8 times greater if the preoperative WBC exceeded 12,000.94

2. It is important to check a daily platelet count in a patient maintained on heparin
because HIT may develop. If HIT is suspected based on a falling platelet count,
further workup is indicated with testing for heparin-induced platelet aggregation
(usually by the serotonin release assay) or by serologic testing for heparin
antibodies.19 If these tests are positive, an alternative means of anticoagulation
during bypass may be necessary (see pages 154–156). The significance of sero-
logic positivity for HIT in the absence of thrombocytopenia is unclear but
should not contraindicate use of heparin during surgery.

3. Patients with unstable ischemic syndromes should be transfused to a hematocrit
of at least 28%. This is beneficial in reducing potential cardiac ischemia as well
as blood transfusion requirements at the time of surgery (a risk factor for incre-
ased mortality). It is noteworthy that many patients experience a significant fall
in hematocrit following cardiac catheterization, approximating 5.4% on the aver-
age, either from hydration, external blood loss, groin hematomas, or retroperi-
toneal bleeding.95 This may be lessened by the use of collagen plugs following
sheath withdrawal from the femoral artery.

4. Some groups perform bleeding times on patients taking aspirin, but this test is
generally of limited value. Although bleeding times are commonly elevated in
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patients maintained on antiplatelet therapy, they are inconsistently reproducible,
correlate poorly with the extent of intraoperative bleeding, and generally are not
necessary.96,97 The availability of point-of-care qualitative platelet function test-
ing during surgery can dictate whether platelets are necessary to control bleed-
ing in patients taking antiplatelet medications.

B. Electrolytes, BUN, creatinine, blood sugar. Patients with elevated creatinine (> 1.5
mg/dL) are more prone to progressive renal dysfunction after surgery and have a
higher operative mortality.98,99 The 2004 STS definition of preoperative renal failure
is a creatinine > 2.0. Thus, patients with an elevated creatinine, especially diabetics,
should have their serum creatinine checked after cardiac catheterization. If the cre-
atinine is increased, it should be rechecked and surgery deferred, if possible, until
renal function has returned to baseline. Studies have shown that a creatinine clear-
ance (CCL) less than 55 mL/min, calculated by the equation CCL = [(140 − age) ×
weight in kg]/[72 × serum Cr] (× 0.85 for females) has a better predictive power for
operative mortality than the serum creatinine level.100 N-acetylcysteine (Mucomyst)
is commonly used for cardiac catheterization to minimize renal toxicity.101 It is given
in a dose of 600 mg bid PO prior to and after catheterization or can be given intra-
venously as 150 mg/kg in 500 mL normal saline (NS) over 30 minutes prior to con-
trast exposure followed by a 50 mg/kg dose in 500 mL NS given over the subsequent
4 hours. Fenoldopam 0.1 µg/kg/min has also be used to preserve renal function dur-
ing catheterization (as well as surgery).102 Measures should be taken to optimize
renal function before surgery, paying particular attention to hydration and optimiz-
ing hemodynamic status (see also Chapter 12).

C. Liver function tests (bilirubin, alkaline phosphatase, alanine aminotransferase,
aspartate aminotransferase, albumin). Abnormalities suggestive of hepatitis or cir-
rhosis may warrant further evaluation. Those associated with chronic passive con-
gestion may not improve until after surgery has been performed. Occasionally,
emergency surgery is indicated in patients with cardiogenic shock with an acute
hepatic insult and markedly increased liver enzymes. In this situation, there is a sig-
nificant risk of severe hepatic dysfunction after surgery, which is associated with a
high mortality rate.

D. Urinalysis. If an initial urinalysis suggests contamination, a “clean-catch” specimen
with proper cleansing should be obtained. If there is the suggestion of a urinary tract
infection, a culture should be obtained. The appropriate antibiotic should be given
for several days prior to elective surgery. If the patient requires urgent surgery, one
or two doses of an antibiotic providing gram-negative coverage should suffice prior
to bypass surgery, although a few days of treatment might be considered before per-
forming valve surgery.

E. Chest x-ray (PA and lateral). The x-ray is essential to rule out any active disease
that should be treated prior to surgery. Identification of pulmonary nodules
should prompt a chest CT scan preoperatively, since interpretation can be diffi-
cult once surgery is performed. A lateral film should always be obtained before
reoperation through a median sternotomy incision. This gives an assessment of
the proximity of the cardiac structures and the ITA pedicle clips to the posterior
sternal table. It also allows for optimal planning of minimally invasive incisions.
Additional significant information that can be derived from a chest x-ray is noted
on page 61.

F. Electrocardiogram. A baseline study should be obtained for comparison with
postoperative ECGs. Evidence of an interval infarction or new ischemia since the
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time of catheterization may warrant reevaluation of ventricular function and, on
occasion, a repeat coronary angiogram. Patients being evaluated for elective surgery
with active ischemia on ECG should be hospitalized and undergo urgent procedures.
1. If atrial fibrillation (AF) is present, it should be rate-controlled and its duration

ascertained. The likelihood of conversion to sinus rhythm after surgery is nearly
80% for patients in AF less than 6 months, but it is unlikely if the AF has been
of longer duration. Thus, the duration of AF would influence the aggressiveness
of postoperative treatment and possibly influence the decision to perform a
Maze procedure in addition to the planned operation.

2. The presence of a left bundle branch block raises the risk of heart block during
the insertion of a Swan-Ganz catheter, and the catheter should not be advanced
into the pulmonary artery in the operating room until the chest is open. The
presence of a bundle branch block also makes it more difficult to detect ischemia.

G. Most test results are acceptable when performed within one month of surgery.
However, it is beneficial to have a CBC, electrolytes, BUN, and creatinine within a
few days of surgery.

V. Preoperative Blood Donation
A. Preoperative autologous blood donation is a feasible objective in patients with stable

angina or valvular heart disease.103 However, its limited use in the past few years can
be ascribed to several factors: (1) the urgency of surgery in most cases; (2) concerns
about precipitating angina in patients with severe coronary disease; (3) lessened con-
cern about the transmission of hepatitis C and human immunodeficiency virus; (4)
questions about its cost-effectiveness with the availability of other measures to reduce
blood loss, such as antifibrinolytic drugs, cell-saving devices, and off-pump surgery;
and (5) logistic blood bank considerations.104 Thus, it is commonly not necessary 
or encouraged.
1. One unit of blood may be donated every week as long as the hematocrit exceeds

33%, allowing an additional 2–3 weeks before surgery for the hematocrit to return
to normal.

2. The use of recombinant erythropoietin can induce erythropoiesis very rapidly.
Doses of 600 U/kg SC 7 and 14 days before surgery with iron supplementation
can improve the preoperative hematocrit in anemic patients and those who donate
their own blood. This is particularly helpful in Jehovah’s Witness patients.105,106

Even one dose of 100 IU/kg of recombinant human erythropoietin given intra-
venously 4 days prior to surgery can rapidly produce erythropoiesis and reduce
transfusion requirements.107

B. The percentage of patients requiring blood transfusions after coronary surgery has
gradually been decreasing, and fewer than 50% of patients receive any blood prod-
ucts. In addition to the measures mentioned above, a lower transfusion trigger has
evolved with the recognition that postoperative hematocrits as low as 22–24% are
safe.108,109

C. Refinement in testing for hepatitis C (1/250,000 to 1.5 million units) and human
immunodeficiency virus (1/750,000 units) has lowered their risks to extremely low
levels and allayed the morbid fear of many patients of receiving transfusions.110,111

Nonetheless, blood transfusions may still cause febrile, allergic, or transfusion reactions
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and may adversely affect respiratory and hemodynamic function when given in mas-
sive amounts. It has been well documented that the use of perioperative transfusions
raises the risk of infection, renal dysfunction, respiratory complications, and overall
mortality.

VI. Preoperative Medications 
A. All antianginal medications should be continued up to and including the morning

of surgery to prevent recurrence of ischemia and to provide for a more stable anes-
thetic course. The substitution of a shorter acting β-blocker or calcium channel
blocker for a longer acting one (metoprolol for nadolol; diltiazem for Cardizem
CD) should be considered. The use of preoperative β-blockers has been shown to
lower the mortality rate of coronary bypass surgery.112,113

B. Antihypertensive medications should also be given the morning of surgery to
prevent rebound hypertension and provide for a more stable anesthetic course.
However, patients taking ACE inhibitors tend to have a lower systemic resistance
on bypass and in the immediate postoperative period, and it is often beneficial to
withhold this medication on the morning of surgery.

C. Digoxin should be given the morning of surgery if used for rate control.
D. Diuretics are continued up to the morning of surgery. Hypokalemia from diuretics

is usually not a problem intraoperatively because of the high doses of potassium
present in the cardioplegia solutions used for myocardial protection.

E. Anticoagulants and antiplatelet agents (see section II.B)
1. Warfarin should be stopped four days before surgery to allow for normalization

of the INR. Rapid reversal may be accomplished with 5 mg of vitamin K given
intravenously, but fresh frozen plasma may be used as well.

2. Intravenous heparin is generally continued up to the time of surgery.
3. LMWH should be stopped more than 12 hours preoperatively.
4. Short-acting IIb/IIIa inhibitors should be stopped 4 hours preoperatively.
5. Aspirin should be stopped 3–7 days prior to surgery.
6. Clopidogrel should be stopped 5–7 days prior to surgery.
7. Surgery should be delayed 12–24 hours in patients receiving abciximab or

thrombolytic therapy.
8. If the patient requires truly urgent or emergency surgery, platelets and clotting

factors must be available to combat the lingering antihemostatic effects of any of
the above drugs.

F. Diabetic patients should refrain from taking their oral hypoglycemic medications or
insulin on the morning of surgery. Blood sugar should be checked in the operating
room and insulin given as necessary.

G. Antiarrhythmic therapy should be continued until the time of surgery. Long-term
use of amiodarone may be associated with postoperative respiratory failure, and it
should be stopped as soon as surgery is being contemplated if there is evidence of
any pulmonary problems. Otherwise, there is little benefit in stopping it for a short
period of time to reduce perioperative risks because it has a very long half-life.

H. Preoperative prophylactic antibiotics must be administered before surgical incision.
A first-generation cephalosporin, such as cefazolin, is commonly chosen because of



Box 3.2  •  Typical Preoperative Order Sheet

1. Admit to: ______________

2. Surgery date: ____________________

3. Planned procedure: _____________________

4. Laboratory tests:

CBC with differential

PT/INR     PTT

Electrolytes, BUN, creatinine, blood sugar

Bilirubin, AST, ALT, alkaline phosphatase, albumin

Urinalysis

Electrocardiogram

Chest x-ray PA and lateral

Antibody screen      Crossmatch: ___ units PRBC

Other:

5. Treatments/Assessments

Admission vital signs

Obtain room air O2 by pulse oximetry; ABG if < 90%

Measure height and weight

NPO after midnight except sips of water with meds

Shave/Hibiclens scrub to chest and legs

Incentive spirometry teaching

6. Medications

Peridex gargle on-call to OR

Cefazolin 1 gm IV to OR with patient

Vancomycin 15 mg/kg = ____ g IV to OR with patient

Discontinue aspirin, clopidogrel, NSAIDs immediately

Stop heparin at _____

Continue heparin drip into OR

Discontinue low-molecular-weight heparin after AM dose on ______

Stop IIb/IIIa inhibitors at ______

Other:

108 Preoperative Considerations and Risk Assessment

its effectiveness against gram-positive organisms. There is some evidence that over-
all infection rates may be lower with use of second-generation cephalosporins, such
as cefamandole or cefuroxime.114 Vancomycin is used if there is a severe allergy to
penicillin or the cephalosporins. It is more expensive than the cephalosporins, but
because of its increased efficacy against gram-positive organisms, it should probably
be selected for all patients undergoing valvular surgery.115 However, it should not be
used indiscriminately to minimize the emergence of strains of vancomycin-resistant
enterococci, a growing concern in ICUs.



Box 3.3  •  Preoperative Checklist

1. Planned operation: _________________________________

2. Indication for surgery: _____________________________

3. Brief summary of cardiac catheterization results

4. Lab results

a. Electrolytes, BUN, creatinine, blood sugar

b. PT, PTT, platelet count, CBC

c. Urinalysis

d. Chest x-ray 

e. Electrocardiogram

5. Surgical note and consent in chart

6. Anesthesia note and consent in chart

7. Confirmation of blood bank setup

8. Preoperative orders written
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I. Preoperative medications are ordered by the anesthesia service. These include
sedation with narcotics (morphine), benzodiazepines (lorazepam or midazo-
lam), scopolamine, and H2 blockers (cimetidine or ranitidine) to decrease gas-
tric acidity. The selection of preoperative medications usually depends on the
nature of the patient’s cardiac disease, as discussed in Chapter 4.

VII. Preoperative Checklist
Once the patient has been accepted for surgery, orders should be written to address general
and patient-specific concerns (tests, medications) before surgery. Preprinted order sheets are
helpful to avoid overlooking any details (Box 3.2). The evening before surgery, the covering
physician/physician assistant/nurse practitioner should write a brief preoperative note sum-
marizing essential information that should be reviewed before proceeding with the operation.
Writing this note prevents important details from being overlooked (Box 3.3). For patients
undergoing elective surgery, the surgical team must take the responsibility of confirming that
all of the requisite information is present in the patient’s office chart the night before admis-
sion and is available to the operating room when the patient arrives in the morning. The
following should be noted:

A. The planned operative procedure
B. Indication for surgery
C. Brief summary of the cardiac catheterization data
D. Results of the laboratory data listed above
E. Surgical note and consent in chart
F. Anesthesia note and consent in chart

G. Confirmation of blood bank cross-match and blood setup
1. The major determinants of the need for transfusion are the patient’s blood

volume (which correlates with body size and usually with gender) and the



Procedure PRBC Setup

Minimally invasive CABG without pump Type and screen

Weight > 70 kg and hematocrit > 35% One unit

Weight < 70 kg or hematocrit < 35% Two units

Reoperations Three units

Ascending aortic surgery Three units

Descending aortic surgery Six units

PRBC = packed red blood cells

Table 3.3  •  Blood Setup Guidelines for Open-Heart Surgery
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preoperative hemoglobin level. Other risk factors for transfusion include older
age, urgent or emergent operations, poor ventricular function, reoperations,
more complex operations with longer duration of CPB, higher volumes of crys-
talloid used during surgery (> 2500 mL), elevated INR preoperatively, and the
presence of comorbidities, including insulin-dependent diabetes, PVD, elevated
creatinine, and an albumin < 4 g/dL consistent with poor nutrition.116–119

2. Guidelines for blood setup are shown in Table 3.3.
H. Preoperative orders are written:

1. Antibiotics: (always check for allergy)
a. Cefazolin 1 g IV to be given in the operating room (some recommend that

an appropriate dose should be either 1 g prior to induction and 1 g before
going on pump, or 2 g initially to maintain an adequate serum level
throughout surgery)120,121

or
b. Vancomycin 15 mg/kg. This should be available when the patient is taken

into the operating room so that it may be infused over at least 30 minutes
to avoid hypotension and the “red-neck syndrome” and can be completed by
the time of skin incision.122

2. Specific orders to stop medications listed in section VI above.
3. Antiseptic scrub (chlorhexidine) with which to shower the night before surgery.

Preferably this should be applied several times rather than during a single
shower.123

4. Mupirocin (Bactroban) nasal ointment can reduce nasal carriage of staphylococ-
cal organisms to reduce incidence of surgical site infections with methicillin-
resistant Staphylococcus aureus.124

5. Peridex mouthwash (oral chlorhexidine)
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6. Skin preparation. This is best performed the morning of surgery as it has been
well documented that the closer the prep to the time of surgery, the lower the
wound infection rate.125 Use of clippers is preferable to shaving with a razor,
which increases the risk of infection.

7. NPO after midnight
8. Preoperative medications per anesthesia service

VIII. Risk Assessment and Informed Consent
A. General comments

1. An important element of the preoperative preparation for cardiac surgery is an
assessment of the patient’s surgical risk. Risk stratification can afford patients
and their families insight into the real risk of complications and mortality. It
can also increase the awareness of the health care team to the high-risk patient
for whom more aggressive therapy in the pre-, intra-, or postoperative period
may be beneficial. Documentation in the chart of an informed consent discus-
sion is mandatory prior to any cardiac surgical procedures. This note should
quantify in some fashion the estimated mortality risk, should list some of the
more common complications of the operation being performed, and should
address risks that may be unique to the individual patient.

2. Although mortality rates are widely scrutinized, overall mortality for cardiac
surgical procedures is quite low, being less than 3% for CABGs in the 2004
STS database. However, the overall incidence of complications after cardiac
surgery is quite high, approximating 40–50%. The ability to predict and hope-
fully prevent postoperative morbidity has a significant impact on the patient’s
recovery and quality of life after surgery and in reducing hospital length of stay
and costs.

B. Risk stratification is based on an assessment of four important interrelated cate-
gories of risk factors (see Table 3.1).
1. Patient demographics. These refer to patient-related factors, independent of

disease, such as age, gender, and race.
2. Comorbidities. These refer to coexisting diseases that are not necessarily

directly related to the cardiac disease but can have significant impact on the
patient’s ability to recover from surgery. In the vast majority of patients, mor-
tality and complications are related to preexisting comorbidities, such as renal
dysfunction, cerebrovascular disease, and COPD. These render the patient
more susceptible to the insults of CPB or to complications from a low cardiac
output state.

3. Cardiac disease. The nature and extent of cardiac disease and the degree of
ventricular dysfunction are important considerations in determining the oper-
ative risk. For the vast majority of patients at low to moderate risk, they gen-
erally do not raise the operative risk significantly. However, for uncommon
surgical situations, such as a very recent MI (within 24 hours), profound left
ventricular dysfunction (EF < 20%), or mechanical complications of infarction,
such as a ventricular septal defect (VSD) or acute mitral regurgitation, they are
powerful risk factors. Postcardiotomy ventricular dysfunction associated with
poor ventricular function can exacerbate preexisting comorbidities that may
contribute to operative mortality, such as renal dysfunction.



4. Preoperative status. The immediate risk of death is greatest in patients who
come to surgery on an urgent or emergent basis. Such patients may have
unstable cardiac disease with ongoing ischemia or hemodynamic compromise
that requires inotropes, IABP support, or even ongoing cardiopulmonary
resuscitation.

C. Types of risk models
1. Univariate analysis assesses the association of an individual risk factor with

a specific outcome, such as mortality. Odds ratios are calculated that com-
pare the outcome with and without the risk factor being present. However,
calculation of operative risk is difficult using univariate data. Although each
individual risk factor increases the risk of surgery, it is difficult to assess the
overall risk when multiple factors are present, since many are interdependent.
Although some factors are discrete or dichotomous, such as gender or reoper-
ation, others are continuous, such as patient age or ventricular function.
Further subdividing continuous variables into multiple categories (e.g., age
> 65, age > 75) makes risk assessment very complex when numerous risk fac-
tors are being considered.

2. Multivariate regression models are designed to assess the independent
association of variables with a specific outcome. The inherent shortcomings
of univariate models mandate the use of multivariate analysis to evaluate the
independent association of factors found to be significant by univariate
analysis with morbidity or mortality. Logistic (or nonlinear) regression is
used for dichotomous outcomes, such as death, whereas linear regression
analysis is used for continuous outcomes, such as length of stay or hospital
costs.

D. Preoperative predictors of operative mortality
1. Numerous large surgical databases have analyzed risk factors for mortality

after coronary bypass surgery (Table 3.4).126–137 Most of these risk factors can-
not be modified and the expected mortality rates have been validated in clin-
ical studies. The surgeon can use these models to objectively provide the
patient with an individualized predicted mortality rate no matter now optimal
the perioperative care. The most common risk factors noted in these studies
include, in approximate decreasing order of significance:

a. Emergency surgery, which includes some of the powerful but fairly uncom-
mon risk factors (cardiogenic shock, VSD, ongoing cardiopulmonary
resuscitation)

b. Renal dysfunction, especially if dialysis-dependent
c. Reoperations 
d. Older age (> 75–80)
e. Poor ventricular function (EF < 30%)
f. Female gender
g. Left main disease
h. Other comorbidities, such as COPD, PVD, diabetes, and cerebrovascular

disease
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Parsonnet127 Cleveland Clinic129 STS130 NNE128 VA System133 New York State131 Toronto134 Israel135

Second Emergency Emergency Age > 75 Emergency Disasters (VSD, EF < 25% Emergency
reoperation (salvage) cardiogenic shock)

Renal failure on Creat > 1.9 Reoperation Emergency Reoperation Second reoperation EF < 35% Left main
dialysis disease

Cirrhosis Severe LV Dialysis-dependent Reoperation CHF EF < 20% Emergency Creatinine > 1.4
dysfunction renal failure

Cardiogenic Reoperation Cardiogenic Age > 65 Preoperative Dialysis-dependent Reoperation Severe CHF
shock or VSD shock IABP renal failure

Age > 80 MR Emergency BSA < 1.6 IV nitroglycerin First reoperation Age > 75 Age > 75
(nonsalvage)

First reoperation Age > 75 Creat > 2.0 Comorbidity Older age CHF Female Diabetes mellitus
score > 1

EF < 30% Previous vascular surgery H/o stroke Urgent operation Urgent indication Diabetes Age 65–74 Female

Age > 75 COPD Female LVEDP > 22 NYHA Unstable angina Three-vessel Ejection
classification disease fraction < 40%

EF < 50% Anemia Preop IABP Age 60–64 Cerebrovascular Valve operation Urgent
disease operation

Severe COPD Diabetes Peripheral Peripheral Left main disease
vascular disease vascular disease

VA = Veterans Affairs; MR = mitral regurgitation; LVEDP = left ventricular end-diastolic pressure; BSA = body surface area. 

Table 3.4  •  Predictors of Operative Mortality in Major Studies (Multivariate Analyses)



Cardiac Hepatorenal

Cardiogenic shock 12 Cirrhosis 12.5
Endocarditis, active 6.5 Dialysis dependency 13.5
Endocarditis, treated 0 Renal failure, acute or chronic 3.5
LV aneurysm resection 1.5

Tricuspid valve 5 Vascular

Pacemaker dependency 0 Abdominal aortic aneurysm, 0.5
asymptomatic

Transmural acute MI < 48 h 4 Carotid disease (bilateral 2
or 100% unilateral occlusion)

Ventricular septal defect, acute 12 Peripheral vascular disease, severe 2.5
fibrillation, aborted sudden death

Ventricular tachycardia 1

Ventricular fibrillation,
aborted sudden death

Pulmonary Miscellaneous

Asthma 1 Blood products refused 11
Preoperative endotracheal tube 4 Severe neurologic disorder 5

(healed CVA, paraplegia)

Idiopathic 12 PTCA or catheterization failure 5.5
thrombocytopenic purpura

Pulmonary hypertension 11 Substance abuse 4.5
(mean PAP > 30)

LV = left ventricular; CVA = cerebrovascular accident; PTCA = percutaneous transluminal coronary
angioplasty; PAP = pulmonary arterial pressure. 

Table 3.5B  •  Risk Values for Special Conditions (Parsonnet)127

Table 3.5A  •  Preoperative Risk-Estimation Worksheet (Parsonnet)127

Risk Factor Scoring Value

Female gender 6
Age 70–75 2.5

76–79 7
80+ 11

Congestive heart failure 2.5
COPD (severe) 6
Diabetes 3
Ejection fraction 30–49% 6.5

< 30% 8

Hypertension > 140/90 3
Left main disease > 50% 2.5
Morbid obesity > 1.5 ideal body weight 1
Preoperative IABP 4
Reoperation First 10

Second or subsequent 20
Aortic valve replacement 0
Mitral valve replacement 4.5
CABG-valve 6
Special situations

TOTAL
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2. The calculation of operative risk can be performed with “bedside” or com-
puterized models. The most common of the bedside models are the
Parsonnet,127 Northern New England (NNE),128 and the Cleveland
Clinic129 risk stratification systems (Tables 3.5A, 3.5B, 3.6 and Figure 3.1).
These assign weights or points to each factor based on their odds ratio, which
reflects the relative contribution of each factor to mortality in a validated
model. The score derived from the weight of various factors can then be used
to provide an “expected” mortality. The sophisticated computer software
packages compatible with the STS database require extensive data entry that
can provide a precise expected mortality rate. Although the number of
parameters assessed in these models differs, they all provide comparable risk
assessment.

E. Preoperative predictors of postoperative morbidity 
1. Numerous studies have also analyzed the risk factors that are predictive of

overall postoperative morbidity (Table 3.7).137–145 It is noteworthy that the
overall incidence of complications for standard cardiac surgical procedures is
quite high, approximating 40–50% in the STS database. The more common
complications, such as AF, are fairly benign but are associated with increased
length of stay and cost.146 In contrast, the less common complications are asso-
ciated with significant mortality (Table 3.8).

Figure 3.1 • The estimated mortality risk for patients using the preoperative risk-estimation
worksheet on the previous page.127 Modified with permission from Bernstein AD, Parsonnet V.
Bedside estimation of risk as an aid for decision-making in cardiac surgery. Ann Thorac Surg
2000;69:823–8.



Patient Characteristic Mortality Score CVA Score Mediastinitis Score

Age 60–69 2 3.5
Age 70–79 3 5
Age ≥ 80 5 6
Female sex 1.5
EF < 40% 1.5 1.5 2
Urgent surgery 2 1.5 1.5
Emergent surgery 5 2 3.5
Prior CABG 5 1.5
PVD 2 2
Diabetes 1.5
Dialysis or creatinine > 2 4 2 2.5
COPD 1.5 3.5
Obesity (BMI 31–36) 2.5
Severe obesity (BMI ≥ 37) 3.5

Perioperative Risk

Total Score Mortality CVA Mediastinitis

0 > 00.4 ≥ 0.3 ≥ 0.4
1 > 00.5 ≥ 0.4 ≥ 0.5
2 > 00.7 ≥ 0.7 ≥ 0.6
3 > 00.9 ≥ 0.9 ≥ 0.7
4 > 01.3 ≥ 1.1 ≥ 1.1
5 > 01.7 ≥ 1.5 ≥ 1.5
6 > 02.2 ≥ 1.9 ≥ 1.9
7 > 03.3 ≥ 2.8 ≥ 3.0
8 > 03.9 ≥ 3.5 ≥ 3.5
9 > 06.1 ≥ 4.5 ≥ 5.8

10 > 07.7 ≥ 6.5 ≥ 6.5
11 > 10.6
12 > 13.7
13 > 17.7
14 > 28.3

CVA = cerebrovascular accident; BMI = body mass index.

Table 3.6  •  Preoperative Estimation of Risk of Mortality, Cerebrovascular
Accident, and Mediastinitis for Patients Undergoing
Coronary Artery Bypass Surgery (Northern New England
Cardiovascular Disease Study Group 1999)128,136

116 Preoperative Considerations and Risk Assessment



Boston Univ138 Veterans Affairs139 Helsinki140 Pres-St. Luke’s141 Albany142 Ontario143 Boston Univ144

Morbidity and Morbidity Morbidity Morbidity Length of Stay Length of Stay Length of Stay
Mortality

Reoperation Reoperation Emergency Emergency Renal dysfunction Emergency Reoperation

Emergency Preop IABP Diabetes Age ≥ 75 Previous stroke Age ≥ 75 Valve-CABG

COPD Peripheral vascular ST changes or MI within 3 mo Peripheral Complex operation CHF
disease nonsinus rhythm vascular disease

Pneumonia Urgency Low EF CABG-valve CHF EF < 20% Insulin-dependent
diabetes mellitus

ST >110 Diabetes Age >70 Renal dysfunction Age/RBC vol Age 65–74 Creatinine ≥ 1.5 

Age >65 COPD Creatinine >1.2 Cerebrovascular disease Hypertension EF 20–34% Transfer to OR from CCU

BUN >30 NYHA class Diabetes Reoperation COPD Reoperation

Acute MI CHF COPD Female Urgent surgery

Remote MI Creatinine level Cerebrovascular Pulmonary 
disease hypertension

Age Body mass index
> 28 (kg/height 
in meters)

CCU = coronary care unit; ST = sinus tachycardia; OR = operating room.

Table 3.7  •  Preoperative Predictors of Postoperative Morbidity or Increased Length of Stay



2. The preoperative predictors of postoperative morbidity are, for the most part,
similar to those associated with mortality. In approximate order of signifi-
cance, they include:
a. Reoperations
b. Emergent procedure
c. Preoperative usage of an IABP
d. Congestive heart failure (elevated BNP levels seen in patients with CHF

have been shown to correlate with adverse clinical outcomes).147

e. CABG-valve surgery
f. Older age
g. Comorbidities: renal dysfunction, COPD, diabetes, and cerebrovascular

disease
3. In addition to predicting mortality, several studies have also elucidated the

risks of specific complications based on preoperative factors. Specifically, the
NNE database can provide an estimate of the risk of stroke and mediastinitis
(see Table 3.6) and the STS database provides an estimated risk for stroke,
reexploration for bleeding, mediastinitis, renal dysfunction, and prolonged
ventilation based on preoperative parameters.1 Awareness of these risk factors
can direct attention to specific modifiable factors that might influence the
occurrence of various complications.

F. Measures to modify risk factors for morbidity and mortality
1. The significance of identifying risk factors for postoperative events and death

is evident when the mortality associated with the development of complica-
tions is analyzed (see Table 3.8).

2. Renal failure that requires dialysis carries a mortality rate greater than
40%. Optimizing renal function before, during, and after surgery is criti-
cal in patients with preexisting renal dysfunction. In fact, the odds ratio for
mortality with a preoperative creatinine in excess of 2 mg/dL is greater
than 3.

3. Patients requiring mechanical ventilation for more than 5 days have an oper-
ative mortality greater than 20%. Preoperative treatment (use of antibiotics for
pulmonary infiltrates or bronchitis, bronchodilators) and aggressive postoper-
ative management (intraoperative fluid restriction and use of diuretics, use of
bronchodilators and steroids, early mobilization, and chest physical therapy)
may minimize the duration of mechanical ventilation.

4. Older age is associated with many costly or morbid complications, including
atrial arrhythmias, stroke, mediastinal bleeding, and renal dysfunction. A
permanent perioperative stroke carries a greater than 25% mortality rate.
Addressing carotid disease preoperatively, using epiaortic imaging in the
operating room to identify ascending aortic or arch atherosclerosis, using
cerebral oximetry, and maintaining a higher blood pressure on pump are a
few examples of measures that should be considered in elderly patients to
improve surgical results. Meticulous attention to hemostasis in elderly
patients with fragile tissues can reduce the risk of bleeding, transfusions, car-
diac tamponade, low cardiac output states, and subsequent respiratory and
renal failure.
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Incidence for First
Risk Variable Operations Risk Ratio Mortality (%)

Multisystem failure 0.6 28.52 74.4

Cardiac arrest 1.3 29.63 64.1

Renal failure (dialysis) 0.8 17.61 47.6

Septicemia 0.9 13.92 38.6

Renal failure (no dialysis: 2.8 13.53 30.6
creat > 2.0)

Ventilated > 5 days 5.5 10.73 21.0

Permanent stroke 1.5 10.35 28.0

Tamponade 0.3 8.25 25.0

Anticoagulation-related 0.4 8.23 24.7

Perioperative MI 1.2 6.64 19.0

GI complication 2.0 6.02 17.0

Reexploration for bleeding 2.1 4.53 13.0

Deep sternal infection 0.6 3.74 11.0

*Data obtained from STS database website in mid-1990s; data no longer available.

Table 3.8  •  Postoperative Complications of Coronary Bypass Surgery
and Their Mortality Risks (STS Database)*
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5. Reoperation for bleeding and the occurrence of tamponade carry significant
mortality rates (13% and 25%, respectively). Reoperations, urgent surgery,
older age, and renal dysfunction predispose to bleeding. Use of antifibrinolytic
drugs (aprotinin) and extra vigilance in the operating room are essential.
Intraoperative blood product transfusions significantly raise operative mortal-
ity. To some extent, this is because of the clinical conditions that necessitate
their use.
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6. The mortality rate associated with all types of anticoagulation-related compli-
cations is approximately 25% in the STS database. Heparin may be used for
AF, following embolic strokes, or for valve prostheses. Tamponade, GI or
retroperitoneal bleeding, or intracranial bleeding into infarcted areas may
ensue. Strict criteria for usage of heparin, careful regulation of PTT and INRs,
and vigilance for the insidious onset of delayed cardiac tamponade are critical
in any patient receiving anticoagulation after surgery.
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4 Cardiac Anesthesia

Although excellence in pre- and postoperative care can often make the difference between an
uneventful and a complicated recovery, the care provided in the operating room usually has
the most significant impact on patient outcome. Performing a technically proficient, com-
plete, and expeditious operation is only one component of this phase. Refinements in anes-
thetic techniques and monitoring, cardiopulmonary bypass (CPB), and myocardial
protection have enabled surgeons to operate successfully on extremely ill patients with far
advanced cardiac disease and multiple comorbidities. Use of off-pump modalities to avoid
CPB is particularly useful in patients at high risk because of associated morbidities. Many
patients, previously considered inoperable, will now survive the operative period to provide a
challenge to postoperative care. This chapter will describe anesthesia considerations in car-
diac surgery, including monitoring, transesophageal echocardiography (TEE), use of anes-
thetic agents, and bleeding and anticoagulation-related issues. The next two chapters will
discuss issues related to CPB and myocardial protection.

I. Preoperative Visit
A. A preoperative visit by the cardiac anesthesiologist is essential before all operations.

This provides an opportunity to review the patient’s history, perform a relevant exam-
ination, and explain the techniques of monitoring and postoperative ventilatory sup-
port. This evaluation should identify any potential problems that might require further
workup or could influence intraoperative management.
1. History: cardiac symptoms, significant comorbidities, previous anesthetic experi-

ences, surgical procedures, allergies, medications, recent use of steroids
2. Examination: heart, lungs, intubation concerns (loose teeth, ability to open mouth,

laxity of jaw)
B. The anesthesiologist should instruct the patient on which medications to continue up

to the time of surgery and which ones to stop or have doses modified. Specifically, the
anesthesiologist should tell the patient to:
1. Continue all antihypertensive and antianginal medications up to and including the

morning of surgery. One exception may be the angiotensin-converting enzyme
(ACE) inhibitors, which can be withheld to reduce the risk of low systemic resist-
ance in the perioperative period.

2. Withhold the morning dose of insulin or oral hypoglycemic medications on the
day of surgery. Blood sugars should be obtained on arrival in the operating room
and frequently during surgery with coverage provided by intravenous insulin.

3. Confirm that the patient will be off anticoagulant and antiplatelet agents prior to
elective surgery (clopidogrel for 1 week, aspirin for at least 3 days)1,2 if possible,
unless the surgeon has specified otherwise (check with the surgeon if not sure). For
patients awaiting surgery in hospital, the anesthesiologist should communicate
with the surgical team as to the timing of cessation of various anticoagulant
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medications. These include unfractionated heparin, low-molecular-weight heparin
(which should be stopped at least 12 hours preoperatively)3, and IIb/IIIa inhibitors
(which should be stopped at least 4 hours preoperatively).4,5

C. Obtain consent from the patient for the insertion of monitoring lines with a discus-
sion of potential complications.

D. Order appropriate preoperative medications.

II. Preoperative Medications
These should be administered 30–60 minutes before the patient is brought to the operating
room. They are given to reduce the patient’s anxiety and produce amnesia to allow for the safe
insertion of monitoring lines without producing hemodynamic stress. Commonly used med-
ications include lorazepam 1–2 mg PO with morphine 0.1 mg/kg IM, often with scopo-
lamine 0.2–0.4 mg IM in younger patients. Lighter doses of preoperative medications are
usually required for patients with critical valve disease or markedly depressed ventricular
function. Additional sedation with midazolam is commonly given during the insertion of
central lines. Prophylactic antibiotics may be given on call to the operating room, but prefer-
entially should be administered by the anesthesiologist at the time of line insertion to make
sure that the antibiotic infusion has been completed by the time of skin incision.

III. Intraoperative Monitoring and Transesophageal
Echocardiography
A. Patients undergoing cardiac surgical procedures are extensively monitored.

Hemodynamic alterations and myocardial ischemia that occur during the induction
of anesthesia, the prebypass period, during CPB, and following resumption of car-
diac activity can have significant adverse effects on myocardial function and recov-
ery. It should be noted that even though both hypertension and tachycardia can
increase myocardial oxygen demand, an increase in heart rate (HR) results in more
myocardial ischemia at an equivalent increase in oxygen demand.6

B. Standard monitoring equipment in the operating room consists of a five-lead ECG
system, a noninvasive blood pressure cuff, a radial (and occasionally femoral) arterial
line, a pulse oximeter, an end-tidal CO2 measurement, a Swan-Ganz pulmonary
artery catheter to monitor filling pressures and cardiac outputs and assess for
ischemia,7 and a urinary Foley catheter to measure urine output and core body tem-
perature. In uncomplicated coronary artery bypass surgery patients with normal or
mildly depressed ventricular function, use of a central venous pressure (CVP) moni-
toring line instead of a pulmonary artery catheter can provide an adequate assessment
of filling pressures.8,9 TEE has become fairly routine in most centers and is cost-
effective in providing useful information.10–14 There should be provisions to perform
epiaortic scanning to assess for ascending aortic atherosclerosis.15,16

C. Swan-Ganz pulmonary artery catheters are usually placed before the induction of
anesthesia, especially if left ventricular (LV) dysfunction is present. These catheters
are used to measure right (CVP) and left-sided filling pressures (pulmonary artery
diastolic [PAD] pressure or pulmonary capillary wedge [PCW] pressure) and obtain
thermodilution cardiac outputs. Despite the nearly universal use of these catheters to
carefully monitor patients and provide objective data on cardiac performance, stud-
ies have not conclusively demonstrated that they influence the outcome of cardiac
surgery.9,17–19



Figure 4.1  •  Swan-Ganz catheter pressures. Intracardiac pressures are recorded from the
distal (PA) port as the catheter is passed through the right atrium (RA), right ventricle (RV),
and pulmonary artery (PA), into the pulmonary capillary wedge (PCW) position.
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1. The catheter is usually inserted through an 8.5F introducer placed into the
internal jugular vein or, less commonly, the subclavian vein.20 The introducer
sheath contains one side port that provides central venous access for the infu-
sion of vasoactive medications and potassium. Multilumen introducers, such as
the 8.5F and 9F high-flow advanced venous access (AVA) devices (Edwards
Lifesciences and Arrow), can be used to provide additional venous access in
patients with poor arm veins and limited peripheral access. A manifold with
multiple stopcocks is attached to either the side port of the introducer or to one
of the additional ports of the AVA through which all medications are adminis-
tered.

2. The catheter is passed into the right atrium and the balloon at the catheter tip
is inflated. The catheter is advanced through the right ventricle and pulmonary
artery into the pulmonary capillary wedge position as confirmed by pressure
tracings (Figure 4.1). The pulmonary artery tracing should reappear when the
balloon is deflated. Note: Caution is essential when passing the catheter
through the right ventricle in patients with a left bundle branch block in whom
heart block might occur. In this situation, it is best to wait until the chest is open
before advancing the catheter so that the surgeon can directly pace the heart if
necessary.21 External defibrillator or pacing patches may be useful.

3. The proximal port of the Swan-Ganz catheter (30 cm from the tip) is used for
CVP measurements from the right atrium and for fluid injections to determine
the cardiac output. Care must be exercised when injecting sterile fluid for car-
diac outputs to prevent bolusing of vasoactive medications that might be run-
ning through the CVP port. Note: One must never infuse anything through
this port if the catheter has been pulled back so that the tip lies in the right
atrium and the CVP port lies outside the patient! This may not be noticed
because the catheter is usually placed through a sterile sheath that allows for
advancement or withdrawal of the catheter.

4. The distal port should always be transduced and displayed on a monitor to
allow for detection of catheter advancement into the permanent wedge position,
which could result in pulmonary artery injury. Balloon inflation (“wedging” of
the catheter) is rarely necessary during surgery. Medications should never be
given through the distal pulmonary artery port.



Figure 4.2 • Continuous cardiac output and mixed venous oxygen saturation obtained from
a Swan-Ganz catheter commonly used during off-pump surgery. (Image courtesy of Edwards
Lifesciences, Inc.)
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5. A variety of Swan-Ganz catheters are available that provide additional func-
tions.
a. Some catheters contain additional ports for volume infusion or for the place-

ment of right atrial and ventricular pacing wires. The latter is helpful during
minimally invasive surgery when access to the heart is limited.

b. Other catheters have been modified for assessment of continuous cardiac
outputsand mixed venous O2 saturations by fiberoptic oximetry (Figure 4.2).
These catheters are invaluable during off-pump surgery to evaluate the
patient’s hemodynamic status and may contribute to a therapeutic maneu-
ver in many patients.22 Oximetric catheters are also helpful in patients with
tricuspid regurgitation in whom thermodilution technology tends to under-
estimate the cardiac output.23

c. Volumetric Swan-Ganz catheters use thermodilution to determine the right
ventricular (RV) end-diastolic and end-systolic volumes, allowing for calcu-
lation of an RV ejection fraction.24 This is particularly valuable in patients
with pulmonary hypertension and compromised RV function.

6. The primary concerns during insertion of a pulmonary artery catheter are arte-
rial puncture, arrhythmias during passage through the right ventricle, and
potential heart block in patients with preexisting bifascicular block. Other com-
plications of Swan-Ganz catheters are noted in Chapter 7.

7. Pulmonary artery perforation is a very serious complication.25–28 It may occur
during insertion of the catheter or during the surgical procedure when
hypothermia causes the catheter to become rigid. Since the cold, stiff catheter
may advance into the lung when the heart is manipulated, it is advisable to pull
it back during CPB and readvance it after CPB. Migration of the catheter into
the wedge position may be evident by loss of pulse pressure in the pulmonary
artery waveform before or after bypass or by a very high pulmonary arterial
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pressure measurement on bypass when the heart is decompressed. The catheter
should be pulled back a short distance to prevent perforation.
a. If perforation occurs, blood will appear in the endotracheal tube. The goals

of management are to maintain gas exchange and then arrest the hemor-
rhage. Positive end-expiratory pressure (PEEP) should be applied to the
ventilator circuit. If the degree of hemoptysis is not severe, it may abate once
CPB is terminated and protamine is administered.

b. If the airway is compromised by bleeding, CPB should be resumed with
venting of the pulmonary artery. Bronchoscopy is then performed with
placement of a bronchial blocker or a double-lumen endotracheal tube that
can provide differential lung ventilation. The pleural space should be entered
to evaluate the problem. Occluding the hilar vessels and application of
PEEP may resolve the bleeding, but if it is not controlled, pulmonary resec-
tion may be required. Use of femoral artery–femoral venous extracorporeal
membrane oxygenation may control bleeding by lowering the pulmonary
arterial pressures. Due to the risk of recurrence, pulmonary angiography and
embolization may be considered once the bleeding is controlled.

D. Intraoperative TEE has become routine in most cardiac surgical centers.10–14,29–33

The probe is placed after the patient is anesthetized and before heparinization.
TEE provides an analysis of regional and global right and left ventricular function,
is very sensitive in detecting the presence of ischemia,34 and identifies the presence
of valvular pathology (Table 4.1). Color flow Doppler is used to analyze valvular
function or suspected shunts. Although TEE may image the aorta for atheromatous
disease, epiaortic imaging provides better visualization of the ascending aorta and
arch when there are significant concerns about atheromatous disease.15,16 After

All patients Epiaortic imaging for aortic atherosclerosis
Evaluation of cardiac performance (regional/global dysfunction)
Evaluation of iatrogenic aortic dissections

Coronary disease Regional dysfunction (incomplete/inadequate revascularization)

Valve surgery Prebypass identification of valvular pathology 
Valve regurgitation from paravalvular leak or inadequate repair
Outflow tract obstruction after mitral valve repair 
Valve obstruction
Residual stenosis after commissurotomy
Presence of intracardiac air

IABP Location of device relative to the aortic arch

VSD closure Residual VSD

Table 4.1  •  Specific Uses of Intraoperative Echocardiography



Figure 4.3 • Recommended views for intraoperative transesophageal echocardiography.
(Reproduced with permission from Shanewise JS, Cheung AT, Aronson S, et al. ASE/SCA guidelines
for performing a comprehensive intraoperative multiplane transesophageal echocardiography
examination: Recommendations of the American Society of Echocardiography Council for
Intraoperative Echocardiography and the Society of Cardiovascular Anesthesiologists Task 
Force for certification in perioperative transesophageal echocardiography. Anesth Analg
1999;89:870–84.)
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bypass, TEE can be used to assess ventricular function, the presence of intracardiac
air,35 and the efficacy of valve repairs and replacements. An individual trained in
performing and reading TEE, whether a cardiac anesthesiologist or a cardiologist,
is essential to optimize its usefulness. Before the probe is placed, consideration
must be given to contraindications to TEE that could produce catastrophic compli-
cations, such as esophageal perforation. These include previous esophageal surgery,



Figure 4.4 • Upper-midesophageal echocardiographic imaging of the aortic valve. Rotation
of the probe allows for visualization of the aortic valve and proximal ascending aorta in short-
and long-axis views. (Reproduced with permission from Roelandt J, Pandian NG, eds. Multiplane
Transesophageal Echocardiography. New York: Churchill Livingstone, 1996:33–58.)
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and known esophageal pathology, such as strictures, Schatzki’s ring, or esophageal
varices.36,37

1. Multiplane TEE has become standard and allows for rotation of the probe
through 180 degrees, thus affording excellent images of the heart in multiple
views.The probe is advanced up and down the esophagus and then into the stom-
ach for transgastric views. The tip of the probe can be flexed in four different
directions, and the shaft of the probe can also be rotated. The American Society
of Echocardiography and the Society of Cardiovascular Anesthesiologists have
defined 20 standard views for a routine examination (Figure 4.3).31 Some of the
best views during cardiac surgery include the following.

2. In the mid-upper esophagus, rotation of the probe allows for visualization of 
the aortic valve and proximal ascending aorta in short- and long-axis views 
(Figure 4.4).

3. In the mid-lower esophagus, the standard views can be obtained by rotating the
probe through 135 degrees. With progressive rotation, these views include a
four-chamber view (0 degrees), long-axis two-chamber view (90 degrees), and
a long-axis view of the LV outflow tract (130–150 degrees) (Figure 4.5).

4. With the probe anteflexed in the transgastric views, the three standard views are
the short axis of the right ventricle and left ventricle (0 degrees), longitudinal
two-chamber LV view (70–90 degrees), and the LV outflow tract (110–135
degrees) (Figure 4.6).29–31



Figure 4.5 • Mid-lower esophageal echocardiographic imaging. Standard views can be
obtained by rotating the probe through 135 degrees. With progressive rotation, these views
include a four-chamber view (0 degrees), long-axis two-chamber view (90 degrees), and
long-axis view of the LV outflow tract (130–150 degrees). (Reproduced with permission from
Roelandt J, Pandian NG, eds. Multiplane Transesophageal Echocardiography. New York: Churchill
Livingstone, 1996:33–58.)
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5. During on-pump coronary artery surgery, prebypass TEE will provide a base-
line analysis of regional and global ventricular function. The midpapillary long-
and short-axis views are best to assess most regions of the left ventricle. The
ability of the heart muscle to thicken is consistent with viability, whereas areas
of thinned-out muscle represent infarcted areas. Following bypass, slight im-
provement in previously ischemic zones may be noted, especially with inotropic
stimulation. These areas of hypokinesis may represent stunned or hibernating
myocardium that have contractile reserve and may gradually recover function
after revascularization. The new onset of hypokinesis raises the specter of hypo-
perfusion from an anastomotic or graft problem, incomplete revascularization, or
inadequate myocardial protection. The new onset of mitral regurgitation (MR)
may reflect loading conditions but could indicate ischemia.

6. During off-pump surgery, the midesophageal windows are best for assessing
RV and LV function and the presence of MR. Baseline views are obtained.
During vessel occlusion, TEE should assess for the acute development of
regional LV dysfunction or acute MR during construction of left-sided grafts
and for RV dysfunction during right coronary grafting. The transgastric views



Figure 4.6 • Transgastric views. With the probe anteflexed in the transgastric views, the stan-
dard views are the short axis of the right ventricle and left ventricle (0 degrees), longitudinal
two-chamber LV view (90 degrees), and the LV outflow tract (120 degrees). (Reproduced with
permission from Roelandt J, Pandian NG, eds. Multiplane Transesophageal Echocardiography. New
York: Churchill Livingstone, 1996:33–58.)
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are not helpful when the heart is elevated out of the chest.33 The development
and persistence of a new regional wall motion abnormality after a graft is com-
pleted suggests a flow problem, usually at the anastomosis. However, the latter
may occur even in the absence of a regional wall motion abnormality.

7. In minimally invasive procedures (usually aortic or mitral valve surgery), TEE
can confirm the location of the retrograde coronary sinus catheter since it can-
not be palpated by the surgeon.

8. In aortic valve operations, the best views are obtained from the mid- to upper
esophagus (see Figure 4.4). TEE can quantify the degree of aortic stenosis by
planimetry and pressure gradients, quantify the degree of aortic regurgitation by
color flow analysis that can influence delivery of cardioplegia, and assess the
degree of LV hypertrophy and its nature (concentric, septal). Annular size can
be assessed. The presence of severe diastolic rather than systolic dysfunction
may influence pharmacologic management. After bypass, valve opening and
closing can be assessed and paravalvular leaks may be identified. Competence
of homografts and autografts (Ross procedure) can be confirmed. Rarely, an
unusual finding may be demonstrated, such as an aorto–left atrial fistula or ven-
tricular septal defect (VSD).
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9. The best visualization of the mitral valve is from the lower and middle esoph-
agus. Prebypass assessment should confirm the valvular pathology and identify
the mechanism of MR (e.g., a flail leaflet and the direction of the regurgitant
jet). However, in some patients with MR, it is not uncommon to note a dis-
crepancy between preoperative and intraoperative TEE due to alteration in
loading conditions. Left atrial clot should be sought. During weaning from
bypass, TEE is helpful in identifying intracardiac air.35 After termination of
bypass it should be used to assess the competence of valve repairs, identify para-
valvular leaks after valve replacement, and assess LV and RV function.
Occasionally, the TEE will reveal an unsuspected finding, such as systolic anter-
ior motion of the anterior mitral valve leaflet obstructing the LV outflow tract,
evidence of valve dysfunction with a trapped or obstructed leaflet, or aortic
insufficiency after a difficult mitral valve operation (due to suture entrapment
of an aortic valve cusp or distortion of the aortic annulus from placement of too
small a mitral valve).

10. The diagnosis of an aortic dissection can be confirmed by TEE once the patient
is anesthetized. It not only identifies the intimal flap, but can also determine
whether aortic insufficiency is present, mandating aortic valve resuspension or
replacement. If a large pericardial effusion is present, groin cannulation may be
necessary for the emergency institution of CPB before opening the pericardi-
um. TEE can also identify flaps in cases of iatrogenic dissections at cannulation
or clamp sites.

11. In thoracic aortic surgery, TEE is useful in assessing cardiac performance and
intracardiac volume status during the period of clamping and after unclamping,
when pulmonary arterial pressures tend to be elevated out of proportion to pre-
load. This may influence fluid and pharmacologic management.38

IV.  Anesthetic Considerations for Various Types 
of Heart Surgery
A. Anesthetic management must be individualized, taking into consideration the

patient’s age, comorbidities, the nature and extent of coronary or valvular disease,
and the degree of LV dysfunction. These factors will determine which medications
should be selected to avoid myocardial depression, tachycardia, or bradycardia, or
counteract changes in vasomotor tone. Generally, narcotic-based anesthesia is used
for all open-heart surgery to minimize myocardial depression. Specific anesthetic
concerns for various disease processes are presented in this section.

B. Coronary bypass surgery
1. Factors that increase myocardial oxygen demand, such as tachycardia and

hypertension, must be prevented in the prebypass period, especially during the
induction of anesthesia. Hypotension, often resulting from the use of narcotics and
anxiolytics, such as midazolam, should be counteracted with fluids and α-agents
since hypotension is more likely to produce ischemia than hypertension.

2. Detection and treatment of ischemia is critical in the prebypass period. TEE is
the most sensitive means of detecting ischemic regional wall motion abnormal-
ities but is not always used in “routine” cases.34 Ischemia may also be manifest-
ed by an elevation in the pulmonary arterial pressures or by ST-segment eleva-
tion in the ECG leads. Aggressive management with nitroglycerin, β-blockers
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(esmolol), and narcotics can usually control prebypass ischemia. If not, prompt
institution of CPB may be necessary.

3. Narcotic/sedative regimens are the standard for coronary surgery, especially in
patients with LV dysfunction. Use of low-dose fentanyl or sufentanil, inhala-
tional anesthetics, midazolam, and propofol allows for early postoperative
extubation.

4. Anesthetic techniques for off-pump surgery commonly involve use of a con-
tinuous cardiac output Swan-Ganz catheter with on-line mixed venous oxygen
saturation monitoring. Tilting of the operating room table (Trendelenburg
position and to the right) to augment cardiac filling, judicious fluid administra-
tion, antiarrhythmic therapy (lidocaine/magnesium), α-agents (phenylephrine)
and inotropes (epinephrine/milrinone), and, on occasion, insertion of an
intraaortic balloon pump (IABP) may be used. The essential elements to a suc-
cessful off-pump operation include a patient surgeon who uses good judgment
in deciding when off-pump surgery is feasible and when conversion to CPB or
right-heart assist is necessary, an anesthesiologist who is experienced and com-
fortable with off-pump surgery, and a qualified, actively involved first assistant
(see section IX on page 163 for a more detailed discussion of anesthesia for off-
pump surgery).

C. Left ventricular aneurysms. Anesthetic drugs that cause myocardial depression
must be avoided because of the association of LV aneurysms with significant LV
dysfunction. Swan-Ganz monitoring is important in optimizing preload and con-
tractility before and after bypass. TEE is the most sensitive means of detecting the
presence of LV thrombus.

D. Ventricular septal defects are usually operated upon on an emergent basis when
the patient is in cardiogenic shock, usually on inotropic support and often with an
IABP. Thus, myocardial depression must be avoided. Systemic hypertension may
increase the shunt and should be prevented.

E. Aortic stenosis. The induction of anesthesia is a critical period for patients with
aortic stenosis. Narcotic-based anesthesia is used to minimize hemodynamic alter-
ations such as myocardial depression, vasodilation, tachycardia, or dysrhythmias, all
of which can lower cardiac output precipitously. An α-agent, such as phenylephrine
or norepinephrine, is particularly valuable in supporting systemic resistance. The
best TEE views of the aortic valve are obtained in the midesophageal short- and
long-axis views.

F. Aortic insufficiency. The hemodynamic goals in the prebypass period are to main-
tain satisfactory preload and avoid bradycardia and hypertension. Vasodilation may
be beneficial, but hypotension may reduce the diastolic perfusion pressure and pre-
cipitate ischemia. The transgastric long-axis view with color Doppler is best for
assessing aortic insufficiency.

G. Hypertrophic obstructive cardiomyopathy. Measures that produce hypovolemia
or vasodilatation must be avoided because they increase the outflow tract gradient.
Volume infusions should be used to maintain preload with the use of α-agents to
maintain systemic resistance. Use of β-blockers and calcium channel blockers to
reduce heart rate and contractility are beneficial in the immediate preoperative and
prebypass periods. Inotropic drugs with predominantly β-adrenergic effects should
be avoided.
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H. Mitral stenosis. Attention should be paid to maintaining preload, reducing heart
rate, and preventing an increase in pulmonary vascular resistance (PVR).
1. Preload must be adjusted judiciously to ensure adequate LV filling across the

stenotic valve while simultaneously avoiding excessive fluid administration that
could lead to pulmonary edema. A volumetric (RV ejection fraction) Swan-
Ganz catheter is valuable in the assessment of RV volumes and ejection frac-
tions. The PA diastolic pressure may overestimate the left atrial pressure and
may require placement of a left atrial line for monitoring after bypass. Balloon
inflation (wedging) of a pulmonary artery catheter should be avoided or per-
formed with a minimal amount of balloon inflation in patients with pulmonary
hypertension because of the increased risk of pulmonary artery rupture.

2. The heart rate should be reduced to prolong the diastolic filling period. For
patients in atrial fibrillation (AF), small doses of esmolol can be used to con-
trol a rapid ventricular response. Atropine should be avoided as a premedica-
tion. Nonetheless, cardiac output is usually marginal in patients with mitral
stenosis and can be further compromised if the ventricular rate is excessively
slow.

3. Factors that can increase PVR must be avoided. Preoperative sedation should be
light to prevent hypercarbia. Hypoxemia, hypercarbia, acidosis, and nitrous (not
nitric) oxide should be avoided in the operating room. The PVR can be reduced
with pulmonary vasodilators before bypass (usually nitroglycerin), and with
inotropic agents after bypass that can produce pulmonary vasodilatation (inam-
rinone, milrinone, or isoproterenol). Nesiritide, prostaglandin E1 (PGE1), nitric
oxide, or Iloprost can be used to reduce PVR if there is evidence of severe RV
failure (see pages 254 and 356).

I. Mitral insufficiency
1. Measures that can increase pulmonary arterial pressure, such as hypoxemia,

hypercarbia, acidosis, and nitrous oxide, should be avoided. Preoperative seda-
tion should be light.

2. In the prebypass period, adequate preload must be maintained to ensure forward
output. Systemic hypertension should be avoided because it tends to increase the
amount of regurgitation. If the patient has ischemic MR or a borderline cardiac
output, use of systemic vasodilators or intraaortic balloon pumping will improve
forward flow.

3. TEE is invaluable in identifying the precise anatomic cause for MR and in
evaluating the surgical result. This is performed once the patient is anes-
thetized. Occasionally, there is a discrepancy between preoperative and intra-
operative studies due to alterations in systemic resistance and loading condi-
tions. Elevating the blood pressure with α-agents may increase the amount of
regurgitation in patients with moderate ischemic MR and aid in the decision
to repair the valve during bypass surgery. Midesophageal and transgastric long-
axis views with rotation of the probe can evaluate the mitral valve quite
precisely.

J. Tricuspid valve disease
1. Maintenance of an elevated CVP is essential to achieve satisfactory forward

flow. A Swan-Ganz pulmonary artery catheter can be placed for monitoring of
left-sided pressures in patients with tricuspid regurgitation, although cardiac
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output determinations are of little value. A Swan-Ganz catheter can be used
after valve repair or tissue valve replacement, but not after mechanical valve
replacement. Alternatively, a left atrial line and pulmonary artery thermistor can
be placed for cardiac output determinations. Other means of assessing cardiac
output (esophageal Doppler or bioimpedance) can also be used.

2. A normal sinus mechanism provides better hemodynamics than AF, although
the latter is frequently present. Slower HRs are preferable for tricuspid stenosis
and faster HRs for tricuspid regurgitation.

3. Measures that avoid myocardial depression and lower the PVR may be helpful
in improving RV function.

4. In patients with hepatic congestion, a coagulopathy may develop after CPB.
Aprotinin should be considered in these patients and fresh frozen plasma should
be available due to depletion of coagulation factors normally produced by the
liver.

K. Endocarditis
1. Anesthetic management is dictated by the hemodynamic derangements associ-

ated with the particular valve involved.
2. Patients with aortic valve endocarditis may have evidence of heart block from

involvement of the conduction system by periannular infection. This may
require preoperative placement of a transvenous pacing wire.

3. Ongoing sepsis may produce refractory hypotension on pump despite use of 
α-agents. Vasopressin may be necessary to maintain the blood pressure.

L. Aortic dissections
1. Maintenance of hemodynamic stability and especially avoidance of hyperten-

sion are critical to prevent aortic rupture, especially during the induction of
anesthesia and line insertion. Use of a Swan-Ganz catheter is important to opti-
mize perioperative hemodynamics. Its insertion can be delayed until after intu-
bation to minimize the stress response.

2. Most patients require emergency surgery and should be considered to have a full
stomach. A modified rapid sequence induction should be performed to mini-
mize the risk of aspiration while ensuring hemodynamic stability.

3. TEE is invaluable in localizing the site and often the extent of the dissection,
the degree of aortic insufficiency, and the presence of hemopericardium. This
must be performed very cautiously in the awake patient with a suspected dis-
section for fear of precipitating hypertension, rupture, and then tamponade. If
the diagnosis has been confirmed by other means, TEE should be performed in
the anesthetized patient.

4. Repair of type A dissections is usually performed during a period of deep
hypothermic circulatory arrest. The head is packed in ice, and medications are
given to potentially provide additional cerebral protection (see section M.1).

5. Repair of type B dissections requires a period of descending aortic cross-
clamping. Because less collateral flow is present in patients with dissections than
with atherosclerotic aneurysms, the risk of paraplegia is greater. A cerebrospinal
fluid (CSF) drainage catheter should be placed before the patient is anes-
thetized. Proximal hypertension must be controlled during application of the
cross-clamp but should not be so low as to compromise spinal cord perfusion.
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M. Ascending aortic and arch aneurysms
1. Aneurysms limited to the proximal and mid-ascending aorta are repaired with

CPB and application of an aortic cross-clamp. If they extend more distally or
the arch is extensively involved, a period of deep hypothermic circulatory arrest
at 18oC is used. This should provide 45–60 minutes of safe arrest time in min-
imizing the risk of neurologic insult. Adjuncts to improve cerebral protection
include packing the head in ice, and administration of methylprednisolone 30
mg/kg and thiopental or pentobarbital 5–10 mg/kg. Continuous retrograde per-
fusion of the superior vena cava (SVC) may be used to maintain cerebral
hypothermia, and the CVP should be monitored and kept less than 20 mm Hg.
Alternatively, antegrade perfusion of the cerebral vessels may be provided.

2. Profound hypothermia and warming are associated with a coagulopathy. Platelets,
fresh frozen plasma, and cryoprecipitate are helpful in achieving hemostasis.
Supplemental use of warming devices, such as the Arctic Sun device (MediVance,
Inc., Louisville, CO), is helpful in warming the patient faster and preventing
temperature afterdrop.

3. Aprotinin is arguably helpful in reducing intraoperative bleeding with use of
deep hypothermic circulatory arrest, although there are concerns about adverse
neurologic sequelae.39 Proponents of aprotinin believe that it is safe as long as
certain measures are taken. This includes ensuring an adequate activated clotting
time (kaolin ACT > 750–1000 seconds), giving additional heparin (1 mg/kg just
prior to period of circulatory arrest), and stopping the infusion of aprotinin dur-
ing the arrest period.40–42 Alternatively, aprotinin may be given just during the
rewarming phase.

N. Descending aortic aneurysms
1. Arterial monitoring lines are inserted in the right radial and the right femoral

artery to monitor proximal and distal pressures during the period of aortic cross-
clamping.The femoral line is valuable when left-heart bypass techniques are used.

2. A Swan-Ganz catheter is important to monitor filling pressures during the period
of cross-clamping. TEE is helpful in evaluating myocardial function and often
demonstrates a hypovolemic LV chamber despite elevated pulmonary arterial pres-
sures when the cross-clamp is removed.38 Ensuring adequate intravascular volume
will reduce the risk of “declamping shock” upon release of the aortic cross-clamp.

3. One-lung anesthesia using a double-lumen or Univent tube improves operative
exposure.

4. Several medications have been used in an attempt to improve renal perfusion
during the period of aortic cross-clamping. An infusion of fenoldopam 0.03–
0.1 µg/kg/min appears to be promising.43

5. Control of proximal hypertension is essential during the cross-clamp period. A
catheter for CSF drainage should be placed before the patient is positioned and
anesthetized to reduce the incidence of spinal ischemia. Nitroprusside must be
used cautiously because it can reduce renal and spinal cord perfusion and
increase CSF pressure.44

O. Implantable cardioverter-defibrillator placement
1. ICD implantation is usually performed in an electrophysiology laboratory under

moderate sedation with midazolam, allowing the patient to breath spontaneously.
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When ventricular fibrillation is induced, deepening of the level of sedation with
propofol and assisted ventilation usually suffice. This requires close nursing or
anesthesia attendance and careful monitoring. Most patients have markedly
depressed ventricular function. Provisions for cardiac resuscitation (personnel
and equipment) should be immediately available. External defibrillator pads
should be placed for rescue defibrillation.

2. Medications that could be potentially arrhythmogenic, such as the catecho-
lamines, must be avoided. Antiarrhythmic medications are continued unless
there are plans for an electrophysiologic study, which is usually performed with
the patient off medications.

P. Surgery for atrial fibrillation
1. Procedures to correct AF may not be successful for several months. Therefore,

medications used for rate control or for AF prophylaxis can be continued up to
the time of surgery.

2. Other considerations pertain to the specific lesion for which surgery is being
performed if the arrhythmia surgery is an adjunctive procedure.

Q. Surgery for pericardial disease
1. Cardiac output and blood pressure are dependent on adequate preload, increased

heart rate, and increased sympathetic tone. Swan-Ganz monitoring is helpful in
maintaining adequate preload and in assessing the hemodynamic response to the
procedure. Agents that produce vasodilatation, bradycardia, or myocardial depres-
sion must be avoided. Volume infusions and α-agents are beneficial in maintain-
ing hemodynamic stability. Since loss of sympathetic tone can be catastrophic in
a patient with tamponade physiology, prepping and draping of the patient before
the induction of anesthesia should be strongly considered.

2. TEE is invaluable in identifying the size and hemodynamic effects of an effu-
sion. With limited surgical approaches, such as a subxiphoid window or thora-
coscopy, it can identify whether the effusion has been adequately drained.

3. After resolution of tamponade, filling pressures generally fall, blood pressure
increases, and a brisk diuresis occurs. Depending on the duration of tamponade,
some patients may require transient inotropic support after the fluid is removed.

4. After the constricted heart is decorticated, filling pressures may transiently fall,
but many patients develop a low output state associated with ventricular dilata-
tion requiring inotropic support. Inadequate decortication may be evident when
a fluid challenge that restores the preoperative filling pressures fails to increase
cardiac output. Pulmonary edema may develop if the surgeon decorticates the
right ventricle while the left ventricle remains constricted.

V. Induction and Maintenance of Anesthesia
A. Cardiac anesthesia is provided by a combination of medications that includes induc-

tion agents, anxiolytics, amnestics, analgesics, muscle relaxants, and inhalational
anesthetics.

B. Induction agents include thiopental, propofol, etomidate, ketamine, and the benzo-
diazepines. Most commonly, anesthesia is induced with a combination of thiopental,
narcotics, and neuromuscular blockers to provide muscle relaxation and prevent chest
wall rigidity that is associated with high-dose narcotic inductions. Ketamine given
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with a benzodiazepine is very useful in patients with compromised hemodynamics or
tamponade. Ketamine does not produce myocardial depression, and its dissociative
effects and sympathetic stimulant properties that produce hypertension and tachy-
cardia are attenuated by use of a benzodiazepine.45

C. Subsequently, anesthesia is maintained by additional dosing of narcotics and muscle
relaxants in combination with an anxiolytic (midazolam or propofol) and an inhala-
tional agent (Tables 4.2 and 4.3). Bispectral (BIS) electroencephalographic monitoring
can be used to titrate and minimize the amount of medication required to maintain
adequate anesthesia (a level around 55–60) while preventing awareness.46,47 This is
useful during bypass when hemodilution increases the effective volume of distribu-
tion and may necessitate redosing of anesthetic medications. The dose and selection
of anesthetic agents must provide adequate anesthesia and analgesia during surgery,
but may be modified to allow for extubation in the operating room or, more com-
monly, several hours after arrival in the ICU.

Table 4.2  •  Hemodynamic Effects of Commonly Used Anesthetic Agents

Agent HR Contractility SVR Net Effect on BP

Induction Agents

Thiopental ↑ ↓ ↓ ↓
Propofol ↓ ↓ ↓↓ ↓↓
Etomidate ↔ ↔ ↔ ↔

Anxiolytics

Midazolam ↑ ↔ ↓ ↓
Propofol ↓ ↓ ↓↓ ↓↓
Lorazepam ↔ ↔ ↓ ↓

Narcotics

Fentanyl ↓ ↔ ↓ ↓
Sufentanil ↓↓ ↔ ↓ ↓
Alfentanil ↓ ↔ ↓ ↓
Remifentanil ↓ ↔ ↓ ↓

Muscle Relaxants

Pancuronium ↑ ↔ ↔ ↑
Vecuronium ↔ ↔ ↔ ↔
Doxacurium ↔ ↔ ↔ ↔
Atracurium ↔ ↔ ↓ ↓
Rocuronium ↔ ↔ ↔ ↔
Succinylcholine ↑↓ ↓ ↔ ↑↓
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Agent Usual Dosage Duration of Action

Induction Agents

Thiopental 3–5 mg/kg 5–10 min
Propofol 1–3 mg/kg → 2–8 min

10–100 µg/kg/min
Etomidate 0.2–0.4 mg/kg → 3–8 min

5–10 µg/kg/min

Anxiolytics

Propofol 25–75 µg/kg/min Up to 20 min
Midazolam 2.5–5 mg IV q2h or Up to 10 h

1–4 mg/h
Lorazepam 1–4 mg q4h or 4–6 h

0.02–0.05 mg/kg

Narcotics

Fentanyl 5–10 µg/kg → 1–5 µg/kg/h 1–4 h
Sufentanil 0.5–1 µg/kg → 1–4 h

0.25–0.75 µg/kg/h
Alfentanil 50–75 µg/kg → 1–1.6 h

0.5–3 µg/kg/min
Remifentanil 1 µg/kg → 10 min

0.05–2 µg/kg/min

Muscle Relaxants

Pancuronium 0.1 mg/kg → 180–240 mina/0–60 minb

0.01 mg/kg q1h
Vecuronium 0.1 mg/kg → 45–90 mina/25–40 minb

0.01 mg/kg q30–45 min
Doxacurium 0.06 mg/kg → 180–240 mina/45–60 minb

0.005 mg/kg q30 min
Atracurium 0.4–0.5 mg/kg → 30–45 mina/15–30 minb

0.3–0.6 mg/kg/h
Rocuronium 0.6–1.2 mg/kg IV 30–60 min
Succinylcholine 1 mg/kg 5–10 min

aAfter initial intubating dose. 
bAfter repeat dose.

Table 4.3  •  Dosages and Metabolism of Commonly Used 
Anesthetic Agents
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D. Traditional regimens that included high-dose fentanyl have been supplanted by
protocols using low-dose fentanyl, sufentanil, or alfentanil.48–50 The least expensive
regimen combines low-dose fentanyl with an inhalational anesthetic to facilitate
early extubation. Sufentanil has a half-life of about 20–40 minutes and allows
patients to awaken within hours of completion of the operation. Remifentanil is a
very short-acting narcotic with a context-sensitive half-life of 3–5 minutes that may
be beneficial in shorter operations and in elderly patients.51–54 Although more expen-
sive, it allows for a reduction in the dose of propofol and is usually selected for
patients who can be extubated promptly after surgery. Thus, it has not been shown
to increase overall hospital costs.54

E. Midazolam has been shown to have an elimination half-life of more than 10 hours
in patients undergoing cardiac surgery.55 Although early extubation can be achieved
in patients receiving midazolam throughout surgery, most groups limit its use to the
prebypass period and then initiate a propofol infusion at the termination of bypass
and continue it in the ICU. Propofol can be used to control post-bypass hypertension
because of its strong vasodilator properties. When the patient is stable, the propofol
is turned off and the patient is allowed to awaken.56 

F. Inhalational agents provide muscle relaxation and unconsciousness, with variable
effects on myocardial depression.57 Agents commonly used include isoflurane, enflu-
rane, desflurane, and sevoflurane. They are generally given during CPB to maintain
anesthesia and reduce blood pressure, and allow for usage of lower doses of intra-
venous medications, although they provide no analgesia. Desflurane and sevoflurane
have less lipid solubility with a rapid onset of action and are quickly reversible, allow-
ing for early extubation. Nitrous oxide is contraindicated in that it reduces the amount
of oxygen that can be delivered and may also increase pulmonary arterial pressures.

G. Muscle relaxants are given throughout the operation to minimize patient movement and
suppress shivering during hypothermia. Adequate muscle relaxation might reduce some
of the paraspinal muscle soreness often noted after surgery due to sternal retraction.

1. Pancuronium is the most commonly used neuromuscular blocker. It increases both
heart rate and blood pressure and mitigates narcotic-induced bradycardia and
hypotension. In contrast, vecuronium and doxacurium have very few hemody-
namic effects. Rocuronium is a short-acting neuromuscular blocker with a rapid
onset of action and vagolytic properties. It is especially helpful for the induction
of anesthesia. Atracurium does not undergo renal elimination and is the best agent
to use in patients with renal insufficiency (see Tables 4.2 and 4.3).58–60

2. Although some centers reverse muscle relaxants at the end of the operation, this
can be detrimental if the patient becomes agitated and develops hemodynamic
alterations. A conservative approach is to observe the patient in the ICU for sev-
eral hours during which time most of the neuromuscular blockade dissipates and
extubation can then be achieved. Adequate sedation must be maintained in the
ICU while a patient remains pharmacologically paralyzed.

H. Dexmedetomidine is an α2-adrenergic agonist with numerous properties, including
sedation, analgesia, anxiolysis, and sympatholysis. During surgery, it can be used to
reduce the dosage of other medications, allowing for early, comfortable extubation. It
may also reduce shivering and myocardial ischemia.61,62 Its role in perioperative man-
agement is still being defined.63 It is given as a loading dose of 1 µg/kg over 10 min-
utes followed by a continuous infusion of 0.2–0.7 mg/kg/h.
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VI. Prebypass Considerations
A. Avoidance of ischemia prior to initiating bypass is critical for all types of heart

surgery. Identification of ischemic electrocardiographic changes, elevation in filling
pressures, or regional wall motion abnormalities on TEE requires prompt attention.
Manipulation of the heart by the surgeon for cannula placement, blood loss during
redo dissections, ongoing blood loss from leg incisions, and AF during atrial can-
nulation are a few of the potential insults that must be addressed. Judicious use of
fluids and α-agents to counteract vasodilatation and hypotension, β-blockers or
additional anesthetic agents for hypertension or tachycardia, and nitroglycerin for
ischemia must be selected appropriately to maintain stable hemodynamics. In the
prebypass period, fluids are usually administered in the form of crystalloid.

B. TEE should be performed at this time to provide a baseline assessment of regional
wall motion abnormalities and identify known or overlooked valvular pathology.29–32

C. Autologous blood withdrawal before the institution of bypass protects platelets
from the damaging effects of CPB. The quality of this blood is excellent, with only
slight activation of platelets, and it has been demonstrated to preserve red cell mass
and reduce transfusion requirements.64 It should be considered in patients for whom
the calculated hematocrit on pump will remain adequate after withdrawal of 1–2
units of blood with nonheme fluid replacement.

D. Pharmacologic intervention may be considered to reduce the systemic inflammatory
response to bypass. This may include use of aprotinin (see below) or steroids.
Although use of preoperative methylprednisolone or dexamethasone may reduce
the inflammatory response, little clinical benefit other than an improvement in
emetic symptoms or appetite has been demonstrated.65–68

E. Antifibrinolytic drugs have been demonstrated unequivocally to reduce periopera-
tive blood loss in cardiac operations. They should be used for all on-pump cardiac
surgical procedures and may be of benefit in off-pump cases as well.69–72 Most pro-
tocols include giving the first dose at the time of skin incision or before hepariniza-
tion, giving a dose in the pump prime, and administering a constant infusion during
the operation (Box 4.1).
1. Aprotinin is a serine protease inhibitor that has been demonstrated in numerous

studies to be extremely effective in reducing perioperative bleeding and also in
producing an antiinflammatory effect.73

a. Mechanisms of action of aprotinin include:
i. Preservation of platelet function by blocking the platelet glycoprotein Ib

receptor.
ii. Inhibition of fibrinolysis by inhibiting circulating plasmin directly and by

blocking kallikrein-induced conversion of plasminogen to plasmin.
iii. Inhibition of kallikrein-induced kinin formation, minimizing its vasoac-

tive effects that contribute to increased vascular permeability.
iv. Inhibition of neutrophil activation and degranulation.
v. Decrease in complement activation.

b. Because aprotinin is so effective in reducing perioperative bleeding, there
have been concerns about its prothrombotic tendencies, especially in patients
with small coronary arteries.74 However, it has been shown that aprotinin
selectively blocks the proteolytically activated thrombin receptor (PAR1) on
platelets, thus inhibiting platelet aggregation induced by thrombin
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(antithrombotic effect). At the same time, it does not inhibit platelet aggre-
gation induced by collagen or adenosine diphosphate (ADP), thus allowing
for normal hemostatic activity in surgical wounds.75 Most studies have not
demonstrated adverse effects of aprotinin on graft patency.76 Additionally, use
of high-dose, but not low-dose, aprotinin reduces the risk of stroke.77

c. Because of its expense, aprotinin should generally be reserved for complex
operations, reoperations, and other situations where the bleeding risk is
increased (hepatic dysfunction, thrombocytopenia, uremia, use of aspirin and
possibly clopidogrel).78,79

d. Traditionally, aprotinin protocols have been subdivided into high-dose, low-
dose, and ultra-low-dose as follows:

i. High-dose aprotinin: 2 million kallikrein inactivation units (KIU) (280 mg)
after the induction of anesthesia over 30 minutes, 2 million KIU (280 mg)
in the pump prime, and a maintenance infusion of 0.5 million KIU/h 
(70 mg/h) until the completion of the operation.

ii. Half-dose aprotinin: 1 million KIU (140 mg) after induction, 1 million
KIU (140 mg) in the pump prime, and a continuous infusion of 250,000
KIU/h (35 mg/h).

iii. “Minimal dose” and “ultra-low-dose” protocols include giving 0.5 million
KIU (70 mg) before incision with additional 0.5 million KIU (70 mg) on
pump or giving 1–2 million KIU (140–280 mg) in the pump prime alone.

Box 4.1  •  Doses of Antifibrinolytic Drugs

Aprotinin (1) High dose: 2 million KIU prior to heparinization

2 million KIU in pump prime

0.5 million KIU/h

(2) Low dose: half of above

(3) Weight adjusted: 3.5 mg/kg IV bolus

70 mg pump prime load

3.5 mg/kg/h for 1 hour

1 mg/kg/h continuous infusion83

ε-aminocaproic acid 5 g prior to heparinization

5 g in pump prime

1 g/h during surgery

Tranexamic acid (1) 10 mg/kg over 20 minutes followed by a 1 mg/kg/h
infusion99,103

(2) 1-g bolus followed by an infusion of 400 mg/h with
500 mg in the pump prime93

(3) 100 mg/kg given before CPB104

(4) 5.4 mg/kg load, 50 mg in the pump prime (for a
2.5-L circuit), and a 5 mg/kg/h continuous infusion98
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e. The antifibrinolytic effects of aprotinin are noted at plasma concentrations of
125 KIU/L, which is sufficient to inhibit 90% of plasmin activity. This may
be seen with lower dosing regimens and is effective in reducing bleeding.
However, the antiinflammatory effects require a plasma level of 200 KIU/mL,
which is required to inhibit kallikrein by approximately 50%.80–82 This usually
requires the higher dosing regimen.

f. Due to the expense of using aprotinin, weight-based protocols to maintain a
serum level of 200 KIU/mL have been devised.83,84 The recommendation of
the Mayo clinic group is as follows:

i. 3.5 mg/kg IV bolus
ii. 70-mg pump prime load

iii. 3.5 mg/kg/h for 1 hour, then 1 mg/kg/h continuous infusion
g. Aprotinin is useful in minimizing uremic bleeding due to platelet dysfunction

in patients with dialysis-dependent renal failure. However, in patients with
moderate renal dysfunction, it must be used cautiously because it may worsen
renal function. Approximately 20% of patients will develop an increase in
serum creatinine > 0.5 mg/dL and 4% will have more than a 2 mg/dL
increase, both of which are greater than in patients not receiving aprotinin.85

Aprotinin is actively absorbed by the renal tubular system where it remains for
5–6 days and produces reversible overload of tubular reabsorption mecha-
nisms. Patients with normal preoperative renal function usually compensate
for this abnormality with little increase in creatinine, but those with altered
tubular function may sustain additional tubular injury. Although guidelines
for dosing in patients with moderate renal dysfunction are not available, lower
doses should probably be used because of the increased half-life in patients
with renal dysfunction.86–88 Note that aprotinin is removed by intraoperative
hemofiltration; this must be taken into consideration when hemofiltration is
used during surgery to remove fluid.

h. Aprotinin raises the ACT and can lead to underheparinization. Aprotinin is
absorbed by kaolin, so a kaolin ACT > 480 seconds is adequate. It is not
absorbed by celite, so a celite ACT must exceed 750 seconds.89 If readily
available, heparin levels should be measured and maintained > 2.7 IU/mL.

i. There has been a reported association of neurologic deficits and renal dys-
function in patients undergoing deep hypothermic circulatory arrest with the
use of aprotinin.39 Safe use of aprotinin involves administering additional
heparin before the period of circulatory arrest to achieve a higher ACT (at
least > 600 seconds and perhaps > 1000 seconds), maintaining a heparin level
> 2.7 U/kg, recirculating the pump during the period of circulatory arrest, and
avoiding infusion of aprotinin during the arrest period. Alternatively, the
aprotinin infusion can be initiated during the rewarming phase.

j. Despite its antigenic properties (50% of patients will have detectable IgG
immunoglobulins within 3 months of exposure), allergic reactions upon reex-
posure to aprotinin are relatively uncommon (about 3%).90 Nonetheless, reex-
posure is best avoided for 6 months. A small test dose of 1 mL is optional
before an initial dose of aprotinin because a severe anaphylactic reaction has
been reported upon primary exposure.91

2. d-aminocaproic acid (Amicar) is an inexpensive medication that can be used to
reduce blood loss in first-time and uncomplicated reoperations. It has antifibri-
nolytic properties and may also preserve platelet function by inhibiting the
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conversion of plasminogen to plasmin. It has no effect on the ACT. Although a
meta-analysis concluded that it was as effective as aprotinin in reducing bleeding
after cardiac surgery,92 many studies have not demonstrated this, consistent with
most surgeons’ experiences.93

a. One common regimen is to give 5 g after the induction of anesthesia, 5 g on
pump, and 1 g/h during the procedure. Twice this dose is commonly used in
patients weighing more than 100 kg. Giving a 5–10-g dose only at the time
of heparinization for bypass also reduces blood loss.

b. A pharmacokinetic study showed that the clearance of ε-aminocaproic acid
decreases and the volume of distribution increases during CPB. To maintain
a plasma level of 260 µg/mL, a recommended dosing regimen of a 50 mg/kg
load over 20 minutes followed by a maintenance infusion of 25 mg/kg/h has
been recommended.94

c. Few adverse clinical effects have been noted with use of ε-aminocaproic acid.
There is no increased risk of stroke.95 Although a subtle degree of renal tubular
dysfunction may occur, as demonstrated by an increase in urine β2-microglobulin
levels, a 10 g dose was not shown to alter creatinine clearance.96,97

d. ε-aminocaproic acid is primarily effective when given prophylactically, but
might be of benefit in reducing blood loss if given only after bypass by inhibit-
ing fibrinolysis. If extensive bleeding is encountered after its prophylactic use,
aprotinin may be considered to control bleeding. However, the combination of
these two medications might theoretically promote a prothrombotic state, and
this must be taken into consideration if one takes this approach.

3. Tranexamic acid (Cyclokapron) has similar properties to ε-aminocaproic acid,
inhibiting fibrinolysis at a serum concentration of 10 µg/mL, and reducing
plasmin-induced platelet activation at a level of 16 µg/mL.98 It has been shown
to reduce perioperative blood loss in on- and off-pump surgery71,99 and in several
studies was found to be as effective as aprotinin.100,101 It does not affect the
ACT.102

a. The appropriate dosing of tranexamic acid is not well defined. One common
recommendation is 10 mg/kg over 20 minutes followed by a 1 mg/kg/h
infusion; another is a 1 g bolus followed by an infusion of 400 mg/h with 
500 mg in the pump prime. 93,99–101,103 Another study showed that one dose
of 100 mg/kg given before CPB was very effective in reducing bleeding.104

b. A weight-based protocol to achieve a plasma level > 20 µg/mL entails a 
5.4 mg/kg load, 50 mg in the pump prime (for a 2.5-L circuit), and a 5 mg/kg/h
continuous infusion, to be modified by the serum creatinine.98

c. Topical use of tranexamic acid in the pericardial space has been shown to
significantly reduce perioperative bleeding.105

d. Tranexamic acid is substantially less expensive than aprotinin, but more
expensive than ε-aminocaproic acid.

F. Anticoagulation for cardiopulmonary bypass
1. Anticoagulation is essential during CPB to prevent the production of thrombin

and fibrin monomers caused by interaction of blood with a synthetic interface.
Advances in the design of extracorporeal circuits, such as heparin-bonded
systems (Carmeda, Duraflo), have reduced, but not completely eliminated, the
necessity for anticoagulation (see Chapter 5).106,107
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2. Heparin dosing. Heparin inhibits the coagulation system by binding to
antithrombin III. It also contributes to platelet dysfunction and induces a fibri-
nolytic state.108,109 A baseline ACT should be drawn after the operation has com-
menced and before systemic heparinization. A small dose of heparin (5000 units)
is given before division of the internal thoracic artery or radial artery, but a total
dose of approximately 3–4 mg/kg of heparin must be given prior to cannulation
for CPB. Porcine heparin may be associated with a lower risk of heparin antibody
formation than bovine heparin and is therefore preferentially recommended.110

3. Heparin monitoring is performed using a number of systems that measure the
ACT. This widely used test qualitatively assesses the anticoagulant effect of
heparin. Although a standard dose of heparin is usually given, there is great vari-
ability in patient response to heparin. An individualized dose-response curve that
relates the heparin dose to its effect on the ACT can be performed to determine
the requisite amount of heparin. The ACT is influenced by many factors besides
heparin, including hypothermia, hemodilution, and, to a lesser degree, thrombo-
cytopenia. Furthermore, the ACT does not measure or necessarily correlate with
heparin concentrations. Achieving higher patient-specific heparin levels more
effectively suppresses hemostatic system activation than standard dosing based
on ACT alone.111 Nonetheless, due to its simplicity and overall safety, achieving
a satisfactory ACT level is acceptable and universally utilized. The ACT should
be monitored every 20–30 minutes during bypass (or prior to bypass if there is a
significant delay after initial heparinization) and additional heparin administered
as necessary.
a. The ACT should be maintained over 480 seconds throughout the pump run.

Lower ACTs are acceptable with the use of heparin-coated circuits during
routine coronary bypass surgery, but probably are not acceptable during com-
plex open heart operations.106,107  

b. With the use of aprotinin, which itself raises the ACT level, kaolin ACTs
must be maintained longer than 480 seconds, whereas celite ACTs must exceed
750 seconds to avoid underheparinization.

c. During off-pump surgery, the optimal ACT is not known. Using 2.5 mg/kg
of heparin with a target ACT over 300 seconds is satisfactory and is not asso-
ciated with any increased risk of thrombotic complications.112

d. Because of individual patient variability in response to heparin and the effects
of hypothermia and hemodilution on the ACT, anticoagulation can also be
assessed by calculating dose-response curves and measuring circulating levels
of heparin (desired level is > 2.7 U/mL) using the Medtronic Hepcon system.
This directly measures circulating heparin levels and also allows for determi-
nation of a neutralizing dose of protamine to return the ACT to baseline.113

e. An alternative means of assessing anticoagulation is the high-dose thrombin
time. This correlates better with heparin concentration and is not affected by
temperature, hemodilution, or aprotinin.114

4. Heparin resistance is present when a heparin dose of 5 mg/kg fails to raise the
ACT to an adequate level (> 400 seconds). This is an unpredictable occurrence 
but is more commonly noted in patients on preoperative heparin, IV nitroglycerin,
an IABP, and in patients with infective endocarditis.115 It is usually related to
antithrombin III deficiency. If additional heparin does not elevate the ACT,
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antithrombin III must be given, either in fresh frozen plasma or in a commercially
available pooled product (Thrombate III), which provides 500 units per vial.116–118

5. Heparin-induced thrombocytopenia documented by positive serologic tests
(enzyme-linked immunosorbent assay) or platelet aggregation testing (heparin-
platelet factor 4 or serotonin release assay) poses a dilemma for the patient
requiring cardiac surgery.119 Ideally, surgery should be delayed for about 3
months, at which time antibodies have usually disappeared. At that time, a
heparin challenge is considered to be safe and is usually not associated with the
reappearance of antibodies. However, when surgery is necessary on a more urgent
basis and HIT is confirmed (i.e., both antibodies and thrombocytopenia are pres-
ent), the readministration of heparin can produce profound thrombocytopenia
and widespread thrombosis. Not infrequently, a heparin antibody is present in
patients receiving preoperative heparin (up to 35% in one study),120 but in the
absence of thrombocytopenia its presence is not a contraindication to use of
heparin during surgery. However, when HIT is present, an alternative means of
achieving satisfactory anticoagulation during CPB and for off-pump surgery
must be employed. Several regimens have been investigated (Table 4.4).
a. Standard doses of heparin can be used in association with the three following

options:
i. Preoperative aspirin and dipyridamole as platelet pretreatment (a some-

what risky approach).121

ii. Platelet inhibition with the short-acting glycoprotein IIb/IIIa
inhibitors (tirofiban or eptifibatide). One recommended dosing regimen
for tirofiban is 10 µg/kg 10 minutes prior to administration of standard-
dose heparin, followed by a continuous infusion of 0.15 µg/kg/min that
should be stopped 1 hour before the anticipated cessation of CPB. The
effects of tirofiban on platelet function cannot be reversed, but 80% of
their effect dissipates within 4 hours. Thus, bleeding may persist for a
period of time after CPB has terminated.122

iii. Prostaglandin analogs (PGE1, epoprostenol [prostacyclin], or iloprost)
can be used to inhibit platelet function during heparinization.
•  PGE1 is given in a dose of 0.5–1.0 µg/min.
•  Epoprostenol is given in a dose of 5 ng/kg/min and increased by 

5 ng/kg increments every 5 minutes (to observe for systemic hypoten-
sion) up to 25–30 ng/kg/min, following which a heparin bolus is 
given. After protamine administration, the dose is weaned in 5 ng/kg
decrements.123 

•  Iloprost can be given starting at a dose of 3 ng/kg/min with a doubling
of dose every 5 minutes to a dose determined by preoperative in vitro
testing. The usual dose required is 6–24 ng/kg/min.124

b. Bivalirudin is a synthetic hirudin analog that is a direct thrombin inhibitor.
It has a rapid onset of action and a half-life of 25 minutes. It is primarily
metabolized by proteolytic cleavage by thrombin in the bloodstream. There is
some renal elimination, so modification is necessary in patients with renal
dysfunction. The effects of bivalirudin cannot be reversed, but it can be elim-
inated by hemofiltration and plasmapheresis.125 After discontinuation, it is
not associated with a hypercoagulable state (cf. argatroban).



Drug Half-life Reversal Metabolism Monitoring Dosing Regimen

Bivalirudin 25 min None Metabolic > renal ACT, ECT 1.5 mg/kg bolus, 50 mg in
pump, then 2.5 mg/kg/h
infusion 

Lepirudin 80 min None Renal PTT, ECT 0.25 mg/kg, 0.2 mg/kg in
pump prime, 0.5 mg
mg/min infusion

Argatroban 30 min None Hepatic > renal PTT, ACT 0.1 mg/kg bolus,
then 5–10 µg/kg/min  

Danaparoid 20 h None Renal Factor Xa levels 125 U/kg, 3 U/kg in pump
prime, 7 U/kg/h

Table 4.4  •  Alternative Drugs for Anticoagulation During Cardiopulmonary Bypass in Patients 
with Heparin-Induced Thrombocytopenia
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i. For off-pump surgery, bivalirudin has been given as a loading dose of 0.75
mg/kg followed by an infusion of 1.75 mg/kg/h to obtain an ACT of
300–350 seconds.126

ii. For on-pump surgery, the recommended dose is a 1.5 mg/kg initial bolus,
followed by a continuous infusion of 2.5 mg/kg/h infusion with 50 mg
placed in the pump.119 The infusion rate is then modified depending on
the ecarin clotting time (ECT) as noted below. Other studies have used
a 50-mg bolus followed by an infusion of 1.5–1.75 mg/kg/h.127,128

iii. Adequacy of anticoagulation can be monitored with an ACT or an ECT
drawn every 30 minutes. Studies have suggested that plasma bivalirudin
levels of 10–15 µg/mL should be achieved. The correlation of the ECT
with plasma levels is as follows: > 500 seconds (> 15 µg/mL), 400–500
seconds (10–15 µg/mL), and < 400 seconds (< 10 µg/mL).119,129

c. R-hirudin (lepirudin) is a recombinant hirudin analog that is a direct thrombin
inhibitor. It has a slow onset of action and a long half-life, estimated at around 
80 minutes in a patient with normal renal function. Since it is primarily excreted
by the kidneys, any impairment in renal function contraindicates its use. Its effects
cannot be reversed, although it can be eliminated by hemofiltration.130 Significant
bleeding has been reported in most cases in which lepirudin has been used.

i. The recommended dosing regimen is 0.25 mg/kg before CPB, 0.2 mg/kg
in pump prime, and a continuous infusion of 0.5 mg/min. It should be
discontinued 15–30 minutes before the anticipated end of CPB.131,132

ii. The ACT is unreliable in assessing anticoagulation with hirudin at levels
required for CPB. Thus, anticoagulation must be monitored by the ECT,
attempting to achieve a level of 400–450 seconds. This corresponds to a
hirudin level greater than 4 µg/mL.119

d. Argatroban is a direct thrombin inhibitor that takes about 1–3 hours to reach
a steady-state level and has a half-life of about 30 minutes. It is primarily
metabolized by the liver with about 25% excretion by the kidneys. Thus it is
preferable to lepirudin in patients with renal impairment. It is monitored by
the ACT, aiming for a level of 300–400 seconds. For off-pump surgery, one
recommended dose is 2.5 µg/kg/min to achieve an ACT of twice baseline.133

For on-pump surgery, the recommended dose is 0.1 mg/kg followed by a con-
tinuous infusion of 5–10 µg/kg/min.134

e. Danaparoid sodium is a heparinoid that inhibits factor Xa, resulting in inhi-
bition of thrombin generation. It has low cross-reactivity with antiheparin
antibodies (about 10%). Although it has been used during cardiac surgery, its
disadvantages are that it has a half-life of 20 hours, undergoes renal metabo-
lism, and its effects are not reversible.135,136 Thus, it is invariably associated
with significant bleeding after CPB.

i. The recommended dosing protocol is 125 antifactor Xa U/kg IV bolus,
3 U/kg in the pump prime, and a continuous infusion of 7 U/kg/h that
should be stopped 45 minutes before the anticipated end of CPB.

ii. Appropriate monitoring requires measurement of factor Xa levels, trying
to maintain a plasma concentration of 0.7–1.3 U/mL. Since such testing
is not feasible during CPB, this medication is very risky and has been
associated with thrombotic events on bypass. Although useful in postop-
erative patients with HIT, it is best avoided during CPB. It is no longer
available in the United States.
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G. Although one dose of antibiotics administered prior to skin incision usually suffices
to provide adequate tissue levels, an additional 1-g dose of cefazolin may be benefi-
cial just before going on bypass.

VII. Considerations During Cardiopulmonary Bypass
A. Virtually all valve surgery and most coronary bypass surgery is performed using CPB.

The essential components of the CPB circuit are discussed in the next chapter.
Basically, the blood drains by gravity from the right atrium into a reservoir, is oxy-
genated, cooled or warmed, and then returned to the patient through an arterial
cannula usually placed in the ascending aorta. Desired hemodynamic and labora-
tory values during bypass are noted in Table 5.2.

B. The lungs are not ventilated during bypass since oxygenation occurs within the
oxygenator and carbon dioxide is eliminated by the gas flow into the oxygenator
(the sweep rate). Although studies have suggested that the efficacy of gas exchange
postpump is improved in patients whose lungs remain inflated during CPB, this is
not a common practice.137 Arterial blood gases are measured to ensure that the
oxygenator is providing adequate oxygenation and that CO2 extraction is sufficient.
Venous oxygen saturation is measured to determine if the systemic flow rate is ade-
quate. If on-line monitoring is not available, studies should be repeated every
15–20 minutes.

C. The optimal mean blood pressure during CPB is controversial.138,139 Although there
is some evidence that a higher mean blood pressure (around 80 mm Hg) may reduce
some of the neurocognitive changes seen after bypass, the standard management is
to maintain a mean blood pressure around 65 mm Hg using vasodilators (narcotics
or inhalational anesthetics) or vasopressors (phenylephrine, norepinephrine, or vaso-
pressin). Perfusion pressure is determined by a number of variables.
1. Hypotension may be related to hemodilution; use of preoperative vasodilators,

including ACE inhibitors, calcium channel blockers, and amiodarone; vasodi-
latation during rewarming; and autonomic dysfunction. It may also occur due
to inadequate systemic flow rates, impairment of venous drainage, aortic insuf-
ficiency, administration of cardioplegia, and during return of large amounts of
cardiotomy-suctioned blood into the circulation.

2. Hypertension may be related to vasoconstriction, the level of anesthesia and
analgesia, elevation in endogenous catecholamine levels, and alterations in acid-
base balance and blood gas exchange.

D. A venous oxygen saturation exceeding 65% indicates that the systemic flow rate is
satisfactory, although there may be differences in regional flow (i.e., less to the kid-
neys and splanchnic circulation). It tends to be higher during systemic hypother-
mia due to lessened oxygen extraction, and may decrease significantly during
rewarming, necessitating an increased flow rate.

E. Studies have suggested that cerebral blood flow is more dependent on blood pres-
sure than on flow rate.140,141 If flow rate is adequate, α-agents must be utilized to
maintain a blood pressure of at least 40 mm Hg and probably higher. Cerebral blood
flow is maintained by autoregulation until the pressure falls below 40 mm Hg,
but this response is inadequate in diabetic and hypertensive patients, in whom a
higher pressure must be maintained. Measurement of cerebral oxygenation by
cerebral oximetry using bifrontal sensors with near-infrared spectroscopy
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(Somanetics INVOS Cerebral Oximeter) can be used to assess the adequacy of
cerebral perfusion (ScO2) during on-pump and off-pump surgery (Figure 4.7)142–144

There is increasing evidence that modifications in anesthetic and perfusion man-
agement by changes in flow rate, blood pressure, PCO2, and/or hematocrit in
response to a fall in ScO2 below 40 mm Hg reduces neurological complications.145

F. Blood sugar tends to be elevated due to the hormonal stress response to surgery
and CPB with insulin resistance. The infusion of insulin to control blood sugar has
not been shown to reduce inotropic requirements or the occurrence of arrhythmias
but may reduce the incidence of neurocognitive dysfunction.146,147

G. Measures to optimize renal function should be considered in patients with preoper-
ative renal dysfunction (creatinine > 1.5 mg/dL), especially in diabetic, hypertensive
patients. The primary considerations should be maintaining a higher mean perfusion
pressure (around 80 mm Hg) and keeping the pump run as short as possible (or
avoiding it entirely with off-pump techniques). Pharmacologic means to optimize
renal perfusion may include fenoldopam (0.03–0.1 µg/kg/min) or nesiritide, al-
though the potential renoprotective role of nesiritide has not yet been defined.148–150

Although both renal-dose dopamine (3 µg/kg/min) and furosemide may increase
urine output during CPB, neither has been found to be renoprotective.151–153 In fact,
furosemide has been shown to increase the incidence of postoperative renal dys-
function.151 However, the major cause of postoperative renal dysfunction is a low

• The Somanetics INVOS Cerebral Oximeter. This device uses near infrared
spectroscopy to measure the regional oxygen saturation of predominantly venous blood
directly in the brain through optical sensors placed on the right and left side of the forehead.
(Image courtesy of Somanetics Corporation)

Figure 4.7
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output state, so maintenance of satisfactory hemodynamics at the termination of
CPB is essential so that any intraoperative renal insults are transient.

H. When the cross-clamp is removed, lidocaine and magnesium may be given to
reduce the incidence of atrial and ventricular arrhythmias.154 Ventricular fibrillation
tends to occur when the heart was maintained at a cold temperature during the
period of cardioplegic arrest and usually requires defibrillation, although sponta-
neous conversion to a sinus mechanism may occur.

VIII. Termination of Bypass and Reversal of Anticoagulation
A. Once the cardiac portion of the operation has been completed, the lungs are

ventilated and pacing is initiated, if necessary. Just prior to weaning bypass, 1 g of
calcium chloride may be given to increase systemic vascular resistance (SVR) and
provide some initial inotropic support.

B. Inotropic medications can be started prior to terminating bypass if it is anticipated
that the heart may require some support. This should be considered in patients
with preexisting LV dysfunction, prebypass ischemia, recent infarction, subopti-
mal or incomplete revascularization, LV hypertrophy, and long cross-clamp
periods. If α-agents (phenylephrine, norepinephrine) were necessary on pump to
support systemic pressure, they are usually necessary for a brief period of time after
CPB is terminated.

C. Bypass is weaned by gradually reducing the venous return, increasing intravascu-
lar volume in the patient, and reducing the arterial flow rate.

D. Arterial blood pressure monitoring is often inconsistent due to the presence of
peripheral vasoconstriction. Measurement of the central aortic pressure using a
stopcock on the aortic line is very helpful in sorting out discrepancies. If this
problem persists for more than 10–15 minutes, it is helpful to insert a femoral
arterial monitoring line.155,156

E. TEE is utilized as the patient is being weaned from bypass to (see Table 4.1):
1. Identify intracardiac air. This is essential in valvular heart procedures or any

procedure in which the left side of the heart has been entered (including vent-
ing). It is particularly valuable during minimally invasive procedures in which
exposure to the heart for deairing is limited.

2. Assess regional and global ventricular function and loading conditions. TEE is
the only means of assessing intravascular volume directly (other than by direct
visualization) since the volume-pressure relationship is altered by decreased
ventricular compliance. Thus, it is helpful in determining whether hypotension
should be treated by volume infusions, inotropic medications, or α-agents.

3. Detect paravalvular leaks or the competence of a valve repair 
F. If hemodynamic performance is not ideal, the anesthesiologist must work in con-

cert with the surgeon in assessing myocardial function and the need for
inotropes.157 When myocardial performance is adequate, fluid administration to
optimize preload is sufficient to obtain adequate hemodynamics. Initially this can
be achieved by transfusing volume from the pump. After protamine administra-
tion, the blood remaining in the pump is processed through the cell-saving device
and returned to the patient. If this is not immediately available, a colloid is often
chosen to maintain intravascular volume. Albumin is preferable to hetastarch,
which has been shown to increase bleeding and transfusion requirements.158
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1. Once the patient is off bypass, visual inspection of the heart, assessment of
serial cardiac outputs and filling pressures with a Swan-Ganz catheter, and
TEE can be used to assess ventricular function and identify potential prob-
lems. For example, a new regional wall motion abnormality may suggest a
technical problem with graft flow that can be remedied. If intracardiac air is
identified, it is not uncommon for it to pass into the right coronary artery,
causing RV dysfunction and dilatation. An additional short course on bypass
with deairing of the aorta and any bypass grafts usually suffices. This is not an
uncommon phenomenon in mitral valve surgery.

2. Fluid loading with concomitant TEE assessment and cardiac output meas-
urements is helpful is determining the optimal filling pressures for subsequent
management, although it is anticipated that filling pressures will eventually
fall with improvement in cardiac performance. It should be remembered that
the heart is less compliant after a period of ischemic arrest, and higher filling
pressures will be necessary to achieve adequate intravascular volume.

3. If necessary, inotropic support is usually initiated with a catecholamine, such
as epinephrine (1–2 µg/min) or dobutamine (5–10 µg/kg/min). If cardiac per-
formance remains unsatisfactory, use of either inamrinone or milrinone is
extremely helpful in unloading the heart and providing inotropic support.
Their preemptive use just prior to terminating bypass has been suggested as a
means of ameliorating postoperative deterioration in cardiac performance and
oxygen transport, and reducing the need for catecholamine support.159

4. If cardiac performance is still suboptimal, reinstitution of CPB to reperfuse
the heart at a low workload will frequently result in improved ventricular func-
tion. If the heart still does not function well, insertion of an IABP is usually
necessary. When all of the above fail, consideration must be given to use of a
circulatory assist device.

G. Protamine is a polycationic peptide administered to counteract the effects of
heparin and is usually given in a 1:1 mg/mg ratio to return the ACT to baseline.
Despite complete neutralization of heparin, the ACT may remain elevated in
patients with significant thrombocytopenia or coagulopathies. Although moder-
ate thrombocytopenia has not been shown to increase the ACT in patients with
normally functioning platelets, it does seem to increase it when associated with
platelet dysfunction after bypass.160 Thus, although additional protamine can be
administered for a slightly elevated ACT, it will not necessarily return the ACT
to baseline.
1. The Medtronic Hepcon system provides a heparin-protamine titration test

that can be utilized to measure heparin levels in the bloodstream and deter-
mine the appropriate dose of protamine necessary to neutralize the remaining
heparin. Use of this system usually results in less protamine being adminis-
tered than empiric dosing based on the heparin dose. Thus it can avoid the
unnecessary use of protamine to correct an abnormal ACT that is not attrib-
utable to excessive heparin. Use of lower doses of protamine has been shown to
restore platelet responsiveness to thrombin and attenuate platelet α-granule
secretion.161

2. Residual heparin effect may account for an elevated ACT. Thus it is not inap-
propriate to give small additional doses of protamine to try to reduce the ACT
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to baseline. Infusion of blood that is spun down in the cell-saving devices does
contain some heparin (up to 10% of the heparin is retained), and additional
protamine (about 50 mg) may be useful to counteract its effects.

3. “Heparin rebound” may occur when heparin reappears in the bloodstream
after protamine neutralization. This is more likely to occur in patients who
have received large doses of heparin during bypass and is more common in
obese patients.162 This may occur because the half-life of protamine is only
about 5 minutes.163 An elevated ACT or PTT commonly reflects this phe-
nomenon and can be reversed with additional doses of protamine.

4. Empiric use of large amounts of additional protamine should be discouraged
because protamine itself is an anticoagulant and may contribute to mediasti-
nal bleeding. Although a dose exceeding that of heparin by 3:1 is usually nec-
essary to produce this effect, studies have demonstrated that an elevated PT
from protamine can occur when the ratio exceeds 1.5:1.164

5. Hemodynamic studies have shown that intravenous administration of prota-
mine may cause histamine release from the lungs, contributing to a decrease
in systemic resistance and blood pressure, an effect not seen with intraarterial
injection.165 Nonetheless, other studies have shown no hemodynamic benefit
to intraarterial as opposed to intravenous administration of protamine.166

H. Protamine reactions are unusual and are often unpredictable, although they have
been noted with greater frequency in patients taking NPH insulin (risk may be
increased 30- to 50-fold), those with fish or medication allergies, those with pre-
vious protamine exposure, and those who have had vasectomies.167–169 Awareness
of the possibility of their development and a prompt response if a reaction is
noted are essential because protamine reactions are associated with increased
perioperative mortality.170,171 

1. Type I. Systemic hypotension from rapid administration (entire neutralizing
dose after CPB given within 3 minutes). This is caused by a histamine-relat-
ed reduction in systemic and pulmonary vascular resistance. It can be avoided
by infusing the protamine over a 10–15 minute period and should be
reversible with α-agent support.

2. Type II. Anaphylactic or anaphylactoid reaction resulting in hypotension,
tachycardia, bronchospasm, flushing, and pulmonary edema.
a. IIA. Idiosyncratic IgE- or IgG-mediated anaphylactic reaction. Release of

histamine, leukotrienes, and kinins produces a systemic capillary leak caus-
ing hypotension and pulmonary edema. This tends to occur within the first
10 minutes of administration.

b. IIB. Immediate nonimmunologic anaphylactoid reaction.
c. IIC. Delayed reactions, usually occurring 20 minutes or more after the

protamine infusion has been started, probably related to complement acti-
vation and leukotriene release, producing wheezing, hypovolemia, and
noncardiogenic pulmonary edema from a pulmonary capillary leak.

3. Type III. Catastrophic pulmonary vasoconstriction manifested by elevated
pulmonary arterial pressures, systemic hypotension from peripheral vasodilata-
tion, decreased left atrial pressures, RV dilatation, and myocardial depression.
This reaction tends to occur about 10–20 minutes after the protamine infu-
sion has started. One proposed mechanism involves activation of complement
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by the heparin-protamine complex that triggers leukocyte aggregation and
release of liposomal enzymes that damage pulmonary tissue leading to pul-
monary edema. Activation of the arachidonic acid pathway produces throm-
boxane, which constricts the pulmonary vessels. Pulmonary vasoconstriction
usually abates after about 10 minutes.

4. Prevention of protamine reactions is usually not possible. Skin testing has not
proved of any value. In patients considered at high risk, type II reactions might
be attenuated by the prophylactic use of histamine blockers (cimetidine 300 mg
IV, diphenhydramine 50 mg IV) and steroids (hydrocortisone 100 mg IV).
This common practice has not been shown clinically to be of much benefit.

5. Treatment of protamine reactions involves correction of hemodynamic abnor-
malities that are identified. They must be differentiated from other conditions
that can cause hemodynamic deterioration, such as hypoperfusion, air
embolism, poor myocardial protection, or valve dysfunction. Measures must
be taken to support systemic blood pressure while reversing pulmonary vaso-
constriction if it is also present. Preparations to reinstitute CPB are frequent-
ly necessary. The following options may be effective:
a. Calcium chloride 500 mg IV to support systemic resistance and provide

some inotropic support.
b. α-agents (phenylephrine, norepinephrine) to support systemic resistance.
c. β-agents for inotropic support that can also reduce pulmonary resistance 

(low-dose epinephrine, dobutamine, inamrinone, milrinone).
d. Drugs to reduce preload and pulmonary pressures (nitroglycerin, PGE1,

nitric oxide).172

e. Aminophylline for wheezing.
f. Readministration of heparin has been used to reverse the protamine

reaction.173,174

I. Alternatives to reverse anticoagulation. Although simply not reversing heparin
and administering clotting factors may suffice in ameliorating the bleeding ten-
dency of heparinization,175 other measures have been evaluated to arrest bleeding
without use of protamine.
1. Heparinase-I is a heparin-degrading enzyme that reverses the ACT in a

dose-dependent fashion without causing hemodynamic changes. It is given as
a bolus injection of 7–10 mg/kg. Although it returns the ACT to normal, it
neutralizes only 70% of antifactor Xa (protamine neutralizes 100%) and
returns antifactor IIA activity to zero. This is a promising alternative to use of
protamine.176

2. Recombinant platelet factor 4 neutralizes heparin by a polycationic-polyan-
ionic interaction. It reverses heparin when given in a ratio of 3:1 to the dose
of heparin.177

3. A heparin removal device has been developed and used clinically in a few
patients with protamine sensitivity. This system uses a double-lumen cannula
placed in the right atrium and a venovenous circuit. This contains a pheresis
chamber in which heparin binds to poly-l-lysine and is removed from the
blood.178,179

4. Hexadimethrine has been used on a compassionate basis in a few patients
with protamine allergies but is not clinically available in the United States.180
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5. A low-molecular-weight protamine preparation has been investigated in canine
models and has been shown to be effective in neutralizing heparin without
demonstrating any adverse hemodynamic responses caused by nonimmunologic
mechanisms.181

J. Treatment of coagulopathy. A meticulous operation and routine use of antifib-
rinolytic drugs in a patient with no preexisting coagulation problem should result
in minimal postoperative bleeding. However, a coagulopathy is present in all
patients to varying degrees after CPB. Generally, the longer the duration of CPB
and the greater the number of blood transfusions required on pump, the greater
the coagulopathy. Furthermore, preoperative medications, especially the ubiqui-
tous antiplatelet agents, have adverse effects on hemostasis.
1. Most groups treat coagulopathies in the operating room by the “shotgun

approach.” This entails the empiric administration of additional protamine and
transfusion of platelets, fresh frozen plasma, and, occasionally, cryoprecipitate.
However, it is best to prioritize these products based on suspicion of the hemo-
static defect. For example, platelet transfusions should be given first to patients
on aspirin or clopidogrel or with uremia; fresh frozen plasma should be con-
sidered first for patients on preoperative warfarin, with hepatic dysfunction, or
when multiple transfusions are given on pump; and uremic patients might ben-
efit from desmopressin (see Chapter 9).

2. Although these approaches will usually stem the “coagulopathic tide,” it is more
scientific and cost-effective to use point-of-care testing to assess the specific
hemostatic defect and direct care accordingly. Systems are available to measure
the PT, PTT, and platelet count, and several are capable of measuring platelet
function as well.114,182,183 Other tests, such as the thromboelastogram, can
provide an assessment of the exact hemostatic defect, but this test is time-
consuming and rarely used.

3. Further comments on the treatment of bleeding and specific coagulation
defects associated with aspirin, clopidogrel, and the IIb/IIIa inhibitors are pre-
sented on pages 95–98.

IX. Anesthetic Considerations During Off-Pump
Surgery (Box 4.2)184

A. Monitoring considerations
1. In contrast to on-pump surgery, off-pump surgery via a median sternotomy

requires that the heart provide adequate systemic perfusion at all times. Hemo-
dynamics may be compromised by positioning of the heart, myocardial ischemia,
ventricular arrhythmias, bleeding, and valvular regurgitation.

2. To ideally monitor a patient for myocardial ischemia and dysfunction when the
heart is positioned at unorthodox angles, more intense monitoring is required
than for on-pump surgery. Swan-Ganz catheters that provide on-line continuous
cardiac output and mixed venous oxygen saturation are essential. These will dic-
tate whether volume infusion or pharmacologic management is indicated.
Simply maintaining an adequate blood pressure and heart rate pharmacologically
may not suffice and often will provide no premonitory indication that the heart
is becoming ischemic and subject to precipitous deterioration into ventricular
fibrillation.
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3. TEE is helpful in assessing for the development of regional wall motion abnor-
malities during construction of an anastomosis. The anesthesiologist should be
well trained in TEE and must immediately communicate any problem to the sur-
geon. Steps can then be taken to resolve the problem, often with the placement
of a shunt to improve flow. During vessel occlusion, TEE should assess for the
acute development of regional LV dysfunction or acute MR during construction
of left-sided grafts and for RV or inferior wall dysfunction during right-sided
grafting. If regional wall motion abnormalities persist after the graft is complet-
ed, a technical problem with the anastomosis should be suspected. The mides-
ophageal windows are best for assessing RV and LV function. The transgastric
views are not helpful when the heart is elevated out of the chest.33 

B. Anesthetic agents are similar to those used for on-pump surgery, although shorter-
acting medications may be selected depending on plans for extubation. Although
patients can be extubated in the operating room, a more common practice is to use
propofol for sedation at the end of surgery and for several hours in the ICU before
considering extubation.

C. Heparinization is essential during off-pump surgery because coagulation is still
activated by release of tissue factor and activation of the extrinsic pathway. The
requisite amounts of heparin and minimally acceptable ACT levels have not been
delineated. Usually 2.5 mg/kg of heparin suffices to raise the ACT to a level of 300
seconds. There have been concerns about the prothrombotic tendency noted after
off-pump coronary artery bypass (OPCAB), since the hemodilution, platelet dys-
function, and fibrinolysis associated with CPB may not be seen. This prothrombot-
ic tendency may be related to procoagulant activity of platelets or the activation of
fibrinogen and other acute-phase reactants that result from the surgery itself.185–189

However, clinical evidence of these problems, primarily graft closure, has not been
confirmed at ACTs greater than 300 seconds.112

D. Antifibrinolytic therapy has not been studied extensively for off-pump surgery,
although limited studies of aprotinin and tranexamic acid have shown benefits in
reducing bleeding.71,72 Although the blood is not subject to contact activation in an

Box 4.2  •  Key Elements of Anesthetic Management 
for Off-Pump Surgery

1. Continuous cardiac output and mixed venous oxygen monitoring

2. Transesophageal echocardiography

3. Antifibrinolytic drugs (probably of benefit)

4. Low-level heparinization with ACT of 300 seconds

5. Short-acting anesthetic agents

6. Maintenance of systemic normothermia

7. Arrhythmia prophylaxis with lidocaine and magnesium

8. Availability of pacing capability

9. Maintenance of hemodynamics with fluid, α-agents, and inotropes

10. Patience and emotional support for the surgeon!
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extracorporeal circuit, heparinization does induce fibrinolysis, and thus use of any of
the antifibrinolytic agents may be beneficial. ε-aminocaproic acid has been used
routinely for OPCABs at many centers.

E. Patient temperature tends to drift during open-chest procedures but should be
maintained as close to normothermia as possible to prevent arrhythmias, bleeding,
and subsequent shivering in the ICU. The ambient room temperature must be raised
into the mid-70soF and some form of warming blanket should be used. These
include a sterile Bair Hugger and heat-emitting devices, such as the Arctic Sun
temperature-controlling system.190 All fluids must be warmed and a heated humid-
ifier placed in the ventilatory circuit

F. Maintenance of hemodynamics. During cardiac positioning, the patient is placed
in Trendelenburg position and the operating room table is rotated to the right. Deep
pericardial sutures are placed to aid with retraction. Apical suction devices can also
be used to rotate the heart cephalad and to the right. Central venous and pulmonary
arterial pressures increase in the head-down position, and care must be taken not to
administer too much fluid and increase these pressures even more. Transducer loca-
tion may need to be adjusted to ensure accuracy. The possibility of producing
cerebral edema should be kept in mind.
1. Magnesium and lidocaine should be given to increase the arrhythmic threshold.
2. Blood pressure should be maintained in the 120–140 mm Hg systolic range to

optimize coronary perfusion, especially collateral flow. This can be done with
some fluid administration but usually with liberal administration of α-agents.

3. Atrial pacing wires may be placed if there is a concern about bradycardia devel-
oping with heart positioning. Transesophageal pacing may be utilized. Induced
bradycardia is not essential with the latest generation of stabilizing devices.
However, tachycardia should be controlled. Ventricular pacing cables should be
immediately available in case heart block develops.

4. Detection of ischemia can be difficult, since the monitor ECG and TEE images
can be difficult to interpret in the translocated heart. A reduction in the SvO2 is
one of the first signs of the struggling heart. Intracoronary shunting or aorto-
coronary shunting during construction of an anastomosis ameliorates distal
ischemia. This is more likely to be required during bypass of the distal right
coronary artery, which compromises flow to the atrioventricular node and pro-
duces heart block. Upon the first suspicion of ventricular dysfunction, the sur-
geon should be informed immediately so that a shunt may be placed, if not done
so prophylactically, to try to minimize ischemia.

5. If inotropic support is required, low-dose epinephrine is given first, followed by
inamrinone or milrinone if more support is needed. In high-risk cases, such as
severe left main disease, a prophylactic IABP may be helpful. 191 Unless there is
a strong indication for OPCAB, such as severe comorbidities, immediate con-
version to an on-pump procedure may be a wise decision if instability persists.

G. Blood loss can be insidious during OPCAB. Blood should be scavenged into a cell
saver and retransfused to the patient. Not infrequently, about 1 L of blood is lost and
scavenged during these operations.

H. Proximal anastomoses are usually performed last. The blood pressure should be
lowered to about 80–90 mm Hg systolic for application of the side clamp to mini-
mize the risk of aortic injury and atheroembolization. Induced hypotension may
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increase the risk of renal dysfunction. Distal perfusion is compromised after a graft
is sewn to the aorta until the clamp is removed, and the patient can become unsta-
ble at this time.

I. Protamine is given in a 1:1 ratio to heparin. Bleeding should be minimal if the anas-
tomoses are hemostatic. Pacing wires should be placed on the atrium and ventricle,
chest tubes are placed, and the chest is closed.

J. The patient may be extubated in the operating room but more commonly is main-
tained on a propofol drip for several hours in the ICU. When the patient is nor-
mothermic, hemodynamically stable, and not bleeding, the propofol is gradually
weaned off, and standard criteria for respiratory weaning and extubation are fol-
lowed. Most patients are extubated within a few hours.
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5 Cardiopulmonary Bypass 

Over the past 50 years, extracorporeal circulation has evolved into a remarkably safe means
of providing systemic perfusion during open-heart surgery. A greater understanding has
been gained of its effects at the molecular and biochemical level that can adversely affect
organ system function and a patient’s recovery from surgery. Although cardiopulmonary
bypass (CPB) remains essential for virtually all valvular operations, concerns about some of
its adverse effects, especially those on neurocognitive function, have encouraged the devel-
opment of off-pump techniques for coronary bypass surgery (see Chapter 1).1 Nonetheless,
the vast majority of coronary bypass surgery is still performed with CPB, and many surgeons
are reverting back to this traditional approach as questions about the completeness of revas-
cularization and the true benefits of off-pump surgery surface. This section will provide the
reader with the essential elements of extracorporeal circulation and its uses during open-
heart surgery.2,3

I. General Comments
A. CPB involves an extracorporeal circuit that provides oxygenated systemic blood flow

when the heart and lungs are not functional. CPB is accompanied by normovolemic
hemodilution and nonpulsatile flow.

B. The contact of blood with the extracorporeal circuit results in the activation of
numerous cascades, including the kallikrein, coagulation, and complement systems.4-7

Among the consequences of this contact are the release of proinflammatory cytokines
and a systemic inflammatory response. Neutrophil-endothelial cell adhesion contri-
butes to endothelial activation and dysfunction that have been implicated in myocar-
dial reperfusion damage, pulmonary and renal dysfunction, neurocognitive changes,
and a generalized capillary leak. Fortunately, adverse effects of this inflammatory
response are not clinically significant in most patients. However, in patients requir-
ing long pump runs or in those with significant hemodynamic compromise after
surgery, this systemic inflammatory response may persist for days, leading to multiple
organ system compromise.

C. Use of membrane oxygenators, heparin-coated circuits, centrifugal pumps, intraoper-
ative steroids, leukocyte filters, or mannitol may reduce the extent of some of these
derangements.8-14 Aprotinin is a serine protease inhibitor that, when given in high
doses, may ameliorate the consequences of the inflammatory cascade in addition to
reducing blood loss.15,16

D. Despite adequate heparinization, the bypass circuit is a potent activator of the coag-
ulation system with generation of factor Xa and thrombin that contribute to the
inflammatory response. A coagulopathy may develop from activation of platelets and
the fibrinolytic system, as well as from dilution of clotting factors and platelets during
bypass.
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II.  The Cardiopulmonary Bypass Circuit
A. The extracorporeal circuit consists of polyvinylchloride tubing and polycarbonate

connectors. Circuits coated with heparin (Duraflo II, Carmeda Bioactive Surface)
or poly(2-methoxyethylacrylate) (PMEA) have been shown to improve biocom-
patibility; reduce complement, neutrophil, and platelet activation; and minimize
the release of proinflammatory mediators.11-14 Some studies have demonstrated
clinical benefits with use of these circuits, including a reduction in platelet activa-
tion and bleeding, less pulmonary and renal dysfunction in high-risk patients, and
fewer neurocognitive changes. However, other studies have not demonstrated any
clinical benefits in low-risk patients.15-23 Less heparin seems to be necessary with
Duraflo II than Carmeda circuits,22 but some degree of heparinization still remains
essential for safe conduct of bypass with these circuits.23-25 Some have recom-
mended that giving enough heparin to achieve an activated clotting time (ACT)
greater than 250 seconds is satisfactory in low-risk coronary cases, but an ACT
greater than 400 seconds remains essential for high-risk cases, including reopera-
tions and valvular surgery.26

B. The pump is primed with a balanced electrolyte solution. The average priming vol-
ume is 1500–2000 mL. A colloid, usually albumin, is commonly added to the pump
prime to increase oncotic pressure, reduce fluid requirements, and decrease the time
to extubation. It may also ameliorate bleeding by delaying fibrinogen absorption
and reducing platelet activation.27 Albumin is preferable to hetastarch, which has
been associated with increased perioperative bleeding.28

C. Venous blood drains by gravity from the right atrium or vena cavae into a cardiotomy
reservoir, passes through an oxygenator/heat exchanger attached to a heater/cooler
unit, and returns to the arterial system through a filter using either a roller or a cen-
trifugal pump (Figure 5.1). Active drainage using a centrifugal pump or vacuum-
assisted venous drainage can be used to augment venous drainage and is valuable dur-
ing minimally invasive procedures and when small venous catheters are utilized. The
possibility of venous air entrainment in the bypass circuit and undetected air microem-
bolism must always be entertained when this technique is utilized.29

D. Systemic flow is provided by either a roller pump or a centrifugal pump, but is
nonpulsatile with both systems unless additional technology is utilized to provide
pulsatile flow. Roller pumps are pressure insensitive and can pressurize the arterial
line in the face of outflow obstruction. Centrifugal pumps are afterload sensitive,
such that they will reduce flow if outflow is obstructed. Studies have indicated that
centrifugal pumps might cause less blood trauma, but the inflammatory response
and effects on perioperative bleeding are fairly similar with both types of
pumps.30,31

E. Suction lines return extravasated blood to the cardiotomy reservoir to conserve
blood and blood elements and to maintain pump volume. Despite the universal use
of these suction lines, studies have shown that blood that is aspirated from the sur-
gical field is replete with fat and procoagulant and proinflammatory mediators.32,33

These cytokines may contribute to adverse clinical outcomes, including increased
perioperative bleeding and neurologic sequelae. Notably, return of this blood to the
circuit usually causes systemic hypotension. Aspiration of blood contaminated by
tissue contact is a significant activator of coagulation with increased thrombin gen-
eration, promoting inflammation, and also contributes to hemolysis.34 Elimination



Figure 5.1 • The basics of an extracorporeal circuit. Blood drains by gravity through the
venous lines (A) into a cardiotomy reservoir (B), is pumped using a roller head (C) or cen-
trifugal pump through the oxygenator/heat exchanger (D) and arterial line filter (E) back
into the arterial circuit (F). Additional suction lines (G) can be used for intracardiac venting
and scavenging of blood from the operative field.
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of cardiotomy suction has been demonstrated to reduce thrombin generation,
platelet activation, and the systemic inflammatory response.35, 36 Use of cell-saving
devices to aspirate and wash shed blood generally can eliminate many of these fac-
tors and eliminate fat from the blood while preserving red cells, although coagula-
tion factors and platelets are eliminated during centrifugation.37,38

F. An additional suction line can be connected to an intracardiac vent, draining blood
from the left ventricle or other cardiac chamber into the reservoir by active suc-
tioning by a roller pump head. These lines are useful in providing ventricular
decompression and/or improving surgical exposure.

G. Oxygen and compressed air pass into the oxygenator through a blender, which reg-
ulates oxygen concentration by adjusting the Fio2 and also determines the gas flow
by adjusting a “sweep rate.” The sweep rate is generally maintained slightly less than
the systemic flow rate to eliminate CO2 from the blood to achieve a desired value
(generally around 40 mm Hg). To minimize blood activation, the oxygenator may
be coated with heparin or silicone to improve biocompatibility.39

H. The bypass setup includes a separate heat exchanger for cardioplegia delivery. Tubes
of differing diameters are passed through the same roller pump head delivering a
preselected ratio of pump volume to cardioplegia solution (such as 4:1). The final
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mixture then passes through a separate heat exchanger for delivery of cold or warm
cardioplegia. Pressure monitoring of infusion pressure is essential, especially for ret-
rograde delivery, which generally provides about 200 mL/min of flow at a pressure
that should not exceed 40 mm Hg to prevent coronary sinus rupture. Very high line
pressures indicate obstruction to flow, either because the line is clamped or the car-
dioplegia catheter is obstructed. A low line pressure generally indicates misplace-
ment of the catheter.

I. Additional features of the CPB circuit may include the following:
1. On-line monitoring of arterial and venous blood gases, electrolytes, hematocrit,

and multiple temperatures. This is useful during deep hypothermia cases.
2. A direct connection to the cell-saving device, through which excess volume can

be directed during the pump run and for centrifugation of pump contents at the
end of surgery.

3. An arterial line filter (usually 40 µm), which is essential to remove microemboli
before returning blood to the patient. Microemboli may consist of air, blood or
platelet microaggregates, or other particulate matter. Fat microemboli are found
in abundance in cardiotomy suction and can be removed by 20-µm filters.37,38

4. Recirculation lines to allow for venting of air and to prevent stagnation of blood.
This is essential with use of aprotinin during circulatory arrest cases and also
when direct thrombin inhibitors are used for anticoagulation in patients with
heparin-induced thrombocytopenia.

5. Hemofilters or hemoconcentrators that can be placed in the circuit to remove
excessive volume in patients with preexisting fluid overload or renal dysfunction.
They can be used to perform modified ultrafiltration at the end of the pump run
to hemoconcentrate the pump contents for retransfusion through the venous
cannula.40,41

J. A detailed checklist must be utilized by the perfusionists before every case to make
sure that no detail is overlooked because the patient’s life is dependent on the func-
tion of the heart-lung machine. Accurate record keeping during bypass is essential
(Figures 5.2 and 5.3).

III.  Cannulation for Bypass
A. Arterial cannulation is usually accomplished by placement of a cannula in the

ascending aorta just proximal to the innominate artery (Figure 5.4). Cannula size
is determined by the anticipated flow rate for that patient based on body surface
area so as to minimize line pressure and shear forces (Table 5.1).
1. Cannula designs have been modified in a variety of ways to minimize shear

forces and jet effects on the aortic wall (Figure 5.5). Some have end holes,
whereas others have multiple side holes or other designs through which blood
exits at lower velocity (soft flow and dispersion cannulas).42 The latter might
theoretically reduce the risk of cerebral embolization, especially to the left
hemisphere.43 A cannula with a small distal net has been designed to trap
embolic material upon aortic unclamping and has been shown to reduce the
risk of stroke (Embol-X, Edwards Lifesciences).44,45 Distal arch cannulation
with placement of the tip of the cannula beyond the left subclavian artery has
been proposed as a means of reducing cerebral emboli in patients with severe
ascending aortic atherosclerosis.46



Figure 5.2 • Prebypass checklist.
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2. Although most surgeons palpate the ascending aorta to assess for the presence
of atherosclerotic plaque and calcification, this is a very insensitive means of
detecting plaque. Transesophageal echocardiography (TEE) may identify pro-
truding atheromas, but epiaortic imaging is the gold standard for identifying
plaque.47,48

3. If ascending aortic cannulation is not feasible, an alternative cannulation site
must be sought. Traditionally, the femoral artery has been accessed if there is



Figure 5.3 • Typical perfusion record.
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minimal aortoiliac atherosclerosis, but it always runs the risk of a retrograde
dissection. Cannulas can be placed percutaneously or via cutdown. Femoral
artery disease is frequently encountered and often requires elaborate repair after
decannulation. TEE is helpful in identifying descending aortic atherosclerosis
that could produce retrograde cerebral atheroembolism and contraindicates
femoral cannulation. In this situation, cannulation of the distal subclavian/



Figure 5.4 • Arterial cannulation. The arterial cannula is placed amidst two pursestrings in
the ascending aorta just proximal to the innominate artery.

Figure 5.5 • Arterial cannulas include (top to bottom): a straight tip flexible arch cannula,
the Edwards dispersion cannula, the soft-flow cannula with multiple side holes, and
Medtronic DLP 20F and Sarns 8-mm curved metal tip cannulas.
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axillary is an excellent alternative. This may be performed directly through an
arteriotomy or through a side-arm graft anastomosed to the vessel, which pro-
vides distal arm circulation during bypass.49

B. Venous drainage for most open-heart surgery is accomplished with a single double-
staged cavoatrial cannula (Figure 5.6). This is placed through the right atrial
appendage or right atrial free wall with the distal end situated in the inferior vena
cava (IVC) (Figure 5.7A). Blood drains from the IVC through several apertures
near the end and from the right atrium through side holes about 9–10 cm from
the tip. This catheter is used for most procedures that do not require opening of
the right side of the heart.
1. Bicaval cannulation is used for mitral valve surgery if a biatrial transseptal

approach is planned, although many surgeons use it routinely for this opera-
tion. Tricuspid valve surgery always requires bicaval cannulation with place-
ment of caval snares around the cannulas to prevent entry of air into the venous
lines. A cannula may be placed directly into the superior vena cava (SVC) or
passed through an atriotomy in the right atrial appendage into the SVC. The
IVC cannula is placed through a pursestring low in the right atrial free wall
(Figure 5.7B).

2. Femoral venous cannulation may be necessary when it is essential to initiate
CPB prior to or soon after sternal entry. This may include ruptured ascending
aortic aneurysms (usually a type A dissection) or reoperative surgery when
there is concern about potential cardiac, aortic, or graft damage during ster-
notomy. A 50-cm long venous line is passed through the femoral vein to lie
within the right atrium to ensure adequate venous drainage. Shorter venous
catheters can be used, if necessary.

3. Femoral arterial and venous cannulation have been used to systemically warm
patients presenting with profound accidental hypothermia.

C. Figure 5.8 provides an illustration of cannulation and clamping for a routine on-
pump coronary bypass operation.

IV.  Initiation and Conduct of Cardiopulmonary Bypass
(Table 5.2)
A. Heparin management. Anticoagulation is essential to minimize thrombin for-

mation within the extracorporeal circuit. Heparin is administered in a dose of 
3–4 mg/kg with monitoring of its anticoagulant effect by the ACT. A blood
sample is drawn 3–5 minutes after heparin administration and should achieve an
ACT greater than 480 seconds. Since aprotinin can elevate the ACT, it is imper-
ative to achieve an adequate ACT if it is utilized. Most groups use kaolin tubes,
which absorb the aprotinin, so an ACT greater than 480 seconds is sufficient. If
celite ACTs are utilized, the ACT must exceed 750 seconds. ACTs should be
rechecked every 15 minutes on pump. Because of patient variability in response
to heparin and the effects of hypothermia and hemodilution on the ACT, an
individual dose-response curve can be generated using the Medtronic Hepcon
system that calculates the precise amount of heparin necessary to achieve a spec-
ified ACT.50 Also, the high-dose thrombin time correlates better with heparin
concentration and is not affected by temperature, hemodilution, or aprotinin.51



Table 5.1 • Flow Rates and Desired Cannula Sizes

BSA Venous Arterial Flow (L/min)

Double 2-Stage French Metric (mm)

1.3 26 × 28 3.1

1.4 37/29 18 3.4

1.5 28 × 30 3.6

1.6 3.8

1.7 30 × 32 6.5 4.1

1.8 4.3

1.9 40/32 20 4.6

2.0 32 × 34 4.8

2.1 5.0

2.2 5.3

2.3 5.5

2.4 34 × 36 46/34 24 8.0 5.8

2.5 6.0

2.6 6.2
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B. In a patient with documented heparin-induced thrombocytopenia, an alternative
means of anticoagulation must be sought. This may entail pretreatment with or
simultaneous use of antiplatelet medications (ASA, glycoprotein IIb/IIIa
inhibitors, prostaglandin analogs) to permit safe heparinization. Alternatively,
direct thrombin inhibitors, such as lepirudin, bivalirudin, or argatroban, can be
used to avoid heparin entirely. This issue is discussed in more detail on pages
154–156.

C. Retrograde autologous priming can be used to reduce the hemodilutional effects
of the priming solution and maintain a higher hematocrit on pump. The crystalloid



Figure 5.6 • Venous cannulas include (top to bottom): a 40/32 cavoatrial cannula, and
short and long right-angle cannulas.

Figure 5.7 • Venous cannulation. (A) The cavoatrial catheter is placed through a purse-
string in the right atrial appendage. The tip consists of multiple side holes and is placed into
the inferior vena cava. The “basket” lies in the midatrium, and drains flow from the superior
vena cava and coronary sinus through multiple holes 9 cm back from the tip. (B) Bicaval
cannulation. The superior vena cava (SVC) cannula may be placed directly into the SVC or
via the right atrial appendage. The inferior vena cava (IVC) cannula is placed through a purse-
string low on the right atrial free wall.



Figure 5.8 • Cannulation and clamping during a routine on-pump coronary bypass opera-
tion. Note aortic and venous cannulation, antegrade and retrograde cardioplegia catheters,
and the aortic cross-clamp.
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prime is back drained from the venous line to the bypass circuit and aspirated into
the cell saver before initiating bypass. Simultaneously, an α-agent is given to main-
tain systemic pressure. Often an infusion of albumin is necessary to minimize the
reduction in circulating volume, although, to some degree, this may offset the ben-
efits of a reduced priming volume on maintaining a higher hematocrit. Retrograde
autologous priming does maintain a higher oncotic pressure during the pump run
and has been shown to minimize the accumulation of extravascular lung water. It
is probably most beneficial in small patients with low blood volumes and low
hematocrits.52-54 

D. Systemic pressures and flows. When the pump is turned on, the patient’s pul-
satile perfusion is replaced by nonpulsatile flow. The blood pressure initially
decreases from hemodilution and a reduction in blood viscosity. It should then be
maintained between 50–70 mm Hg during the pump run. It may transiently



Table 5.2 • Desired Values on Pump

1. ACT > 480 seconds (less if heparin coated circuit)

2. Systemic flow rates 2–2.5 L/min/m2 at 37oC 
1.7–2.0 (low flow) or 2.0–2.5 L/min/m2 (high flow) at 30oC

3. Systemic blood pressure 50–70 mm Hg

4. Arterial blood gases PO2 > 250 mm Hg, PCO2 35–45 mm Hg with pH 7.40
Deep hypothermia: 

α stat pH 7.40 measured at 37oC
pH stat pH 7.40 at systemic temperature

5. SvO2 > 65%

6. Hematocrit > 20%

7. Blood glucose 100–180 mg/dL
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decrease during cardioplegia delivery (probably from potassium delivery into the
systemic circulation), from return of large volumes of cardiotomy suction, and
during rewarming. Blood pressure may rise due to vasoconstriction from
hypothermia and from dilution of narcotics by the pump prime.
1. The systemic flow rate is calculated based on the patient’s body surface area

and is modified by the degree of hypothermia and the venous oxygen saturation
(Svo2). It should also take into account the degree of anemia that can influence
whole-body oxygen delivery. The flow rate should exceed 2 L/min/m2 at
normothermia and can be reduced to 1.5–1.7 L/min/m2 at 30oC with “low
flow” bypass. Flow needs to be increased during rewarming, when increased
metabolism usually decreases the Svo2. Low flow bypass during moderate
hypothermia has been shown to improve myocardial protection, reduce collat-
eral flow improving exposure, reduce hemolysis, and reduce fluid requirements
without any compromise in tissue perfusion.55

2. As long as the venous oxygen saturation exceeds 65%, the flow rate is consid-
ered to be adequate, although this may not reflect regional flow.56, 57 For exam-
ple, at normothermia, the brain and kidney autoregulate to maintain perfusion
as the flow rate is reduced at the expense of skeletal muscle and splanchnic
flow. However, renal blood flow is determined primarily by the systemic flow
rate and can be adversely affected during hypothermia when renal autoregula-
tion is impaired.58,59 Due to concerns that the combination of hemodilution
and a lower flow rate may reduce the mean arterial pressure below the autoreg-
ulatory threshold and compromise organ system function, there are proponents
of using “high flow bypass” (2–2.4 L/min/m2) rather than “low flow” during
hypothermia.60
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3. One of the primary concerns with CPB is maintenance of adequate cerebral
oxygenation, which is determined by both blood pressure and systemic flow
rate. Cerebral autoregulation allows for maintenance of cerebral blood flow
down to mean arterial pressures as low as 40–50 mm, but autoregulation is
considered to be inadequate in hypertensive, diabetic patients in whom it may
be desirable to maintain a higher pressure. In fact, some studies have shown
that cerebral oxygenation is impaired at this level even if the flow rate is
satisfactory, so the blood pressure must be maintained at an adequate level
regardless of the flow rate, usually using vasopressors, such as phenylephrine,
norepinephrine, or vasopressin.61,62 This may improve cerebral oxygenation but
reduce flow to other regions, specifically the kidneys and splanchnic viscera.

4. Several techniques have been used to assess the adequacy of cerebral oxygena-
tion during CPB.63-68 Both fiberoptic jugular bulb oximetry and cerebral oxime-
try using bifrontal sensors with near-infrared spectroscopy (Somanetics INVOS
cerebral oximeter) (see Figure 4.7) can be used to detect cerebral oxygenation
(Sco2). The Sco2 tends to fall during initiation of bypass and during rewarm-
ing, even with an increase in systemic flow.64 In fact, it may even be reduced
when the mixed venous oxygen saturation is normal.66 Several studies have
demonstrated benefits of this technology in reducing the incidence of neu-
rocognitive changes. One study showed that desaturation was more common in
elderly patients and did correlate with short-term cognitive impairment.67

Another showed that modification of flow rate, blood pressure, increase in Pco2
(a potent cerebral vasodilator), and/or increase in hematocrit in response to a
fall in Sco2 below 40 mm Hg reduced neurologic complications.68

E. Both the hematocrit on pump and the systemic flow rate determine the amount
of oxygen delivery to the body. Hemodilution from the pump prime commonly
reduces oxygen delivery by 25% as estimated from the following equation:2

where 70 × kg equals the blood volume and 70 × kg × preop HCT is the RBC vol-
ume

E. Hemodilution reduces blood viscosity and improves microcirculatory flow, but at
the extremes of hemodilution, there is a substantial reduction in oncotic pressure
that increases fluid requirements. This can exacerbate the systemic inflammatory
response and capillary leak, causing substantial tissue edema. This may contribute
to cerebral edema, papilledema and ischemic optic neuropathy, and respiratory
compromise, among other adverse effects.69 Generally, the lower limit of hemat-
ocrit on pump has been considered to be 18%, although one study reported that a
hematocrit less than 22% was associated with greater mortality and an increased
risk of multisystem organ dysfunction. This occurred presumably on the basis of
inadequate oxygen delivery, causing ischemic or inflammatory organ system injury.70

Considering the increasing age and increased severity of illness of the current
patient population, maintaining a hematocrit at this level seems prudent..

F. Temperature management. The systemic temperature may be maintained at
normothermia or at varying degrees of hypothermia depending on the surgeon’s
preference and the operative procedure. Most surgeons use moderate hypothermia

Predicted HCT on pump  
(70  kg  preop HCT/100)

(70  kg)  prime volume  IV fluids pre-CPB
 =

× ×
× + +
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to provide some organ system protection during nonpulsatile perfusion and also in
the event that a temporary problem arises with surgery (need to reduce flow to
place sutures) or with perfusion (impaired drainage, low blood pressure, air
embolism, pump head failure, oxygenator failure, etc.). Although the rate of
rewarming may affect neurocognitive outcome, no conclusive benefit of either
temperature management scheme has been established in terms of inflammatory
activation, perioperative hemostasis, or neurocognitive outcome.71-75

G. Gas exchange. Oxygenation and elimination of carbon dioxide are determined by
the sweep rate, which is adjusted on the blender. Most oxygenators currently avail-
able are not stressed until the flow rate exceeds 7 L/min, which should be adequate
for even a 175-kg patient. The PO2 should be maintained above 250 mm Hg in
the event of a temporary reduction in flow or pump malfunction, and can be mon-
itored on-line or by intermittent blood gases every 30 minutes. Inhalational anes-
thetics, such as sevoflurane, desflurane, or isoflurane, are administered through the
blender and must be scavenged via the oxygenator.

H. pH management. With progressive hypothermia, CO2 production decreases and
pH normally rises. With mild or moderate hypothermia, pH is generally main-
tained between 7.40 and 7.50 by adjusting the sweep rate and maintaining the
Pco2 around 40 mm Hg. Evidence of metabolic acidosis on pump may be a sign
of inadequate tissue oxygenation despite normal blood gases. Regional hypoperfu-
sion, especially of the splanchnic bed, may contribute to this problem. In fact, lac-
tate release with levels greater than 4 mmol/L during reperfusion is predictive of
an increased risk of complications and death.76 During deep hypothermia, two pH
management strategies can be used. With pH stat, the pH is temperature-
corrected and maintained at 7.40 by adding a mixture of O2 and CO2 to the
circuit. With this strategy, there is an increase in cerebral blood flow and a poten-
tially increased risk of cerebral microembolism. In contrast, with α stat, the pH is
maintained at 7.40 measured at 37oC (i.e., not temperature-corrected). Cerebral
blood flow is autoregulated and coupled to cerebral oxygen demand. The latter
strategy is preferred during deep hypothermic circulatory arrest (DHCA) cases.77

I. Medications to maintain anesthesia or control blood pressure are given into a
sampling manifold that flows into the venous reservoir. Other medications that
may be given by the perfusionist into the circuit during bypass include mannitol,
furosemide, insulin, sodium bicarbonate, antibiotics, vasopressors, and inotropes.

J. Intermittent measurements of serum potassium, glucose, and hematocrit should
be performed in addition to arterial and venous blood gases and ACTs. An
elevated potassium may necessitate a change in the composition or frequency of
cardioplegia delivery and may require administration of diuretics or insulin for
control. An elevated glucose may be related to increased levels of endogenous
epinephrine and insulin resistance and may be associated with an increased risk of
neurologic injury.78 Blood sugar should generally be maintained at a level below
180 mg/dL.

V.  Terminating Bypass
A. Before terminating bypass, the patient should be warmed toward normothermia.

Overwarming the patient with inflow temperatures greater than 38oC should be
avoided to minimize protein denaturation and potential cerebral damage. If significant
hypothermia is used, the gradient between the arterial and venous return temperature
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should be less than 10–12oC to minimize the formation of gaseous emboli. The rate
of rewarming may affect neurocognitive outcome.72

B. The lungs are ventilated and pacing is initiated, if necessary. Calcium chloride 1 g
may be given prior to coming off bypass to provide an increase in systemic vascular
resistance and some inotropic support. The heart is filled by restricting venous
return as bypass flow is reduced and turned off. Inotropic support should be con-
sidered for marginal cardiac performance (see Chapter 11). Low systemic resistance
is common, and α-agents may be necessary to improve the blood pressure. On rare
occasions, the patient may manifest “vasoplegia,” a condition of profound peripheral
vasodilatation despite adequate cardiac output. It is more frequently seen in patients
on preoperative angiotensin-converting enzyme inhibitors as well as those on amio-
darone, which may be associated with α- and β-receptor blockade. Vasopressin is
usually successful in reversing the low systemic vascular resistance in these
patients.79,80

C. When the patient is stable, protamine is administered to reverse heparin effect and
should return the ACT to normal. The dosage is commonly based on a 1:1 mg/mg
ratio to the administered heparin, although with use of the Hepcon system, which
measures heparin levels, a more precise amount of protamine to reverse heparin can
be calculated. Protamine reactions are uncommon, but can be life-threatening (see
page 161). They require immediate attention, occasionally requiring reinstitution of
bypass after additional administration of heparin.

D. The heart is decannulated and the cannulation sites are secured. Hemostasis is then
achieved and the chest is closed.

VI. Potential Problems Encountered During
Cardiopulmonary Bypass (Box 5.1)
A. Inadequate ACT from standard doses of heparin usually results from antithrombin

III (ATIII) deficiency. This has been noted most frequently in patients maintained
preoperatively on heparin therapy or IV nitroglycerin. Additional administration of
1–2 mg/kg of heparin will usually achieve an adequate ACT. If not, ATIII must be
given in the form of fresh frozen plasma or, if available, a commercial ATIII prod-
uct (Thrombate III), which provides 500 units per vial.81-83

B. Inadequate venous drainage will be detected by the surgeon as a distended right
heart and by the perfusionist as a drop in blood level in the venous reservoir (which
should trigger a low volume alarm) and an inability to maintain systemic flow rates.
It may result from an airlock in the venous line, kinking of the line on the field or
close to the reservoir, inadvertent clamping of the venous line, retraction of the
heart impeding flow into the venous cannula, or malposition of the venous cannu-
la (either being too far in or not far in enough). Inadequate venous drainage not
only warms the heart during systemic hypothermia, potentially compromising
myocardial protection, but it may adversely affect the organs that are not drained
well. A high CVP may indicate impaired SVC drainage and can produce cerebral
edema (usually only noted with bicaval cannulation). More commonly, drainage
from the IVC is impaired and can result in hepatic or splanchnic congestion with
significant fluid sequestration in the bowel and in renal impairment. In this situa-
tion, the surgeon may note that the right atrium is well drained but the perfusion-
ist notes a distinct reduction in venous return.



Box 5.1 • Potential Problems on Pump

1. Inadequate heparinization (low ACT)

2. Inadequate venous drainage

3. Air entry into venous lines

4. High arterial line pressure

5. Ventricular distention

6. Inadequate systemic pressures

7. Inadequate retrograde cardioplegia delivery pressure

8. Systemic or coronary air embolism

9. Inadequate systemic oxygenation

10. Red cell agglutination in the bypass circuit
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C. Air entry into the venous lines usually arises from the venous cannulation site or
the retrograde cardioplegia site and can be controlled by an additional suture
around the catheter. Rarely, it may result from inadvertent damage to the IVC or
from an atrial septal defect.

D. High arterial line pressure measured by the perfusionist is a potentially alarming
situation. With pressurized roller pumps, this could result in a catastrophic line
disconnection. With centrifugal pumps, which are afterload sensitive, high line
pressures cannot occur because the pump head automatically reduces flow. A high
line pressure caused by a high flow rate through a small cannula should not occur
if the appropriately sized cannula is selected. For example, a 20F or 7-mm aortic
cannula should be able to flow up to 6 L/min but may be inadequate for higher
flows. Malposition of the tip of the aortic cannula or an aortic dissection can
account for a high line pressure. When a dissection occurs, the high line pressure
is accompanied by very low systemic pressures, and mandates immediate cessation
of pump flow and relocation of the arterial inflow cannula.

E. Distention of the heart on bypass is indicative of poor venous drainage, aortic
insufficiency, or tremendous collateral flow. It may stretch the ventricular fibers
producing myocardial injury, increase pulmonary arterial pressures producing
pulmonary barotrauma, or increase ventricular warming impairing myocardial
protection. The cause of distention should be remedied, either by readjusting the
venous line or placing a vent in the left ventricle or in the pulmonary artery.

F. Inadequate systemic pressures have been incriminated as causes of multiorgan
system dysfunction, including neurocognitive changes, renal failure, and splanch-
nic hypoperfusion. Whether low-flow or high-flow CPB is optimal for organ
system protection is controversial, but a minimum pressure of 50–60 mm Hg
should be maintained unless it is desired to intentionally maintain a higher pres-
sure (e.g., the patient with significant uncorrected carotid disease or the hyper-
tensive, diabetic patient with preexisting renal dysfunction). Phenylephrine or
norepinephrine is commonly used on pump to maintain systemic pressures,
accepting the transient dips that occur with cardioplegia infusion or reinfusion of
shed blood aspirated through the cardiotomy suckers. However, adequate flow
rates must be maintained because use of α-agents will shunt blood away from the
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muscles and splanchnic circulation. Occasionally, in the patient on numerous anti-
hypertensive medications, including angiotensin-converting enzyme inhibitors,
amiodarone, and/or calcium channel blockers, a state of refractory hypotension
exists. This state of autonomic dysfunction, or vasoplegia, may require the infusion
of vasopressin to maintain blood pressure.79,80 On rare occasions, methylene blue 
1–2 mg/kg has been used to maintain blood pressure.84

G. Inadequate retrograde cardioplegia delivery may produce inadequate myocar-
dial protection. Low retrograde cardioplegia line pressures may be associated with
rupture of the coronary sinus, a left SVC, or catheter displacement back into the
right atrium.85 Catheter placement too far into the sinus may reduce flow to the
right ventricle and impair its protection. Filling of the posterior descending vein
suggests that the right ventricle is being adequately protected, but this may not
always be the case.

H. Systemic air embolism noted during bypass is a catastrophic problem usually
related to inattention to the venous reservoir level with delivery of air through a
roller pump head. It requires cessation of bypass with immediate venting of air
from the aorta with a needle or through a stopcock on the aortic line and then
removal of air from the bypass circuit. Ventilation with 100% oxygen, steep
Trendelenburg position, and retrograde SVC perfusion should be used in an effort
to eliminate air from the cerebral circulation. Steroids, barbiturates, and reinstitu-
tion of bypass with deep hypothermia may also reduce the degree of cerebral
injury.86 Air embolism may also occur on bypass when air is trapped in the left side
of the heart and the pressure generated by the left ventricle exceeds that in the
aorta. Careful attention to deairing, either by needle aspiration of the left ventri-
cle or constant venting of the aortic root, is important when there has been car-
diac entry or active intracardiac or root venting. Flooding the field with carbon
dioxide may be helpful as the cardiac chambers are being closed.87 TEE monitor-
ing is the best means of identifying retained air. The most common site for sys-
temic air embolism during valve surgery is the right coronary artery, frequently
resulting in transient right ventricular dysfunction. This generally resolves after a
brief return to CPB and additional deairing.

I. Inadequate oxygenation may result from failure of the oxygenator, the oxygen
blender, or disconnection from an oxygen source. Evidence of cerebral oxygen
desaturation may precede a reduction in systemic venous oxygen saturation. This
problem should be immediately recognizable by a change in the color of the arte-
rial blood return line. Mild systemic hypothermia can provide some element of
organ system protection during the period of poor oxygenation as emergency steps
are being taken by the perfusionist to correct the problem. On rare occasions,
when the patient is no longer on pump, this may result from the anesthesiologist
failing to provide ventilation to the patient (usually after the surgeon has asked
that the lungs not be ventilated to improve exposure).

J. Cold-reactive autoimmune diseases are rarely detected preoperatively but may
result in red cell agglutination and hemolysis on bypass at cold temperatures. This
may be noted in the bypass or cardioplegia circuit.88-90

1. Cold hemagglutinin disease is caused by an IgM autoimmune antibody that
causes red cell agglutination and hemolysis at cold temperatures. This may
cause microvascular thrombosis that may contribute to myocardial infarction,
renal failure, or other organ system failure. Since less than 1% of patients have
cold agglutinins, screening is not routinely performed, and it rarely poses a
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problem during bypass because hemodilution lowers antibody titers. However,
should antibody titers be measured and be in high concentration (> 1:1000),
agglutination will occur at warmer temperatures.
a. If high-titer agglutinins are present, systemic hypothermia and cold blood

cardioplegia must be avoided. Either warm cardioplegia or cold crystalloid
cardioplegia after an initial normothermic flush can be used. Even better
would be performance of off-pump coronary bypass surgery or on-pump
beating or fibrillating heart surgery.91

b. De novo discovery of cold agglutinins may occur on pump by detecting agglu-
tination and sedimentation in the blood cardioplegia heat exchanger or any
stagnant line containing blood. It has also been identified when the retrograde
cardioplegia line develops high pressure due to obstruction from agglutina-
tion.89 In these circumstances, the patient should be warmed back to nor-
mothermia and crystalloid cardioplegia used to flush out the coronary arteries.

2. Paroxysmal cold hemoglobinuria is an autoimmune disease in which a nonag-
glutinating IgG antibody binds to red cells in the cold causing hemolysis. It
should be managed in a similar fashion.92

VII.  Special Types of Extracorporeal Circulation
A. Deep hypothermic circulatory arrest is used primarily in situations when the

aorta cannot be clamped safely to perform an aortic anastomosis.
1. Indications for DHCA include:

a. Severe aortic atherosclerosis or calcification (porcelain aorta for aortic
valve replacement, proximal venous anastomoses in coronary surgery).

b. Desire to avoid aortic wall damage to improve the quality of an anastomo-
sis (type A dissections).

c. Clamp placement is too close to the suture line: ascending aortic or hemi-
arch repairs, descending thoracic aneurysms involving the arch.

d. Complex thoracic aortic surgery to improve anastomotic exposure while
providing neuroprotection for the brain and/or spinal cord.

e. Resection of IVC tumors.
2. The patient is cooled systemically to 18oC to achieve electroencephalographic

(EEG) silence. The temperature is measured at multiple sites, including the
tympanic, nasopharyngeal, bladder, and/or rectal temperatures, with the pre-
sumption that this will ensure uniform cooling of the cerebral cortex. Since an
EEG is usually not performed, surgeons rely on clinical studies that have shown
45–60 minutes of DHCA at 18oC is safe in minimizing cerebral damage.93

3. The head is packed in ice and medications are given to minimize cerebral
injury. These include methylprednisolone 20 mg/kg and thiopental 10 mg/kg.
The arterial line is clamped and blood is drained from the circulation, taking
care not to allow air entry in the lines. Measures that may extend the acceptable
period of DHCA include antegrade cerebral perfusion (providing flow into the
arch vessels during the period of circulatory arrest) and retrograde cerebral
perfusion (providing oxygenated, cold blood into the SVC at a flow rate up to
500 mL/min at a pressure of up to 20 mm Hg).94-96 The former is technically
more demanding but probably more effective in providing nutrients to the brain;
the latter is probably beneficial because it maintains cerebral hypothermia. It is
also beneficial in flushing air and debris out of the cerebral vessels.
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4. Extensive cooling and rewarming are often associated with a coagulopathy.
Use of aprotinin is controversial during DHCA cases, but adherence to a
strict protocol that ensures adequate ACTs during the period of circulatory
arrest has been shown to minimize the risk of neurologic complications (see
page 151).97,98

5. When bypass flow is reinstituted, care must be taken to eliminate air or ath-
erosclerotic debris from the arterial tree. Warming generally takes twice as
long as cooling, and the gradient between the arterial inflow and the patient’s
temperature must be maintained at less than 10oC to prevent generation of
gaseous emboli.

B. Left heart bypass for thoracic aortic surgery
1. Impairment of blood supply to the lower body is inherent to any aortic pro-

cedure involving descending aortic cross-clamping. The greatest risks are
those of paraplegia and renal dysfunction. Left heart bypass entails draining
of oxygenated blood from the left side of the heart and returning it more dis-
tally in the arterial tree (Figure 5.9).99,100

Figure 5.9 • Left heart bypass setup. A drainage cannula is placed either in the left atrial
appendage (A) or the left inferior pulmonary vein (B). Blood is then returned by a centrifu-
gal pump to the femoral artery or to the distal aorta in cases of limited disease, such as
traumatic tears of the aorta.
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2. Inflow to a centrifugal pump may come from the left atrium or preferentially
from the inferior pulmonary vein, which may be associated with fewer com-
plications.101 The blood is returned to either the femoral artery or to the dis-
tal aorta below the lowest clamp in patients with limited disease, such as trau-
matic tears or Crawford type I aneurysms (see page 37). The blood does not
pass through an oxygenator, although one can be placed in the circuit to
improve oxygenation during one-lung anesthesia.102

3. Minimal heparinization is necessary for this setup (about 5000 units to
achieve an ACT of 250 seconds) and is beneficial in trauma cases or cases
requiring extensive dissection. Flow rates of up to 3 L/min can be used, with
monitoring of lower extremity mean pressures in the femoral artery that
should approximate 50 mm Hg. Drainage should not be so excessive as to
compromise antegrade flow from the heart to the brain.

C. Assisted right heart bypass for off-pump surgery. During manipulation of the
heart for off-pump surgery, especially with enlarged hearts, there may be com-
promise of right ventricular filling. Several devices have been designed that pro-
vide right heart assist by draining blood from the right atrium and pumping it
into the pulmonary artery during these procedures.103

D. Perfusion-assisted direct coronary artery bypass (PADCAB). During off-
pump surgery, there is compromise of distal flow during temporary vessel occlu-
sion required for construction of an anastomosis. This may lead to subtle or
severe degrees of ischemia and potential myocardial necrosis. Intracoronary or
aortocoronary shunts can be used to provide distal perfusion during the anasto-
mosis, either routinely or if there is evidence of ischemia.104 PADCAB provides
perfusion-assisted flow at a designated pressure (usually 120 mm Hg) that is
independent of the systemic blood pressure. Additionally, medications, such as
nitroglycerin, can be administered in the perfusate to provide coronary vasodi-
latation. Placing a small catheter directly into the coronary artery allows for distal
perfusion as the anastomosis is being constructed. Subsequently, flow can be
directed through 2–3 mm cannulas placed into the conduits until the proximal
anastomoses are performed.105,106 A comparative study of no shunting, passive
shunting, and active perfusion showed that myocardial protection (measured by
troponin levels) and performance were superior with active perfusion.107
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6 Myocardial Protection

Obtaining an optimal surgical result depends on performing a technically proficient opera-
tion while protecting the heart from potential damage. With the use of extracorporeal
circulation, surgeons can take advantage of a period of aortic cross-clamping and ischemic
cardiac arrest to produce a quiet, bloodless field that allows for precise surgical techniques.
The development of cardioplegia solutions almost 30 years ago was one of the major
advances in cardiac surgery that allowed surgeons to extend this period of ischemic arrest to
well over 3 hours to perform complex surgical procedures without adversely affecting
myocardial function. Conscientious application of well-developed principles is essential to
minimize ischemia/reperfusion injury that contributes to postischemic myocardial dysfunc-
tion, thus optimizing both the short- and long-term results of surgery.1

I.  Types of Myocardial Protection (Box 6.1)
A. Cardioplegia is used to arrest the heart after application of an aortic cross-clamp

that interrupts the coronary circulation. Cross-clamping of the aorta without the use
of cardioplegia results in anaerobic metabolism and depletion of myocardial energy
stores. Thus, without a reduction in myocardial metabolism, either by hypothermia
or chemical cardiac arrest, cross-clamping to induce ischemic arrest for more than
15–20 minutes would result in severe myocardial dysfunction.

B. Off-pump coronary artery bypass surgery (OPCAB) is performed without car-
diopulmonary bypass and thus on a beating heart. The need to provide myocardial
protection is limited because, in the absence of ongoing ischemia, only the region
subtended by the artery being bypassed should be in ischemic jeopardy. If ischemia
develops, as evidenced by electrocardiographic changes or ventricular dysfunction,
intracoronary shunting or aortocoronary shunting can be used to provide distal flow
until the anastomosis is completed.2 Perfusion-assisted shunting may provide the
best myocardial protection during OPCAB.3,4

C. Ischemic preconditioning refers to a phenomenon by which a transient reduction in
blood flow to the myocardial tissue enables it to tolerate a subsequent longer period
of ischemia.5 The ideal application of this concept is in off-pump surgery because, in
the absence of collateral flow, there is obligatory transient ischemia with occlusion of
a target vessel that might be lessened by ischemic preconditioning.6

D. On-pump surgery can be performed without aortic cross-clamping, thus obviating the
need to provide myocardial protection (so-called on-pump beating-heart surgery).
With the availability of stabilizing platforms used for OPCAB, this technique allows
for construction of distal anastomoses on a beating heart while the pump provides
systemic flow. This should be considered when safe aortic clamping cannot be per-
formed and when the risk of arresting the heart is considered very high due to severe
ventricular dysfunction. Due to the lower oxygen demand of the empty, beating
heart, ischemia should be better tolerated than standard OPCAB, but shunting tech-
niques can still be used to optimize protection. The on-pump beating-heart technique



Box 6.1 • Options for Myocardial Protection

1. Off-pump surgery

a. Aortocoronary shunting

b. Perfusion-assisted shunting 

c. Ischemic preconditioning

2. On-pump surgery

a. On-pump beating heart

b. Cardioplegic arrest

c. Hypothermic fibrillatory arrest

d. Intermittent ischemic arrest
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can also be used for intracardiac operations, such as resection of a left ventricular
aneurysm or repair of an atrial septal defect.

E. Intermittent ischemic arrest involves multiple short periods of cross-clamping with
mild systemic hypothermia to perform each distal anastomosis. Conceptually, this is
a violation of the principle of preserving the heart by inducing diastolic arrest dur-
ing the period of aortic cross-clamping. However, the heart can tolerate these brief
periods without adverse sequelae.7 With the technique of hypothermic fibrillatory
arrest, the aorta remains unclamped and distal anastomoses are performed with the
heart cold and fibrillating at high perfusion pressures. This technique is useful when
safe clamping of the aorta is not feasible due to extensive calcification or atheroscle-
rosis.8 However, this technique provides less than ideal protection, especially in the
hypertrophied heart. With the availability of stabilizing platforms, surgery that must
be performed without clamping is best performed on a beating heart, either at nor-
mothermia or mild hypothermia.

II.  Principles of Cardioplegia9–13 (Table 6.1)
A. Prompt diastolic arrest of the heart is achieved using a delivery solution containing

about 20–25 mEq/L of potassium chloride (KCl). The potassium may be added to
a crystalloid solution that is administered undiluted (“crystalloid cardioplegia”) or it
may be concentrated in a smaller bag of crystalloid solution and administered in a
mixture with blood in varying ratios (most commonly 4:1 blood) (“blood cardio-
plegia”). Systems are available that add the potassium directly to blood to minimize
hemodilution (“miniplegia”).
1. Crystalloid cardioplegia provides little substrate and no oxygen to the heart dur-

ing the period of ischemic arrest. It functions primarily by arresting the heart at
cold temperatures. It can be oxygenated by bubbling oxygen through the solution,
but this is not a common practice.

2. Blood cardioplegia solutions provide oxygen, natural buffering agents, antioxi-
dants, and free-radical scavengers. Standard supplemental additives to these
solutions include other buffers to achieve an alkaline pH (THAM), citrate-
phosphate-dextrose (CPD) to lower the level of calcium, and occasionally drugs
to maintain slight hyperosmolarity (mannitol). The cardioplegia mixture passes



Table 6.1 • Principles and Composition of Cardioplegia

Principle Composition

1. Prompt diastolic arrest KCl 20–25 mEq/L

2. Buffering THAM, bicarbonate

3. Reduction of calcium levels CPD

4. Adequate delivery Antegrade ± retrograde administration

5. Temperature Cold vs. tepid vs. warm

6. Substrate additives to optimize Aspartate-glutamate 
6.  myocardial metabolism or prevent Na+-H+ exchange inhibitors
6.  cell damage Insulin

Magnesium
Procainamide
L-arginine
Calcium channel blockers
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through a separate heater/cooler system in the extracorporeal circuit with the
infusion rate and pressure controlled by the perfusionist.

3. The oxygen demand of the heart is reduced by nearly 90% by simply arresting
the heart at normothermia, so maintenance of arrest during the cross-clamp
period is essential (Figure 6.1). This is accomplished by readministering the
solution every 15–20 minutes to deliver potassium and wash out metabolic
byproducts. A low potassium solution (12–15 mEq/L) is then used to maintain
the arrest while avoiding an excess potassium load; the high-potassium solution
should be used if the heart resumes any activity. Cold blood alone can be given
retrograde into the coronary sinus as an alternative to subsequent doses of car-
dioplegia to optimize tissue oxygenation and metabolism while minimizing the
potassium load. This is adequate as long as the heart remains arrested.

4. Clinical studies have not demonstrated the superiority of one type of cardiople-
gia over the other in routine cases,14 but they do suggest that patients with more
advanced left ventricular dysfunction may fare better with blood cardioplegia,
especially if given both antegrade and retrograde.15

5. Polarized arrest, using a potassium-channel opener (nicorandil, pinacidil,
aprikalim), is being investigated as an alternative to the depolarized arrest induced
by potassium. This has been shown to attenuate the elevation of intracellular calci-
um, and may improve contractile function compared with standard potassium
arrest.16–18

THAM = tris(hydroxymethyl)aminomethane; CPD = citrate-phosphate-dextrose.



Figure 6.1 • Myocardial oxygen demand (mvO2). Notice that the most significant decrease
in mvO2 occurs with the induction of the arrested state and secondarily by the production
of hypothermia. (Modified with permission from Buckberg GD, Brazier JR, Nelson RL, Goldstein
SM, McConnell DH, Cooper N. Studies of the effects of hypothermia on regional myocardial blood
flow and metabolism during cardiopulmonary bypass. I. The adequately perfused beating, fibril-
lating, and arrested heart. J Thorac Cardiovasc Surg 1977;73:87–94.)
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B. Temperature. Before the development of cardioplegia solutions, myocardial pro-
tection was provided entirely by systemic and topical hypothermia. It seemed log-
ical that administering cardioplegia at a cold temperature would be a significant
factor in decreasing myocardial metabolism. However, the reduction in myocardial
metabolism attributable to hypothermia is actually quite insignificant compared
with that achieved by diastolic arrest (Figure 6.1). Nonetheless, systemic hypother-
mia supplemented by use of topical cold (not iced) saline and topical cooling devices
that surround the left ventricle and protect the phrenic nerve from cold injury are
routinely used in patients receiving cold cardioplegia.
1. Some surgeons monitor myocardial temperatures with the presumption that

adequate hypothermia (< 15oC) of the myocardium is providing satisfactory
myocardial protection. However, in clinical practice, only one site is usually
selected for monitoring, and there is commonly a significant discrepancy
between the temperatures of different areas of the left ventricle and especially
between the left and right ventricles. It should be understood that temperature
monitoring provides only a relative assessment of the degree of myocardial pro-
tection.19 A more scientific means of assessing the degree of myocardial protec-
tion is use of a pH probe. The development of significant acidosis caused by a
derangement in myocardial metabolism is indicative of poor protection.20

2. Since enzymatic and cellular reparative processes function better at normother-
mia, some surgeons use “warm cardioplegia” for myocardial protection with
excellent results.21,22 However, because of the tendency for the heart to resume
electrical activity at normothermia, this must be given continuously or with only



Figure 6.2 • (Top) Antegrade cardioplegia catheter with a side port for venting. (Bottom) A
14F retrograde catheter with self-inflating balloon for measuring coronary sinus pressures.
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brief interruptions to protect the heart. When given continuously, it can obscure
the operative field. To minimize hemodilution from excessive cardioplegia
administration, the “miniplegia” system that simply adds potassium or other sub-
stances (magnesium) to the blood is useful.

3. Use of intermittent “tepid” blood cardioplegia (whether at 32oC or 20oC) has been
shown to provide better metabolic and functional recovery than cold cardioplegia
in several studies, and may also be associated with improved long-term results.

23–26

4. Warm cardioplegia can be used as an adjunct to cold cardioplegia when given at
the beginning and the end of the period of aortic cross-clamping.
a. Warm induction involves administering 500 mL of warm cardioplegia

immediately after aortic cross-clamping. Studies suggest that this may be
beneficial in actively ischemic hearts with energy depletion by providing a
brief period of time during which oxygen can be used to repair cell damage
and replace energy stores. This may be further beneficial if the solution is
enriched with glutamate and aspartate.9,11,27

b. Terminal warm blood cardioplegia (“hot shot”) is commonly given just before
removal of the aortic cross-clamp because it has been shown to improve
myocardial metabolism.28 The heart tends to remain asystolic for several min-
utes after removal of the aortic cross-clamp, during which time the heart is able
to “repair” cellular processes or replenish energy stores while the oxygen
demand is low.

C. Route of delivery. Cardioplegia is initially administered antegrade into the aortic
root and then may be given retrograde through a catheter placed in the coronary
sinus (Figure 6.2).
1. The efficacy of antegrade cardioplegia (ACP) delivery may be compromised by

severe coronary artery stenosis and is often dependent on collateral flow.29 In addi-
tion, sufficient root distention may not be achieved in patients with more than mild
aortic insufficiency. ACP can also be cumbersome to readminister during aortic
and mitral valve operations. If root venting is utilized, care must be taken to elim-
inate air from the aortic root when the cardioplegia is readministered.

2. Retrograde cardioplegia (RCP) is easy to administer, either intermittently or
continuously, and does not interrupt the flow of an operation. It is helpful in
reducing the risk of atheroembolism from patent yet diseased saphenous vein
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grafts at reoperation. It provides excellent myocardial protection, although there
is always concern about maldistribution of this solution, especially to the right
ventricle. Some studies have shown excellent and others poor  protection of the
right ventricle with this approach.30–32 Careful monitoring of coronary sinus
pressure during the administration of retrograde cardioplegia is essential: if it is
too high (>50 mm Hg), coronary sinus rupture can occur; if it is too low (< 20
mm Hg), there is usually a problem with catheter malposition.33

3. Studies that have analyzed the distribution of cardioplegia solutions suggest that
the routes of delivery should be complementary, not exclusive. Contrast echocar-
diography studies have shown that perfusion of the left ventricle is better with
warm antegrade delivery than retrograde delivery. They have also shown that
delivery to the right ventricle is poor with either approach, especially if there is
right coronary artery occlusion.13,29,34 Although warm RCP should ideally be run
as continuously as possible, most surgeons who administer cold RCP do so inter-
mittently. However, one study demonstrated that cold RCP given continuously
improved ventricular performance with reduced myocardial ischemia compared
with intermittent administration.35

D. Cardioplegia additives. A variety of medications that might potentially be cardio-
protective when given in the cardioplegia solution have been studied. Those showing
the greatest promise include the Na+-H+ exchange inhibitors (such as cariporide),
adenosine, and l-arginine.36–41 Aspartate and glutamate are Krebs’ cycle intermedi-
ates that have been used to improve myocardial energy metabolism with variable
success.9,27 Other drugs include procainamide, magnesium (which has been shown
to reduce arrhythmias),42 and free-radical scavengers. The insulin cardioplegia trial
involved use of tepid cardioplegia enriched with glucose and insulin. This demon-
strated metabolic and functional benefits to patients undergoing elective but not
urgent surgery.43–45 

E. Modified reperfusion. Just prior to removal of the cross-clamp, the administration
of a modified cardioplegia solution given under specific conditions has been shown
to improve myocardial function.9,11 Such controlled reperfusion with or without
substrate enhancement, such as aspartate and glutamate, should provide a low
potassium load (8 to 10 mEq/L), include CPD to limit calcium influx, should be
hyperosmolar, and should be given at low pressures (< 50 mm Hg) over several min-
utes. Benefits of such a regimen may only be beneficial in high-risk cases if these
principles are adhered to.46,47 Neutrophil depletion by leukocyte filtration in cardiac
reperfusate solutions may also reduce ischemia/reperfusion injury.48

III. Cardioplegia Strategy
Numerous studies have been done to elucidate the best cardioplegia strategy. Comparisons
have been based on myocardial contrast echocardiography or assessments of perfusion, clin-
ical results (hemodynamic performance, use of inotropes, rates of infarction, mortality), or
enzyme elevation (troponin, a very sensitive marker of myocardial injury). For example, one
study showed that troponin levels were more elevated in patients receiving antegrade rather
than retrograde crystalloid cardioplegia, but this had no clinical relevance.49 The extent of
coronary disease and especially of collateral flow can significantly impact the efficacy of both
antegrade and retrograde flow and confound the analysis.29 There are so many variations in
cardioplegia strategies and solutions that it is often difficult to ascertain which specific ele-
ment provides the true benefit.



Figure 6.3 • (A) Technique of administering cardioplegia simultaneously down the com-
pleted vein grafts and the retrograde cannula. (B) Blood can be delivered off the aortic line
during construction of the proximal anastomoses.

Cardioplegia Strateg y 213

A. Most studies suggest that in low-risk cases, multidose cold crystalloid, or cold or
warm blood cardioplegia, whether given antegrade and/or retrograde, produce rela-
tively comparable clinical results. In general, protection of the right ventricle is sub-
optimal with all strategies, especially in patients with right coronary artery disease.
In high-risk cases, combined ACP/RCP cold or tepid blood cardioplegia seems best.

B. A proposal for blood cardioplegia strategy is as follows:
1. Use warm induction for severely ischemic hearts only.
2. Induce cardioplegic arrest with about 500 mL of antegrade infusion (cold or

tepid); then complete the initial dose by administering cardioplegia retrograde.
This is especially important in patients with severe coronary artery disease. If
temperature monitoring is used for cold cardioplegia, it should be maintained
at less than 20oC.

3. For valve surgery, use either continuous warm retrograde cardioplegia or inter-
mittent cold retrograde blood cardioplegia with a low-potassium solution every
20 minutes.

4. For coronary surgery, perform the right coronary graft first and administer low-
potassium cardioplegia down that graft simultaneously with retrograde cardio-
plegia for all subsequent administrations.
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5. If warm retrograde cardioplegia is used, it should be run as continuously as
possible as long as it does not interfere with exposure. A high-potassium solu-
tion should be used if there is a return of cardiac activity.

6. Administer cardioplegia down each bypass graft as it is completed along with
additional retrograde cardioplegia. Concomitant administration down all com-
pleted grafts might be helpful but has not been studied (Figure 6.3).

7. Administer 500 mL of hot shot retrograde just prior to removal of the cross-
clamp. If retrograde is not used, give this into the aortic root at a pressure not
exceeding 50–80 mm Hg.

C. Careful adherence to the basic principles of cardioplegia (maintaining arrest and
multidosing, in particular) should allow surgeons to patiently yet expeditiously per-
form even the most complex, time-consuming surgery without worrying about
poor myocardial protection.
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7 Admission to the ICU 
and Monitoring Techniques

I. Admission to the ICU
A. The first critical phase of postoperative care starts at the completion of the surgical

procedure. During transfer from the operating room table to an intensive care unit
(ICU) bed, from one monitoring system to another, and from the operating room to
the ICU, the potential exists for airway and ventilation problems, sudden hypotension
or hypertension, arrhythmias, inadvertent medication changes, and unidentified prob-
lems with invasive catheters, monitoring, and bleeding. The electrocardiogram (ECG)
and pressure tracings (arterial, central venous, and/or pulmonary arterial) are trans-
ferred one at a time from the operating room monitor to the transport module to
ensure that the patient is monitored at all times. Ventilation is provided by a manual
resuscitator bag (Ambu) connected to a portable oxygen tank. Drug infusions should
be placed on battery-powered infusion pumps to ensure accurate infusion rates. A
selection of cardiac medications should always be available in the event of an emer-
gency during transport.

B. Upon arrival in the ICU, the endotracheal tube is connected to a mechanical ventila-
tor, and the ECG and pressure lines are transduced on the bedside monitors. A pulse
oximeter is attached to one of the patient’s fingertips. Medication drip rates are con-
firmed or readjusted on controlled-infusion pumps, preferably using the same pumps
that were used in the operating room to avoid temporary disconnection from the
patient. The thoracic drainage system is connected to suction.

C. During this transition phase, much attention is directed to getting the patient con-
nected to the monitors and attached to the ventilator. To ensure that the patient
remains stable while getting settled in, it is critical that the accompanying anesthesia
and/or surgical personnel as well as the accepting nurses and respiratory therapists
make sure that:
1. The patient is being well-ventilated by observing chest movement and auscultat-

ing bilateral breath sounds.
2. The ECG demonstrates satisfactory rate and rhythm on the transport and then on

the bedside monitor.
3. The blood pressure is adequate on the portable monitor and remains so after the

arterial line is transduced and calibrated on the bedside monitor.
D. Immediate assessment and response to any abnormalities suspected to be present at

the time of admission to the ICU, whether real or spurious, is imperative. The two
most common problems encountered are low blood pressure and an indecipherable
ECG.

E. Low blood pressure (systolic pressure < 90 mm Hg or mean pressure < 60 mm Hg)
is caused most commonly by hypovolemia or sudden termination of a drug infusion.



220 Admission to the ICU and Monitoring Techniques

However, the possibility of more critical problems, such as myocardial ischemia, severe
myocardial dysfunction, arrhythmias, or ventilatory problems, should always be kept
in mind. Low blood pressure may also result from inadequate zeroing of the trans-
ducer, or kinking or transient occlusion of the line, producing a dampened tracing. If
the transduced blood pressure is low, do the following:
1. Resume manual ventilation and listen for bilateral breath sounds.
2. Palpate the brachial or femoral artery to confirm a pulse and a satisfactory blood

pressure. Attach the blood pressure cuff above the radial arterial line site and take
an auscultatory or occlusion blood pressure. This is done by inflating the cuff until
the arterial tracing is obliterated; when the pressure tracing reappears, the systolic
pressure can be read from the sphygmomanometer. Never assume that a low blood
pressure recording is caused by dampening of the arterial line unless a higher
pressure can be confirmed by another method. Insertion of an additional arterial
monitoring line (usually in the femoral artery) may be indicated.

3. Make sure that all medication bottles are appropriately labeled and are connected
to the patient and infusing at the designated rate through patent intravenous lines.
Note: If hypotension is present, quickly ascertain whether the patient is receiving
nitroglycerin or nitroprusside (in the silver wrapper) because they can lower the blood
pressure precipitously. Unless you know how to change the drip rate on the particu-
lar drug infusion pump, let someone else who is familiar with it take care of it!

4. Quickly examine the chest tubes for massive mediastinal bleeding. Exsanguinating
hemorrhage may require emergency sternotomy.

5. The initial treatment for hypotension should include volume infusion and, if there
is no immediate response, administration of calcium chloride 500 mg IV. Vaso-
active medications may be started or the rate of medications already being used can
be adjusted. If there is no response to these measures and the ECG is abnormal,
assume the worst and prepare to treat the patient as an imminent cardiac arrest
until the problem is sorted out. If the patient cannot be immediately resuscitated,
call for help and prepare for an emergency sternotomy.

F. An indeterminate or undecipherable ECG is usually caused by artifact with jostling or
detachment of the ECG leads. If the arterial waveform is normal or the pulse oximeter
sounds normal, this is usually the case. However, if the arterial pressure is low or not
transduced, the pulse is irregular or slow, or the monitor is difficult to interpret, palpate
for a pulse and take the steps mentioned above. If the blood pressure is undetectable
and ECG reading is not available, assume the worst and treat the patient as a cardiac
arrest. Readjust the ECG leads on the patient and monitor. If interpretation remains
difficult, attach a standard ECG machine to limb leads to ascertain the rhythm.
1. If ventricular fibrillation or tachycardia is present, immediate defibrillation and a

cardiac arrest protocol are indicated (see page 400)
2. If a pacemaker is being used, examine the connections and settings and confirm

capture on an ECG.
3. Attach a pacemaker and initiate pacing if bradycardia or heart block is present.

Always try to pace the atrium (AOO) or initiate atrioventricular pacing (DDD or
DVI) if atrial pacing wires are present and heart block is present. If there is no
response, initiate ventricular pacing (VVI). If the patient has a rhythm but the
ventricle fails to pace, consider placing a skin wire as a ground, in case one of the
wires has been dislodged from the heart.
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4. Look for the undetected development of atrial fibrillation that can develop during
atrioventricular pacing. This may account for a fall in cardiac output and blood
pressure despite an adequate ventricular pacing rate.

5. Look for evidence of ischemia or other arrhythmias that may require management.
G. Once the patient’s heart rate, rhythm, and blood pressure are found to be satis-

factory and adequate ventilation from the ventilator is confirmed, a full report
should be given to the ICU staff by the accompanying anesthesiologist and/or
surgical house staff. This should include the patient’s cardiac disease, comorbidi-
ties, operative procedure, intraoperative course, medications being administered,
and special instructions for postoperative care. Further assessment as delineated
in Box 7.1 can then be carried out to address the subtleties of patient care. A stan-
dardized set of preprinted orders that can be adapted to each patient is invaluable
for ensuring that no essential elements in early postoperative care are overlooked
(Box 7.2).

H. It is very important to review the immediate postoperative chest x-ray to assess the
position of the endotracheal tube and make sure that a pneumothorax is not over-
looked. In addition, review of an ECG obtained soon after the patient’s arrival in
the ICU is essential to identify any ischemic changes that might prompt urgent
attention.

II. Monitoring in the ICU: Techniques and Problems
Careful monitoring is required in the early postoperative period to optimize clinical
management and outcome.1,2 A continuous display of the ECG is provided and pres-
sures derived from invasive catheters, including arterial and Swan-Ganz catheters
placed in the operating room, are transduced on bedside monitors (Figure 7.1). The
endotracheal tube is securely connected to the mechanical ventilator and appropriate
ventilator settings are selected. A continuous readout of the arterial oxygen saturation
(Sao2) determined by pulse oximetry should be displayed. The drainage outputs of chest
tubes and the Foley catheter are measured and recorded. A comprehensive flowsheet,
whether handwritten or entered into a computerized system, is essential (Appendix 4).

Box 7.1  •  Initial Evaluation of the Patient in the Intensive Care Unit

1. The patient should be examined thoroughly (heart, lungs, peripheral perfusion).

2. Hemodynamic measurements (central venous, pulmonary artery diastolic,
pulmonary capillary wedge, and/or left atrial pressures) should be obtained, cardiac
output measured, and systemic vascular resistance calculated (see Table 11.1). 

3. A portable supine chest x-ray should be obtained. Specific attention should be paid
to the position of the endotracheal tube and Swan-Ganz catheter, the width of the
mediastinum, and the presence of a pneumothorax, fluid overload, atelectasis, or
pleural effusion. 

4. A 12-lead ECG should be reviewed for ischemic changes or arrhythmias.

5. Laboratory tests should be drawn (see Box 7.2 for sample admission order sheet).



Box 7.2  •  Typical Orders for Admission to the ICU 

1. Admit to ICU

2. Procedure: _____________________

3. Condition: ______________________

4. Vital signs q15 min until stable, then q30 min

5. Continuous ECG, arterial, PA tracings, SaO2 on bedside monitor  

6. Cardiac output q15 min × 1h, then q1h × 4 h, then q2–4h when stable

7. Chest tubes to chest drainage system with 20 cm H2O suction; record hourly

8. Urinary catheter to gravity drainage and record hourly

9. Elevate head of bed to 30 degrees

10. Hourly I&O

11. Daily weights

12. Advance activity after extubation (dangle, out of bed to chair)

13. GI/nutrition: NPO while intubated

Nasogastric tube to low suction

Clear liquids as tolerated 1h after extubation and removal 
of NG tube

14.  Ventilator settings

FIo2: ________ in SIMV mode

IMV rate: ______ breaths/min

Tidal volume: ______ mL

PEEP: _____cm H2O

Pressure support: ____ cm H2O

15.  Respiratory care

Endotracheal suction q4h, then prn

Wean ventilator to extubate per protocol

O2 via face mask with FIO2 0.6–1.0 per protocol

O2 via nasal prongs @ 2–6 liters/min to keep SaO2> 95%

Incentive spirometer q1h when awake

16.  Laboratory tests

STAT ABGs, CBC, electrolytes, glucose

STAT PT, PTT, platelet count if chest tube output > 100/h

STAT chest x-ray

STAT ECG

ABGs 4 h after arrival, prior to weaning and prior to extubation

HCT, K+ every 4–6 h and prn

In morning of POD #1: ECG, CXR, electrolytes, BUN, creatinine, CBC

(Continued )
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17.  Pacemaker settings: Mode:  Atrial  VVI  DVI  DDD

Atrial output: ___ mA Ventricular output ____ mA

Rate ___ /min   AV interval: ___ /msecs

Pacer attached but off

18.  Notify MD/PA for:

a.  Systolic blood pressure <90 or >140 mm Hg

b.  Cardiac index <1.8 liters/min/m2

c.  Urine output <30 mL/h × 2 h

d.  Chest tube drainage >100 mL/h

e.  Temperature >38.5oC

19.  Medications

Allergies _______________

a.  IV drips

Dextrose 5% in 0.45 NS 250 mL via Cordis/triple lumen at KVO

Arterial line and distal Swan-Ganz port: heparin 250 U/250 mL NS at 3 mL/h

Epinephrine 1 mg/250 mL D5W: _____ µg/min to maintain cardiac index >2.0

Milrinone 20 mg/100 mL NS: _____ µg/kg/min

Norepinephrine 8 mg/250 mL D5W: _____ µg/min to keep systolic BP >100

Phenylephrine 40 mg/250 mL D5W: _____ µg/min to keep systolic BP >100

Nitroprusside 50 mg/250 mL D5W: _____ µg/kg/min to keep systolic BP <130

Nitroglycerin 100 mg/250 mL D5W: _____ µg/kg/min

Lidocaine 2 g/250 mL D5W: _____ mg/min IV; wean off at 06:00 POD #1

Diltiazem:  100 mg/100 mL D5W: _____ mg/h

Other:  _____________

Other:  _____________

b.  Antibiotics

Cefazolin 1 g IV q8h for 6 doses

Vancomycin 1 g IV q12h for 4 doses

c.  Sedatives/analgesics

Propofol infusion 10 mg/mL: 25–50 µg/kg/min per protocol

Midazolam 2 mg IV q2h prn agitation; stop after extubation

Morphine sulfate 25 mg/100 mL D5W: 0.01–0.02 mg/kg continuous IV
infusion; supplement with 2–5 mg IV q1–2h prn for breakthrough pain;
discontinue in AM POD #1

Meperidine 25 mg IV prn shivering

Ketorolac 15–30 mg IV q6h prn for breakthrough pain; d/c after 72 h

(Continued )
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Each invasive technique is used to provide an essential function or obtain special infor-
mation about the patient’s postoperative course, but each has potential complications.
Each should be used only as long as necessary to maximize benefit while minimizing
morbidity.

A. Electrocardiographic display on a bedside monitor is critical to allow for rapid
interpretation of rhythm changes. The use of cartridge modules allows for the simul-
taneous display and recording of standard limb leads and atrial electrograms for the
analysis of complex rhythms (see Chapter 11). Most bedside monitors have a
memory, and abnormal rhythms will activate a printout. This is helpful in detecting
the mechanism of arrhythmia development (such as an R-on-T phenomenon lead-
ing to ventricular tachycardia or fibrillation). ST-segment analysis is provided by
most monitoring systems, but abnormalities often must be more thoroughly analyzed
from a 12-lead ECG.

B. Mechanical ventilation via an endotracheal tube is used for all patients except those
who are extubated in the operating room. The initial settings are determined by the

Box 7.2  •  (Continued)

d.  Other medications

Metoprolol 25 mg PO/per NG tube starting 8 h after arrival, then q12h;
hold for HR <60 or SBP <100

Digoxin 0.25 mg IV q6h × 2 doses starting 8 h after arrival; then 0.25 mg
PO q6h × 2 doses, then 0.25 mg PO qd; hold for HR <60

Magnesium sulfate 2 g IV on POD #1 in AM

Sucralfate 1 g per NG tube q6h until NG tube removed

Pantoprazole (Protonix) 40 mg PO qd

Aspirin  325 mg  81 mg PO qd (starting 6 hours after arrival); hold for
platelet count <75,000 or chest tube drainage > 50 mL/h

Warfarin _____ mg starting _____ ; check with HO for daily dose

e.  PRN medications

Acetaminophen 650 mg PO/PR q4h prn temp > 38.5oC

Droperidol 0.625–1.25 mg IV q6h prn nausea

Ondansetron 4 mg IV prn nausea

KCl 80mEq/250 mL D5W via central line to keep K+ > 4.5 mEq/liter:

K+ 4.0–4.5 KCl 10 mEq over 30 min

K+ 3.5–3.9 KCl 20 mEq over 60 min

K+ < 3.5 KCl 40 mEq over 90 min

Initiate hyperglycemia protocol if BS > 240 mg/dL on admission or 
>180 mg/dL 8 h after admission

Other
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anesthesiologist and respiratory therapist and generally provide a tidal volume of
8–10 mL/kg at a rate of 8–10/min with the initial FIO2 set at 1.0. Confirmation of
bilateral breath sounds and chest movement, intermittent rechecking of ventilator
settings, and assessment of the adequacy of gas exchange are essential.
1. Pulse oximetry is routinely used to continuously assess the status of peripheral

perfusion and arterial oxygen saturation. It can draw attention to major problems
with oxygenation during the period of intubation and following extubation.3 If
the patient is severely vasoconstricted, the recordings from the patient’s fingers
may be inadequate and a better signal may be derived from the earlobe. Use of
pulse oximetry obviates the need to draw arterial blood gases more than a few
times during the period of intubation. Nonetheless, it should be kept in mind
that pulse oximetry provides only the Sao2 and does not provide the same infor-
mation as an arterial blood gas (ABG). In addition to a Pao2, the ABG provides
an assessment of Pco2 and pH that can be important in determining the patient’s
respiratory drive during the weaning process. Furthermore, an ABG can identi-
fy whether the patient has a metabolic or respiratory acidosis/alkalosis. This is
particularly valuable in determining when a patient with borderline hemody-
namic function has a metabolic acidosis that requires further pharmacologic
intervention.

2. Suctioning should be performed gently every few hours or as necessary to maintain
a tube free of secretions but not so frequently as to induce endobronchial trauma
or bronchospasm.4 The endotracheal tube bypasses the protective mechanism of

Figure 7.1 • Monitoring in the ICU. From top to bottom: ECG leads, arterial blood pressure
(ABP), pulmonary artery systolic/diastolic waveform (PAP), central venous pressure (CVP), and
pulse oximetry (SpO2).
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the upper airway and predisposes the patient to pulmonary infection. It should be
removed as soon as the patient is maintaining satisfactory ventilation and oxy-
genation and is able to protect his or her airway. This is generally accomplished
within 12 hours of surgery. A standard protocol for weaning and extubation is
essential in any cardiac surgical ICU (see Tables 10.4 to 10.6).

C. Arterial lines are placed in either the radial or femoral artery and are transduced on
the bedside monitor. Accurate pressure recording depends on proper calibration and
elimination of air from the transducer. Radial arterial pressure measurements may
not reflect the central aortic pressure immediately after bypass, but this problem
usually abates by the time the patient reaches the ICU. If a discrepancy persists,
placement of a femoral arterial line in the ICU might be necessary. Femoral lines
tend to demonstrate comparable mean pressures to radial lines, although they
frequently demonstrate systolic overshoot, which can be eliminated by resonance
overshoot filters present on most monitors.5,6

1. There is often a discrepancy between the auscultatory or occlusion blood pressure
and that recorded digitally on the bedside monitor. This may be ascribed to the
dynamic response characteristics of catheter-transducer systems.7 The overdamp-
ening of signals usually results from gas bubbles within the fluid-filled system.
Underdampening of signals is related to excessive compliance, length, or diame-
ter of the tubing connecting the arterial line to the transducer. If the intraarterial
pressure appears to be dampened or exhibits overshoot, the analog display of the
mean pressure is most reliable. The occlusion pressure is probably the most
accurate measurement of the systolic pressure.

2. Arterial lines should be connected to continuous heparin flushes to improve
patency rates and minimize thrombus formation. Maintaining a radial arterial line
for more than 3 days is associated with an increased risk of vessel thrombosis and
line sepsis.8 Arterial lines are invaluable for sampling ABGs and obtaining blood
for other laboratory tests, but they are often retained when invasive pressure mon-
itoring is no longer essential but intravenous access for blood sampling is limited.
Arterial lines should generally be removed when there is no longer a requirement
for pharmacologic support and when satisfactory postextubation ABGs have been
achieved. A room air blood gas before removal may give a baseline assessment of
the patient’s oxygenation. If the patient requires continuous arterial pressure mon-
itoring in the ICU, the line should be changed every 4 days. Note: If a patient has
suggestive evidence of heparin-induced thrombocytopenia but still requires arte-
rial line monitoring, it is important to use saline flushes and eliminate any heparin
from the flush lines.

3. Attention must always be directed to perfusion of the hand when a radial arteri-
al line is present. Removal is indicated urgently if hand ischemia develops.
Fortunately, the incidence of serious complications associated with radial artery
catheterization is extremely low.

D. Central venous pressure (CVP) monitoring may provide adequate information
about filling pressures in patients with preserved ventricular function.9,10 Because of
the potential complications associated with Swan-Ganz catheters and the failure of
multiple studies to document a beneficial impact on surgical outcome,10–12 monitoring
of the CVP can be considered safe and sufficient in managing patients undergoing
uneventful, low-risk surgery. Generally, the CVP and the pulmonary artery diastolic
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(PAD) pressure correlate fairly well in these patients and can guide fluid manage-
ment appropriately. However, the decision to use inotropes has to be based on an
integration of CVP, blood pressure response to volume, urine output, and clinical
exam. One study found little correlation between the physician’s or nurse’s estimate
of cardiac output and the actual output, suggesting that use of α-agents or inotropes
may at times be inappropriate, although it may not influence outcome.13

E. Swan-Ganz pulmonary artery catheters are commonly placed in patients undergo-
ing open-heart surgery to assist with intraoperative and postoperative hemodynamic
management. They are valuable in guiding evidence-based, scientific decisions about
fluid, inotropic, or vasopressor support, although their impact on clinical outcome
may only be evident in high-risk patients. They are generally placed before the induc-
tion of anesthesia, but may have to be placed in the ICU when a patient exhibits
hemodynamic instability or clinical deterioration. These catheters measure the CVP,
PA, and pulmonary capillary wedge pressures indicative of left-sided filling, and
allow for the determination of a thermodilution cardiac output. Sampling blood from
the PA port allows for measurement of a mixed venous oxygen saturation (Svo2).
Although the correlation of Svo2 and cardiac output is subject to many variables, the
Svo2 is helpful when the thermodilution output seems inconsistent with the patient’s
clinical course.14,15 It is helpful in patients with tricuspid regurgitation in whom the
thermodilution cardiac output is inaccurate.16

1. Some Swan-Ganz catheters have the capability of providing continuous cardiac
output measurements and on-line Svo2. They are particularly useful in patients
undergoing off-pump surgery. Other catheters calculate right ventricular volumes
and ejection fraction, while others have additional ports for volume infusions or
pacing wires.

2. The proximal port of the Swan-Ganz catheter (30 cm from the tip) is used for
CVP measurements from the right atrium and for fluid injections to determine
the cardiac output. Care must be exercised when injecting sterile fluid for cardiac
outputs to prevent bolusing of vasoactive medications that might be running
through the CVP port. Note: One must never infuse anything through this port
if the catheter has been pulled back so that the tip lies in the right atrium!

3. The distal port should always be transduced and displayed on the bedside mon-
itor to allow detection of catheter advancement into the permanent wedge posi-
tion, which could result in pulmonary artery injury. This will be detected by loss
of the phasic PA trace on the monitor and is also suggested by the position of the
catheter on a chest x-ray. Balloon inflation (“wedging” of the catheter) need not
be performed more than once every few hours and the balloon should not be
inflated for more than two respiratory cycles to prevent PA injury. Balloon infla-
tion should be performed cautiously with minimal inflation volume or should be
avoided entirely in patients with pulmonary hypertension. Medications should
never be given through the distal PA port.

4. Although there is a significant incidence of minor complications associated with
the insertion and use of the Swan-Ganz catheter, serious life-threatening com-
plications are very uncommon.17 The catheter is more commonly placed through
the internal jugular vein than the subclavian vein for cardiac surgery. The former
is more likely to be associated with arterial puncture, but less likely to result in
catheter malposition.18,19
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a. Complications associated with insertion include:
•   Arrhythmias and heart block (especially in patients with bifascicular block)
•   Arterial puncture
•   Pneumothorax
•   Air embolism
•   Catheter knotting

b. Complications of indwelling PA catheters include:
•   Arrhythmias and heart block
•   Heparin-induced thrombocytopenia (from heparin-coated catheters)
•   Infection
•   Pulmonary artery rupture and hemorrhage
•   Endocardial and valvular damage
•   Pulmonary infarction
•   Pulmonary infiltrates
•   Venous thrombosis

5. Pulmonary artery perforation is a very serious complication.20 It may occur
during insertion of the catheter, during surgery, or at any time in the ICU. The
position of the catheter should always be inspected on an immediate postopera-
tive or any postinsertion chest x-ray. Migration of the catheter into wedge posi-
tion should be noted on the bedside monitor and the catheter should be pulled
back immediately. Perforation may lead to hemoptysis, bleeding into the endo-
tracheal tube, or intrapleural hemorrhage. The chest x-ray may demonstrate a
hematoma surrounding the tip of the catheter. If perforation is suspected, the
catheter should be withdrawn and positive end-expiratory pressure added to the
ventilator circuit. If bleeding persists, bronchoscopy can be performed with
placement of a bronchial blocker to isolate the lung. Use of a double-lumen
endotracheal tube or even a thoracotomy with pulmonary resection may be indi-
cated for ongoing pulmonary hemorrhage. Rarely, a false aneurysm of the pul-
monary artery branches may develop. This can be managed by transcatheter
embolization.21

6. The PA catheter should be removed when the patient no longer requires vasoac-
tive drug support. If the catheter is removed but the introducer sheath is left in
place for fluid or medication administration, the port must be covered with a small
adhesive drape to minimize the risk of infection. A one-way valve present on most
introducer sheaths eliminates the possibility of air embolism. The introducer
should be removed as soon as possible because of its size and the attendant risk of
infection and venous thrombosis (let alone patient discomfort). If less intensive
central venous monitoring is required or venous access is limited, a smaller double-
or triple-lumen catheter should replace the large-bore introducer.

7. Alternative means of assessing cardiac output (see also page 342). Although the
Swan-Ganz catheter is the gold standard for measurement of cardiac output, it is
an invasive catheter associated with a number of potential complications. Alter-
native less invasive means of determining the cardiac output have been developed,
including esophageal Doppler, thoracic bioimpedance, and pulse contour analysis,
which provide comparable cardiac output measurements to thermodilution.22-26

The esophageal Doppler provides Doppler flow velocity waveforms that include
flow time and peak velocity. These waveforms allow for assessment of left
ventricular contractility, filling, and systemic vascular resistance (Figure 7.2).22-26
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F. Left atrial (LA) lines are used in special circumstances, such as severe left ventricu-
lar dysfunction, severe pulmonary hypertension secondary to mitral valve disease, use
of circulatory assist devices, or heart transplantation. They are placed through the
right superior pulmonary vein and passed into the left atrium during surgery. These
lines are helpful in providing important hemodynamic information in these patients
and are associated with infrequent but potentially significant complications.27

1. LA lines provide the most accurate assessment of left-sided filling pressures, espe-
cially when a high transpulmonary gradient is present. This is most helpful in
patients with biventricular assist devices to assess the degree of left-sided filling.

2. An LA line should always be considered dangerous because of the risk of air
embolism.28 It must always be aspirated before being flushed to make sure there
is no air or thrombus present within the system. It is then connected to a constant
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Figure 7.2 • Doppler flow waveforms obtained with the esophageal Doppler. (A) A normal
waveform. Preload is estimated by the flow time, contractility by the peak velocity, and after-
load (systemic resistance) by both the velocity and flow time. (B) Waveforms that are associ-
ated with decreased preload, increased afterload, or decreased contractility. These conditions
can be improved by volume infusions, vasodilators, and inotropes, respectively.
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infusion flush line that includes an air filter to reduce the risk of systemic air
embolism. The line should be removed when the chest tubes are still in place in
the event that bleeding from the insertion site should occur.

G. Chest tubes are placed in the mediastinum and into the pleural spaces if they are
entered during surgery. Drainage should be recorded hourly or more frequently if
there is evidence of significant bleeding.

1. The chest tubes are connected to a drainage system to which 20 cm of H2O
suction is applied. The tubes should be gently milked or stripped to prevent blood
clotting within them. There is no particular advantage of any of the common prac-
tices (milking, stripping, fanfolding, or tapping) to maintain chest tube paten-
cy.29,30 Aggressive stripping creates a negative pressure of up to –300 cm H2O in
the mediastinum. This may actually increase bleeding and is quite painful to the
patient who has regained consciousness and is not adequately sedated. Suctioning
of clotted chest tubes with endotracheal suction catheters should be discouraged
because of the risk of introducing infection.

2. Bloody drainage through chest tubes can be best observed if the tubes are not
completely covered with tape. Plastic connectors must be tightly and securely
attached to both the chest tubes and the drainage tubing to maintain sterility and
prevent air leaks within the system.

3. Excessive mediastinal bleeding requires immediate attention because it often leads
to hemodynamic instability, metabolic acidosis, the requirement for multiple
blood products, and, potentially, cardiac tamponade (see Chapter 9).

4. A variety of collection systems are available for autotransfusion of shed mediasti-
nal blood. Blood may be reinfused from soft plastic collection bags or directly from
the plastic shell via a pump and a 20–40 µm filter. This blood has low levels of
platelets, fibrinogen, and factor VIII with high levels of fibrin split products.
Autotransfused blood can provide some red cell salvage and act as a volume
expander in the bleeding patient, but its use is somewhat cumbersome and its ben-
efits controversial. Studies have shown that autotransfusion is not cost-effective
when less than 250 mL is transfused. Reinfusion of moderate volumes (500–1000
mL) reduces transfusion requirements without significantly altering coagulation
parameters. However, reinfusion of greater amounts should be avoided since it can
perpetuate a coagulopathy. Generally, if a patient bleeds more than 1000 mL with-
in the first 3–4 hours of surgery, reexploration is indicated.31–33

H. The urinary Foley catheter is attached to gravity drainage and the urine output is
recorded hourly. Urine output is an excellent measure of myocardial function
although it is subject to many variables.

1. Foley catheters incorporating temperature probes are commonly used during
surgery and can be used in the ICU to record the patient’s core temperature.

2. The Foley catheter is usually removed on the second postoperative morning. It
may be left in place if the patient is undergoing a significant diuresis or has a his-
tory of prostatic hypertrophy or urinary retention and has not been mobilized. The
risk of urinary infection increases as the duration of indwelling catheter time
lengthens, and early removal should be considered in patients with prosthetic
valves and grafts when its use is no longer essential.

3. Suprapubic tubes should be left in place and clamped after several days to see if
the patient can void per urethra.
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I. Nasogastric tubes may be inserted in the operating room or after the patient’s arrival
in the ICU to aid with gastric decompression. Insertion may cause hypertension,
bradycardia, tachycardia, or arrhythmias if the patient is not well sedated. Additional
sedation may be required if insertion is difficult. Insertion may also cause nasopha-
ryngeal bleeding if the patient is still heparinized (during surgery) or has a coagu-
lopathy. Instillation of medication to reduce stress ulceration, such as sucralfate,
should be considered for all patients for the first 12–24 hours. This is as efficacious as
the H2 blockers and proton pump inhibitors, both of which raise gastric pH. One
could consider the supplemental use of a proton pump inhibitor if the patient is at
extremely high risk for stress ulcer–related bleeding.34–36

J. Pacing wires. Most surgeons place two atrial and two ventricular temporary epicar-
dial pacing wire electrodes at the conclusion of open-heart surgery. If the pacing wires
are being used, they must be securely attached to the patient and to the cable connec-
tor, and the cable must be securely attached to the pacing box. The pacemaker box
itself should be easily accessible. Everyone caring for the patient should understand
how the particular pacemaker generator works. Pacing wires that are not being used
should be placed in insulating needle caps to isolate them from stray electrical currents
that could potentially trigger arrhythmias.

III. Summary of Guidelines for Removal of Lines 
and Tubes in the ICU
A. The Swan-Ganz catheter should be removed when inotropic support and vasodila-

tors are no longer necessary. If central venous access is required after several days but
hemodynamic monitoring is no longer essential, the Swan-Ganz catheter should be
replaced by a double- or triple-lumen catheter.

B. Any central line should be removed when no longer necessary to reduce the risk of
infection. The literature suggests that the catheter need only be replaced for a clin-
ical indication, such as a fever of unknown origin or suspected bacteremia. If the
catheter site is infected or bacteremia is confirmed, the catheter should be with-
drawn and another inserted at a different site. If neither of these indications is pres-
ent, the catheter can be changed over a guidewire to reduce the risk of mechanical
complications associated with a new insertion site. The catheter tip is cultured. If
this returns positive, the catheter should be changed to a new site.18, 37,38

C. The arterial line should be removed after a stable postextubation blood gas has been
obtained. An additional ABG obtained on room air is frequently worthwhile
because it provides a relative indication of the patient’s baseline postoperative
oxygenation. The arterial line should not be left in place for more than 3 days as a
convenience for blood sampling.

D. Left atrial lines must be removed in the ICU while the chest tubes remain in place
in the event that intrapericardial bleeding should occur.

E. The urinary catheter can be left in place if the patient is undergoing a vigorous
diuresis or has an increased risk of urinary retention. It should otherwise be removed
once the patient is mobilized out of bed, usually on the second postoperative day.

F. Chest tubes should be removed when the total drainage is less than 100 mL for 8
hours. Prolonging the duration of drainage may increase total chest tube output
without any effect on the incidence of postoperative pericardial effusions.39 One
study showed that there was no difference in the incidence of pericardial effusions if
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tubes were withdrawn when drainage was less than 50 mL over 5 hours or when the
fluid became serosanguineous (either upon visual inspection or when the drain/blood
hematocrit ratio was < 0.3).40 In contrast to the standard 32F chest tubes that are
commonly used, small Silastic (Blake) drains may be placed in the mediastinum or
into the pleural space and provide comparable drainage efficiency. However, they are
more comfortable for the patient.41–43 Leaving a supplemental drain in the pleural
space for 3–5 days is useful in reducing the incidence of symptomatic pleural effu-
sions.44 Mediastinal tubes should always be removed off suction because graft avul-
sion might theoretically occur if suction is maintained. Chest radiography is not
essential after mediastinal tube removal but should be performed after removal of
pleural chest tubes to rule out a pneumothorax.
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8 Early Postoperative Care

The early postoperative course for most patients undergoing cardiac surgery with use of car-
diopulmonary bypass (CPB) is characterized by a typical pattern of pathophysiologic
derangements that benefits from standardized management.1 Anesthetic techniques and
early postoperative protocols should be designed to achieve early extubation and “fast-track”
recovery of most patients (Table 8.1).2 The pathophysiology noted after off-pump surgery is
slightly different in that patients are not subjected to the insults of CPB and cardioplegia, two
factors that contribute to a systemic inflammatory response and transient myocardial depres-
sion. This chapter will summarize the basic clinical features of the post-CPB patient and will
then present scenarios commonly seen in the early postoperative period. It will then discuss
aspects of postoperative care unique to various types of cardiac surgical procedures. The sub-
sequent chapters will describe in greater detail the assessment and management of the major
concerns of the postoperative period: mediastinal bleeding, respiratory, cardiovascular, renal,
and metabolic problems.

I. Basic Features of the Early Postoperative Period
A. Overview

1. Patients are commonly mildly hypothermic and fully anesthetized upon arrival in
the ICU, requiring full mechanical ventilation for several hours. Adequate pain
control is essential at this time and during the weaning process from the ventilator,
which generally should be started once standard criteria are met (see Box 10.2).

2. Inotropic support may be required to terminate CPB and is usually maintained for
at least 6–8 hours to optimize cardiac output as the heart recovers from the insult
imposed by ischemia and reperfusion associated with cardioplegic arrest.

3. Urine output is usually copious because of hemodilution during surgery. However,
even though the patient is total body fluid overloaded, fluid administration is usu-
ally necessary to maintain intravascular volume to optimize hemodynamic status.
Hypokalemia associated with excellent urine output must be monitored and man-
aged. Renal function is a good marker of hemodynamic function, although it is
subject to numerous variables.

4. Patients may have mediastinal bleeding as a result of technical problems or a
coagulopathy.

5. Postoperative care requires an integration of a myriad of hemodynamic measure-
ments and other laboratory tests to ensure a swift and uneventful recovery from
surgery. Use of a comprehensive flowsheet is essential in evaluating the patient’s
course in the ICU (Appendix 4).

B. Warming from hypothermia to 37oC 
1. CPB is usually accompanied by moderate systemic hypothermia to 32–34oC and

is terminated after the patient has been rewarmed to a core body temperature of at
least 36oC. Although it is common practice to warm patients to 37oC before
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Operating Room

Anesthetic agents Sufentanil 0.5 µg/kg for induction, then 0.25 µg/kg/h
Fentanyl 5–10 µg/kg, then 0.3–5 µg/kg/h or inhalational

agents + propofol 
Remifentanil 1 µg/kg for induction, then 0.05–2 µg/kg/min

Sedatives Midazolam 2.5–5 mg before bypass
Propofol 50–75 µg/kg/min (2–10 mg/kg/h) after bypass

Cardiopulmonary bypass Withdrawal of autologous blood before starting bypass
Consider retrograde autologous priming to maintain

higher hematocrit
Echo imaging for aortic atherosclerosis
Maintain blood sugar < 180 mg/dL
Consider fenoldopam if renal dysfunction
Warm to 37oC before terminating bypass

Myocardial protection Antegrade/retrograde blood cardioplegia with terminal
“hot shot”

Antifibrinolytic agents ε-aminocaproic acid 5 g at skin incision and in pump
prime, and 1 g/h infusion

Aprotinin 280 mg at skin incision and in pump prime,
and 70 mg/h

Fluids Minimize fluid administration

Other medications Methylprednisolone 1 g before bypass, then
dexamethasone 4 mg q6h × 4

Intensive Care Unit

Analgesia Morphine infusion 0.01–0.02 mg/kg/h depending
on age

Ketorolac 15–30 mg IV after extubation
PCA pump with morphine on POD #1

Anxiolysis Propofol 25 µg/kg/min

Shivering Meperidine 25–50 mg IV

Hypertension Sodium nitroprusside/esmolol (avoid sedatives)

Anemia Tolerate hematocrit of 22% if stable

Medications Metoprolol by POD #1 (AF prophylaxis)
Magnesium sulfate 2 g on POD #1 (AF prophylaxis)
Consider amiodarone for AF prophylaxis
Metoclopramide 10 mg tid

POD = postoperative day

Table 8.1  •  Options for a Fast-Track Protocol
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terminating bypass, this may require higher arterial inflow temperatures and may
be associated with impairment in neurocognitive function.3,4 In fact, studies have
shown that the brain temperature is several degrees warmer than the nasopharyn-
geal temperature, suggesting that temperatures measured at other sites may under-
estimate the degree of cerebral hyperthermia.5 Even the rectum or bladder, two
commonly monitored sites considered to represent the core temperature, are in an
“intermediate compartment” where the temperature is close but not identical to
core temperature. Thus, although hypothermia has potential adverse effects,
aggressive “overwarming” during CPB may also prove detrimental.

2. Despite adequate core rewarming on pump, progressive hypothermia may ensue in
the postpump period when the chest is still open and hemostasis is being achieved
(“afterdrop”). This results from insufficient rewarming of peripheral tissues that
leaves a significant temperature gradient between core temperature and the
periphery. Thus, heat is subsequently redistributed to the periphery resulting in a
gradual reduction in core temperature. Heat loss is further exacerbated by contin-
ued intraoperative heat loss from exposure to cool ambient temperatures, poor
peripheral perfusion, and by anesthetic-induced inhibition of normal thermoregu-
latory control.6 Even with normothermic bypass, active warming is usually
required to maintain patients at temperatures greater than 35oC on CPB, and even
these patients may cool down several degrees. Progressive intraoperative cooling is
of particular concern with off-pump surgery (see page 165). Consequently, patients
usually arrive in the ICU with core temperatures around 35oC.

3. Prevention of afterdrop can be achieved by prolonging the warming phase on
CPB, warming the periphery, or using pharmacologic vasodilatation. Since most
heat loss during surgery occurs by convection from the anterior surface of the body,
use of warm heating coils placed posteriorly has only marginal benefit in prevent-
ing heat loss. The Arctic Sun temperature-controlling system has been used during
off-pump surgery to provide more circumferential coverage.7 Intraoperative use of
a cutaneous forced-air warming device, such as the Bair Hugger, is also useful in
preventing afterdrop, although it does not reduce redistribution of heat.8 Sodium
nitroprusside has been successful in reducing postbypass afterdrop because it
produces peripheral vasodilatation and improves peripheral perfusion. However,
this benefit is usually noticed only in patients cooled to less than 32oC.8–10

4. Hypothermia (< 36°C) upon admission to the ICU has been associated with
adverse outcome.11 Thus, hypothermia must be treated in the ICU to avoid poten-
tial adverse effects.12 Hypothermia may:
a. Predispose to atrial and ventricular arrhythmias and lower the ventricular

fibrillation threshold.
b. Increase systemic vascular resistance (SVR) and cause hypertension. This may

contribute to increased mediastinal bleeding; it raises afterload and myocardial
oxygen demand, potentially depressing contractility and cardiac output; and it
may elevate filling pressures and mask hypovolemia by producing peripheral
vasoconstriction.

c. Precipitate shivering, which increases peripheral O2 consumption and CO2
production.13,14

d. Produce platelet dysfunction and a generalized impairment of the coagulation
cascade.15

e. Prolong the time to extubation.
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5. In the ICU, most patients are peripherally vasoconstricted as a compensatory
mechanism to provide core warming. Pharmacologic vasodilatation with medica-
tions such as nitroprusside or propofol may facilitate the redistribution of core heat
to peripheral tissues and improve tissue perfusion, but at the same time, they may
delay central warming because peripheral vasodilatation augments heat loss. The
adjunctive use of warming blankets and radiant heating hoods is thus quite bene-
ficial in minimizing peripheral heat loss, although they do not directly promote
core warming. Generally, forced-air warming systems (such as the Bair Hugger
system) or a conductive electric overblanket are more effective than “space blan-
kets” in limiting the duration of postoperative hypothermia, thus reducing shiver-
ing and oxygen consumption and expediting early extubation.16–18

6. Other measures, such as heating intravenous fluids or using heated humidifiers in
the ventilator circuit, are of some benefit in preventing progressive hypothermia,
but generally do not contribute to warming.

7. Shivering is associated with hypothermia and increases oxygen consumption and
patient discomfort. Control of shivering is important in the postoperative period
and is best controlled with meperidine (25 mg), which has specific antishivering
properties related to several possible mechanisms.13 Other medications that have
been shown to be of benefit in controlling shivering include dexmedetomidine,19

clonidine 150 µg, ketanserin 10 mg, and doxapram 100 mg.20 Propofol reduces
total body oxygen consumption and may also reduce shivering. 21

8. Occasionally a patient may rapidly rewarm to 37oC and then “overwarm” to higher
temperatures due to resetting of the central thermoregulating system. Narcotics,
but not propofol, tend to increase the core temperature required for sweating and
may contribute to this problem.22,23 Since warming may lead to profound periph-
eral vasodilatation and hypotension, gradual vasodilatation with nitroprusside and
concomitant volume infusion can minimize this problem (see postoperative
scenarios III.A and III.B).

C. Control of mediastinal bleeding (see Chapter 9)
1. Numerous factors may predispose to mediastinal bleeding following CPB.24 These

include residual heparin effect, thrombocytopenia and platelet dysfunction, clot-
ting factor depletion, fibrinolysis, poor surgical technique, hypothermia, and post-
operative hypertension.

2. Nearly all cardiac surgical services use one of the antifibrinolytic medications
(aprotinin, ε-aminocaproic acid, or tranexamic acid) to reduce intraoperative
bleeding.25 These medications not only inhibit fibrinolysis but, to varying degrees,
also preserve platelet function. Thus, intra- and postoperative bleeding have
become relatively uncommon problems. Nonetheless, use of these medications is
not a substitute for careful hemostasis in the operating room.

3. Careful monitoring of the extent of postoperative bleeding dictates the aggressive-
ness with which bleeding should be managed. Many patients with “nonsurgical”
causes will drain about 100 mL/h for several hours before bleeding eventually
tapers. A faster rate of bleeding without evidence of diminution requires syste-
matic evaluation and treatment (often prompting reexploration) as described in
Chapter 9.

4. Recognition of the early signs of cardiac tamponade and the importance of prompt
mediastinal exploration for severe bleeding or tamponade are critical to improving
patient outcome.
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D. Ventilatory support, emergence from anesthesia, weaning, and extubation (see
Chapter 10)
1. Although patients can be extubated in the operating room using short-acting

medications, most centers use narcotic-based anesthesia for cardiac surgery that
leaves the patient sedated upon arrival in the ICU, requiring mechanical ventila-
tion for a short period. The initial inspired oxygen tension of 1.0 is gradually
weaned to below 0.5 as long as the Pao2 remains above 80 torr or the arterial
oxygen saturation (Sao2) exceeds 95%. The respiratory rate or tidal volume of the
mechanical ventilator is adjusted to accommodate the increased CO2 production
that occurs with warming, awakening, and shivering.

2. Oxygenation is influenced by the patient’s baseline pulmonary status, hemody-
namic performance, the use and duration of CPB, and the amount of fluid admin-
istered during surgery. CPB is associated with a “capillary leak” that is produced by
the various vasoactive substances released during extracorporeal circulation, and
this results in increased interstitial lung water. Various measures can be used in the
operating room to optimize postoperative pulmonary function. Minimizing the
positive fluid balance during surgery is a major factor that improves the likelihood
of successful early extubation and fosters a faster recovery from surgery.26 Use of a
centrifugal pump, membrane oxygenator, heparin-coated circuit, aprotinin,
steroids, and/or leukocyte filters during CPB may reduce the systemic inflamma-
tory response and contribute to a faster convalescence.27

3. Early extubation (within 8–12 hours) is feasible in most patients, but depends
on the anesthetic agents used during surgery, medications given in the ICU,
the patient’s age and comorbid factors, the extent of the operative procedure,
and the patient’s hemodynamic performance.2,28 Low-dose fentanyl or other
shorter-acting narcotics (sufentanil, alfentanil, remifentanil) allow patients to
awaken more readily.29–31 Amnestic agents with long half-lives, such as mida-
zolam, are given only in the prebypass period, and short-acting drugs, such as
propofol, are commonly given after bypass and continued into the early post-
operative period. Although patients can be extubated fairly promptly by phar-
macologic reversal of neuromuscular blockade, most centers prefer to observe
the patient for a few hours in the ICU and then consider weaning once the
patient is stable. If the patient develops hypertension during awakening, anti-
hypertensive medications, such as nitroprusside, should be used, rather than
sedatives.

4. As long as certain criteria are met (see Table 10.1), there is no reason to exclude
elderly patients or even those with impaired ventricular function or significant
comorbidities from a protocol of early extubation. Even if it takes a few hours
longer to extubate these patients than younger healthier ones, the benefits of early
extubation usually translate into a quicker recovery from surgery. Generally
patients are more alert at an earlier stage of recovery, capable of being mobilized
by the first postoperative day, and discharged routinely by the fourth day after
uneventful and sometimes complex surgery.32

E. Analgesia and sedation
1. An essential element of postoperative care is the provision of adequate analgesia

and sedation.33,34 Unless extubated in the operating room, the patient will arrive in
the ICU anesthetized from the residual effects of anesthetic agents, which also pro-
vide some element of analgesia. When early extubation is anticipated, short-acting
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medications should be used to provide relief from pain and anxiety while mini-
mizing respiratory depression. Small doses of narcotics may be given along with
low-dose propofol. Just before the propofol is discontinued, a nonsteroidal antiin-
flammatory medication, such as indomethacin 50 mg PR or diclofenac 75 mg PR,
can be given to provide analgesia.35,36

2. Rather than administering boluses of narcotics, an alternative protocol is to pro-
vide a continuous infusion of low-dose morphine sulfate (0.02 mg/kg/h for
patients under age 65 and 0.01 mg/kg/h for patients over age 65). This usually
produces minimal respiratory depression and can be continued after extubation. If
the patient remains overly sedated, the infusion rate can be decreased.
Alternatively, an infusion of dexmedetomidine can be used to provide anxiolysis
and analgesia and allow for a reduction in the dosage of other drugs. It can be con-
tinued after the patient is extubated.37

3. Breakthrough pain in intubated patients may be treated with small additional
doses of IV morphine or IV ketorolac (15–30 mg). Following extubation, the IV
morphine  infusion can be continued until the patient is transferred out of the ICU.
Many patients benefit from morphine delivered by a patient-controlled analgesia
(PCA) pump on the first postoperative day, although use of IV ketorolac (15–30 mg
q6h for a maximum of 72 hours) may be sufficient.38 If delayed extubation is antic-
ipated, such as when significant inotropic support or an IABP is required, a
longer-acting sedative, such as midazolam, can be combined with morphine. If
more prolonged ventilation is likely, an infusion of fentanyl can provide both seda-
tion and analgesia.

F. Hemodynamic support during a period of transient myocardial depression (see
Chapter 11)39

1. Myocardial function is temporarily depressed as the heart recovers from the period
of ischemia and reperfusion. Hypothermia and elevated levels of catecholamines
lead to an increase in SVR and systemic hypertension, which increase afterload
and depress myocardial performance.

2. Serial assessments of filling pressures, cardiac output, and SVR allow for the
appropriate selection of fluids, inotropes, and/or vasodilators to optimize preload,
afterload, and contractility to provide hemodynamic support during this period of
temporary myocardial depression. The objective is to maintain a cardiac index
above 2.2 L/min/m2 with a stable blood pressure (systolic 100–130 mm Hg or a
mean pressure of 80–90 mm Hg). Adequate tissue oxygenation is the primary goal
of hemodynamic management and can be assessed by measuring the mixed venous
O2 saturation (Svo2) from the pulmonary artery port of the Swan-Ganz catheter
(normal > 65%).

3. Atrial or atrioventricular pacing at a rate of 90–100/min is commonly required at
the conclusion of surgery to achieve optimal hemodynamics. This is especially true
in patients taking β-blockers before surgery.

4. Monitoring of serial hematocrits is important to ensure the adequacy of tis-
sue oxygen delivery. The hematocrit may be influenced by hemodilution or
mediastinal bleeding and should generally be maintained at a level greater
than 22–24%. In elderly or critically ill patients, transfusion to a higher level
should be considered, weighing the potential benefits and risks of trans-
fusion.
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G. Fluid administration to maintain filling pressures in the presence of a capillary leak
and vasodilatation (see Chapter 12)
1. Following CPB, the patient will be total body salt and water overloaded and

should theoretically be aggressively diuresed. However, the use of CPB results in a
“systemic inflammatory response” that produces a capillary leak. Furthermore,
peripheral vasoconstriction masks intravascular hypovolemia despite adequate left-
heart filling pressures.

2. Fluid resuscitation is therefore necessary to offset the capillary leak and the vasodi-
latation caused by numerous medications and warming to normothermia.
Crystalloid and colloid infusions are used to maintain intravascular volume,
although this usually occurs at the expense of expansion of the interstitial
space.40,41 After the capillary leak has ceased and hemodynamics have stabilized,
the patient may be aggressively diuresed to eliminate the excessive salt and water
administered during surgery and the early postoperative period.

H. Monitoring of serum potassium and glucose is essential in the early postoperative
period. Potassium levels may be elevated from cardioplegia solutions delivered for
myocardial protection, but most patients with normal renal function and preserved
myocardial function will make large quantities of urine during the first few hours after
CPB, often resulting in hypokalemia. To minimize the risk of developing arrhyth-
mias, potassium levels should be checked every 4 hours and replaced as necessary.

I. Strict management of hyperglycemia has been shown to reduce the incidence of sternal
wound infection and surgical mortality.42,43 Factors that contribute to hyperglycemia are
insulin resistance, endogenous catecholamine release on pump, and use of epinephrine
postpump for hemodynamic support. A hyperglycemia protocol should be utilized to
determine the appropriate amount of insulin to be given (usually as a continuous infu-
sion) to maintain the blood sugar less than 180 mg/dL (see Appendix 6).

II. Management of Common Postoperative Scenarios
There are several typical hemodynamic scenarios that are noted during the early phase of
recovery from open-heart surgery. An understanding of these patterns allows for therapeutic
maneuvers to be undertaken in anticipation of hemodynamic changes, rather than as reac-
tions to problems once they have occurred.

A. Vasoconstriction from hypothermia with hypertension and borderline cardiac output.
1. The patient arriving in the ICU with a temperature below 35–36oC will vasocon-

strict in an attempt to increase core body temperature. The elevation in SVR may
produce hypertension at a time when cardiac function is still somewhat depressed
from surgery. These patients should be treated with a combination of fluid
replacement to reach a pulmonary artery diastolic (PAD) or pulmonary capillary
wedge pressure (PCWP) of 15–20 mm Hg, vasodilatation with sodium nitro-
prusside (SNP) to maintain a systolic pressure of 100–130 mm Hg (mean pres-
sure 80–90 mm Hg), and inotropic support if the cardiac index remains less than
2.0 L/min/m2. Warming methods noted above should also be employed. SNP is
preferable to nitroglycerin (NTG), which tends to lower preload and reduce car-
diac output to a greater degree while producing less systemic vasodilatation.

2. The use of SNP is beneficial in the vasoconstricted patient for several reasons:
a. It lowers afterload, improving myocardial metabolism and left ventricular

(LV) function.
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b. It improves peripheral tissue perfusion and redistributes heat to the periphery.
c. It facilitates gentle and adequate fluid administration.

3. SNP is administered starting at a dose of 0.1 µg/kg/min (often less) and titrat-
ing to a maximum of 8 µg/kg/min. As the SVR and blood pressure decrease, left-
sided filling pressures will fall modestly, requiring the simultaneous infusion of
fluids to maintain cardiac output. The optimal left-sided filling pressures depend
on the state of myocardial contractility and compliance. Preload should generally
not be raised above 20 mm Hg because of the deleterious effects of elevated wall
tension on myocardial metabolism and function. However, if preload is allowed
to fall too low during SNP infusion, the patient may become hypovolemic and
hypotensive when normothermia is achieved. The general principle is to “opti-
mize preload → reduce afterload → optimize preload.”

4. If the patient is vasoconstricted and the cardiac index (CI) is very marginal 
(e.g., < 2.0 L/min/m2), it is advisable to start an inotrope in addition to SNP.
Stopping an inotropic medication in a hypertensive patient without first
ensuring that a satisfactory cardiac output is present can be very dangerous.
Some patients with very marginal cardiac function maintain a satisfactory blood
pressure by intense vasoconstriction from enhanced sympathetic tone and hypo-
thermia. Loss of this compensatory mechanism may result in rapid deterioration
from loss of perfusion pressure.

B. Vasodilatation and hypotension during the rewarming phase
1. Vasodilatation reduces filling pressures and, in the hypovolemic patient, may pro-

duce hypotension and often a decrease in cardiac output. There are several rea-
sons why a patient may vasodilate during the early postoperative period.
a. Medications used for analgesia and anxiolysis are vasodilators (narcotics,

midazolam, propofol).
b. NTG used in the operating room or ICU to control blood pressure or mini-

mize ischemia will lower preload and cardiac output as well as blood pressure.
To counteract these problems, significant fluid administration is frequently
required. Unless active ischemia is present, IV NTG is best avoided during
the rewarming phase to reduce fluid requirements.

c. Resolution of hypothermia leads to peripheral vasodilatation, which is accen-
tuated in patients who warm to higher than 37oC.

d. Improvement in cardiac output often leads to relaxation of peripheral vaso-
constriction.

2. To avoid hypotension, fluids must be given to maintain filling pressures. The
quandary is whether crystalloid or colloid should be selected and how much
should be given. If the basic reason for hypovolemia is a capillary leak syn-
drome, the use of colloid could be detrimental because its oncotic elements
may pass into the interstitial tissues and exacerbate tissue edema and compro-
mise organ function. However, if vasodilatation of the peripheral and splanch-
nic beds is the major problem, then colloids should be preferable because they
will augment the intravascular volume to a greater extent than crystalloids.40

Generally, if the PCWP is not elevated, the amount of extravascular lung water
will not be influenced significantly by whether colloid or crystalloid is
infused.41
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3. It is generally best to start with a 500 mL bolus of Ringer’s lactate. If there is
minimal increase in filling pressures, a colloid, such as 5% albumin or hetastarch,
may be chosen. Hetastarch increases the intravascular volume more effectively
than crystalloid and longer than 5% albumin. However, the total infusion volume
should be limited to 1500–1750 mL (20 mL/kg) per 24 hours to minimize
adverse effects on the coagulation mechanism. Hetastarch should be avoided in
the patient with significant mediastinal bleeding because it may increase bleed-
ing. If the patient’s hematocrit is low, a packed red cell transfusion is best to
increase intravascular volume.

4. There is often a tendency to administer a tremendous amount of fluid during the
period of vasodilatation in order to maintain filling pressures and systemic blood
pressure. Furthermore, most patients with satisfactory cardiac function are simul-
taneously producing a copious amount of urine. One should resist the temptation
to “flood” the patient with fluid. Excessive fluid administration (> 2 L within 
6 hours) may exacerbate interstitial edema and delay extubation.26 It also pro-
duces significant hemodilution, often necessitating blood transfusions for ane-
mia, and reduces the levels of clotting factors, possibly increasing mediastinal
bleeding and necessitating plasma or platelet administration. Preload should be
increased only as necessary to maintain satisfactory cardiac output and tissue
perfusion.

5. The response to fluid administration is not always predictable and depends on
the compliance of the left atrium and ventricle, the degree of capillary leakage,
and the intensity of peripheral vasoconstriction.
a. An increase in preload with repeated fluid challenges will generally raise the

cardiac output to satisfactory levels. Peripheral vasoconstriction tends to relax
as the cardiac output improves and the patient warms. As this occurs, filling
pressures tend to fall and some additional volume may be necessary. However,
if cardiac function and filling pressures are adequate, use of an α-agent to sup-
port the blood pressure can limit the amount of fluid that needs to be given.
If these drugs cannot maintain a satisfactory BP with adequate filling pres-
sures, yet the cardiac output is satisfactory, a “vasoplegic syndrome” may be
present. This generally responds to vasopressin 0.04–0.1 units/min. This syn-
drome may be attributable to leukocyte activation and release of proinflam-
matory mediators caused by the systemic inflammatory response to CPB,
although it has been described after off-pump surgery as well.44-46

b. Failure of filling pressures to rise with volume infusions may reflect not only
vasodilatation, but also the capillary leak of fluid into the interstitial space
rather than retention in the intravascular space. This is particularly common
in very sick patients with a long duration of CPB. Sometimes it seems virtu-
ally impossible to maintain filling pressures and cardiac output despite a
tremendous amount of fluid administration, yet, on occasion, this may be nec-
essary. One often has to accept the adverse consequences of excessive total
body water to improve hemodynamics. Use of drugs to provide inotropic
support and some increase in systemic resistance may reduce the amount of
fluid that is administered.

c. If filling pressures do rise with fluid administration, but the blood pressure
and cardiac output remain marginal, right and left ventricular distention may
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ensue, increasing myocardial oxygen demand and decreasing coronary blood
flow. Further fluid administration is contraindicated, and inotropic support
must be initiated.

6. The following is a general guideline to hemodynamic management during the
rewarming phase.
a. If blood pressure is marginal, push the PCWP to 18–20 mm Hg using crys-

talloid and then colloid. Once this level is reached, or if urine volume begins
to match the infused volume, or if more than 2000 mL of fluid has been
administered and filling pressures are not rising, consider the following:

i. If CI > 2.2 L/min/m2, use phenylephrine (pure α).
ii. If CI is 1.8–2.2 L/min/m2, use norepinephrine (α and β).

iii. If CI < 1.8 L/min/m2, use an inotrope, then norepinephrine PRN.
b. Note: Use of an α-agent may not be adequate to minimize a capillary leak,

but it does counteract vasodilatation. This may decrease the volume require-
ment and improve SVR and blood pressure with little effect on myocardial
function.

C. Copious urine output and falling PCWP. Some patients will make large quantities
of urine, resulting in a reduction in filling pressures, blood pressure, and cardiac out-
put. Several factors should be considered when determining why this might be
occurring.
1. Is the patient on “renal dose” dopamine producing copious urine output out of

proportion to its hemodynamic effects? If so, and the patient requires inotropic
support, consider changing to another drug, such as dobutamine or epinephrine.

2. Did the patient receive mannitol or furosemide in the operating room because of
a low urine output or hyperkalemia? Urine output is no longer a direct reflection
of myocardial function when a diuretic has been administered. Excessive urine
output often necessitates a significant amount of fluid administration to maintain
filling pressures and confounds the selection of the appropriate fluid to adminis-
ter (crystalloid versus colloid).

3. Is the patient hyperglycemic and developing an osmotic diuresis? A hyper-
glycemia protocol should be used routinely to maintain the blood glucose below
180 mg/dL (see Appendix 6).

4. Does the patient have normal LV function and the kidneys are simply mobiliz-
ing excessive interstitial fluid from hemodilution on pump? This beneficial effect
is often seen in healthy patients with a short CPB run, and reflects excellent
cardiac output and renal function that should lead to a rapid postoperative recov-
ery. However, copious urine output can be problematic when it lowers filling
pressures, blood pressure, and cardiac output.
a. Any contributing factors or medications to the diuresis should be addressed.
b. Crystalloid and colloid should be administered to keep the fluid balance mod-

estly negative during this phase of spontaneous diuresis. One should resist the
temptation to administer too much colloid, which can produce hemodilution
and progressive anemia despite the negative fluid balance and can dilute
clotting factors, potentially contributing to mediastinal bleeding. Use of an 
α-agent may maintain filling pressures and decrease the volume requirement
in some of these patients.
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D. Normal LV function but low cardiac output (diastolic dysfunction and right ven-
tricular failure)
1. A disturbing postoperative scenario is that of a low cardiac output syndrome

associated with normal or elevated left heart filling pressures yet preserved ven-
tricular function. This scenario is noted most commonly in small women with
systemic hypertension who have small, hypertrophied left ventricles. A variant of
this problem is seen in patients with aortic stenosis (AS) and hyperdynamic
hearts that manifest near-cavity obliteration.47,48

2. This problem of severe diastolic dysfunction is characterized by reduced ventric-
ular compliance exacerbated by myocardial edema from ischemic/reperfusion
injury. Contributing factors to the low cardiac output are lack of atrioventricular
(AV) synchrony with impaired ventricular filling, occasionally impaired right
ventricular (RV) function, and perhaps excessive use of inotropic agents.

3. The hemodynamic data derived from the Swan-Ganz catheter typically show
elevated filling pressures and a low cardiac output, consistent with LV dysfunc-
tion. Thus, a typical therapeutic response would be to ensure AV conduction,
administer some volume, and initiate inotropic support. However, this may lead
to little improvement in cardiac output, even higher filling pressures leading to
pulmonary congestion, a reduction in renal blood flow (often exacerbated by
systemic venous hypertension), and progressive oliguria. The use of inotropes
may also produce a significant sinus tachycardia that is detrimental to myocardial
metabolism and recovery.

4. Transesophageal echocardiography (TEE) has been invaluable in the assessment
and management of this problem. TEE usually confirms a hypertrophic, stiff left
ventricle with hyperdynamic function. Fluid should be administered to raise the
PCWP to about 20–25 mm Hg. This will increase the left ventricular end-
diastolic volume, which tends to be smaller than would be suggested by pressure
measurements because of poor LV compliance. Lusitropic drugs that relax the
left ventricle should be substituted for catecholamines that have β-adrenergic
inotropic and chronotropic properties. Inamrinone or milrinone may be benefi-
cial in this regard and can support RV function as well. Nesiritide, a synthetic 
β-type natriuretic peptide, is a pulmonary and systemic vasodilator with lusitrop-
ic properties that has been noted anecdotally to benefit patients with severe dias-
tolic dysfunction.49

5. Other considerations include use of low-dose calcium channel blockers or 
β-blockers to improve diastolic relaxation, although it is conceptually difficult to
start these when the cardiac output is compromised. Aggressive diuresis to reduce
interstitial edema while providing colloid (salt-poor albumin) to maintain
intravascular volume may also improve diastolic relaxation. If the patient can
survive the first few days of low cardiac output syndrome without end-organ
dysfunction, a gradual improvement in cardiac output generally results.

6. The problem of a marginal cardiac output and blood pressure with preserved LV
function may be noted in patients with markedly impaired RV function. This
may result from RV infarction or poor intraoperative protection of an enlarged
right ventricle in patients with pulmonary hypertension. This problem is not
uncommon in cardiac transplant recipients with preexisting pulmonary hyper-
tension and may be noted in patients with advanced mitral valve disease. The use
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of blood products also increases pulmonary vascular resistance (PVR) and can
exacerbate RV dysfunction. Fluid administration, inotropic support with med-
ications such as inamrinone or milrinone, or use of nesiritide or inhaled nitric
oxide (a pure pulmonary vasodilator) may be beneficial. If not, a circulatory assist
device might be necessary. The management of RV dysfunction is discussed in
more detail on pages 353–358.

III. Postoperative Considerations Following Commonly
Performed Procedures
A. Coronary artery bypass grafting (on-pump CABG)

1. The patient with excellent ventricular function usually requires a vasodilator
(SNP or NTG) to control hypertension more often than an inotrope. With the
use of propofol, immediate postbypass hypertension tends to be less common.
Although patients who are β-blocked preoperatively frequently require pacing at
the conclusion of bypass, tachycardia may be present in those who are not 
β-blocked, especially in young anxious patients. Both the hypertension and the
tachycardia can be managed by β-blockers (esmolol or intermittent doses of IV
metoprolol) if cardiac output is satisfactory. Patients with a hyperdynamic left
ventricle may develop progressive tachycardia when vasodilators are used to
control hypertension. This should be managed by allowing the blood pressure to
drift up to 140 systolic (mean 100–110) and then using β-blockers to control
both the tachycardia and the hypertension.

2. Use of NTG to control hypertension reduces preload and cardiac output because
of its venodilatory effects. SNP is the preferable medication because it primari-
ly lowers the SVR with less effect on preload and thus requires less volume infu-
sion. However, NTG should be used if there is any evidence of ischemia.
Nicardipine is another satisfactory alternative to control hypertension.

3. Inotropic support is usually initiated at the termination of bypass and may be
required for several hours in the ICU.39 The initial first-line drug may be epi-
nephrine, dobutamine, or dopamine. Epinephrine is a strong inotrope, usually
produces less tachycardia than the other drugs, and is the preferred medication.
If there is an inadequate response to one of these catecholamines, inamrinone or
milrinone is of great benefit in improving cardiac output. These two phosphodi-
esterase inhibitors are positive inotropes that produce systemic vasodilatation
that frequently requires the addition of norepinephrine to support systemic
resistance. When hemodynamic performance remains very marginal, placement
of an intraaortic balloon pump (IABP) should be considered. In contrast to the
catecholamines, the IABP can reduce myocardial oxygen demand and improve
coronary perfusion. Support beyond 6–12 hours may be necessary if the patient
has sustained a perioperative infarction or has a severely “stunned” myocardium
that exhibits a prolonged period of dysfunction in the absence of infarction.

4. Lidocaine is often started in the operating room when the aortic cross-clamp is
removed and is continued on a prophylactic basis until the following morning.
This may decrease the incidence of ventricular ectopy that may be associated
with hypothermia, hemodynamic instability, or the presence of the endotracheal
tube or Swan-Ganz catheter. Subsequent use of antiarrhythmic therapy should
be based on the presence and severity of any arrhythmias as well as the patient’s
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ejection fraction. The occurrence of nonsustained or sustained ventricular tachy-
cardia after surgery in the patient with depressed LV function is an indication
for an electrophysiologic study and usually the insertion of an implantable car-
dioverter-defibrillator (ICD). Otherwise medical therapy with β-blockers and
possibly amiodarone may be indicated.

5. Atrial fibrillation (AF) is noted in about 25% of patients following CABG. It
may be related to poor atrial preservation during surgery or to withdrawal of 
β-blockers. Most centers initiate β-blocker treatment by the first postoperative
morning (usually metoprolol 25–50 mg bid) because of the overwhelming
evidence that β-blockers reduce the incidence of AF.50 The concomitant admin-
istration of digoxin may lower the incidence of AF even further.51 Magnesium
sulfate has been shown in some, but not all, studies to reduce the incidence of AF
(and ventricular arrhythmias) as well as aid in conversion to sinus rhythm.52,53

Amiodarone may also be considered for AF prophylaxis. A detailed discussion
of the prevention and management of AF is presented on pages 427–435.

6. Close attention must be paid to the postoperative electrocardiogram (ECG).
Evidence of ischemia may represent incomplete revascularization, poor myocardial
protection, or impaired flow due to anastomotic stenosis, acute graft occlusion, or
coronary spasm. Regardless of the cause, IV NTG (starting at 0.25 µg/kg/min) is
usually indicated. Calcium channel blockers (nifedipine 30 mg SL or diltiazem
0.25 mg/kg IV over 2 minutes, then 5–15 mg/h IV) are useful if coronary spasm
is suspected. These medications may resolve ischemic changes or minimize
infarct size if necrosis is already underway. Placement of an IABP should also be
considered. If a problem with a bypass graft is suspected as the cause of the
ischemia, emergency angiography followed by percutaneous coronary intervention
or reexploration may be indicated.

7. For patients receiving radial artery grafts, a vasodilator is used to prevent graft
spasm. Common options include diltiazem 10 mg/h IV or NTG 10–15 µg/min
(0.1–0.2 µg/kg/min) started in the operating room and continuing for 18–24 hours
postoperatively. These intravenous medications are then converted to long-acting
diltiazem 120–180 mg PO qd or Imdur 20 mg PO qd and arbitrarily continued
for 6 months.

8. The diagnosis of a perioperative myocardial infarction (MI) can be difficult to
make, but is usually confirmed by persistent ECG changes and new regional wall
motion abnormalities on echocardiography (see pages 404–407). Cardiac
enzymes are elevated in over 90% of patients after open-heart surgery, but a level
of creatine kinase MB that exceeds 10 times the upper limit of normal or a 
troponin level > 15–20 µg/dL is consistent with a perioperative MI.54,55 Manage-
ment consists of hemodynamic support and other standard measures. A com-
mon finding in the patient sustaining a small perioperative MI is a low SVR that
necessitates use of a vasopressor for several days to support blood pressure. A
more extensive MI may require pharmacologic support or an IABP for longer
periods and is associated with increased operative mortality and a decrease in
long-term survival.

9. Antiplatelet therapy inhibits platelet deposition on vein grafts and has been
shown to improve graft patency. Enteric-coated aspirin 75–325 mg qd should be
started 6h after surgery, or as soon as possible thereafter once mediastinal bleed-
ing has tapered. It should be continued at this dose for 1 year and then given
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indefinitely in a dose of 75–162 mg qd. Clopidogrel 75 mg qd should also be
considered for 1 year if surgery was performed for a non-STEMI.56 It has been
shown to reduce the incidence of subsequent ischemic events better than aspirin
alone.57 However, early initiation of aspirin is essential because clopidogrel does
not inhibit platelet function for at least five days after surgery.58

B. Minimally invasive direct coronary artery surgery (MIDCAB) entails perform-
ance of an anastomosis of the left internal thoracic artery to the left anterior
descending artery. This is performed through a left thoracotomy incision using one-
lung anesthesia.

1. Patients are generally extubated in the operating room or soon after arrival in the
ICU. Epidural analgesia (Duramorph) and intercostal bupivacaine (Marcaine) are
helpful in reducing splinting and improving respiratory efforts in patients who might
otherwise have significant chest wall pain from rib retraction, resection, or fracture.

2. No pacing wires are placed, so a heart rate in the 60–70/min range is acceptable.
Ventricular pacing wires placed through the Swan-Ganz catheter can be used for
bradycardia but generally do not provide optimal hemodynamics. External pac-
ing may be used, if necessary.

3. A postoperative ECG must be obtained and carefully reviewed for any evidence
of ischemia because anastomotic problems are more common when surgery is
performed on a beating rather than an arrested heart.

4. Intrapericardial or intrapleural bleeding may originate from the chest wall, the
anastomotic site, or side branches of the internal thoracic artery. Blood will more
readily accumulate in the pleural space during spontaneous ventilation. The pos-
sibility of bleeding should be monitored by observing chest tube drainage and a
postoperative chest x-ray.

C. Off-pump coronary artery bypass (OPCAB) is performed through a sternotomy
incision and should achieve complete revascularization comparable to traditional
on-pump surgery. Numerous studies have documented that OPCAB is associated
with reduced blood loss, reduced transfusion requirements, less renal dysfunction,
and, arguably, less AF, less neurocognitive decline, and a lower risk of stroke.59–67

Patients are more intensively monitored during OPCAB than routine CABG,
using continuous cardiac output measurements, on-line mixed venous oxygen satu-
rations, and TEE to ensure stability during the procedure.68,69 Aspects of this oper-
ation that can impact postoperative care include temperature regulation, the influ-
ence of intraoperative ischemia on cardiac performance, potential anastomotic
problems or incomplete revascularization causing perioperative ischemia or infarc-
tion, fluid administration to maintain hemodynamics during cardiac positioning,
and bleeding due to use of heparin or transfusion of scavenged blood.
1. Patient temperature tends to drift during surgery and must be maintained by

having a higher temperature in the operating room, warming all intravenous flu-
ids, using heated humidifiers in the ventilator circuit, and using a topical warm-
ing device, such as the Bair Hugger or the Arctic Sun temperature-controlling
system.7 Hypothermia can lead to a number of problems, including ventricular
arrhythmias, and must be avoided. If the patient arrives in the unit hypothermic,
the standard measures noted in section I.B should be taken.

2. Hemodynamic performance is generally stable after the patient’s arrival in the
ICU, although ischemia occurring during construction of anastomoses may lead
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to transient diminution in cardiac performance. Generally, the initial deterioration
in cardiac output noted in CPB patients does not occur. However, low doses of
inotropes are commonly used during surgery, especially in patients with
impaired ventricular function, and should be continued until a satisfactory out-
put can be maintained.

3. The immediate postoperative ECG must be evaluated. Although intraoperative
assessment of graft patency can be performed by Doppler flow analysis or
epicardial echocardiography, this is not a common practice.70,71 The likelihood
of an anastomotic problem is greater during OPCAB due to suboptimal visual-
ization from bleeding or movement. This may be evident by ECG changes or
regional wall motion abnormalities on TEE. Occasionally, an abnormal ECG
reflects incomplete revascularization when small coronary arteries are not
bypassed. There should be a low threshold for postoperative coronary angiogra-
phy if there is any question about graft flow and patency.

4. Pacing wires should be placed on all patients because patients who are treated
preoperatively with β-blockers will have slower heart rates that will persist into
the postoperative period. Although heart rates of 60–70/min are acceptable, car-
diac output can be optimized by achieving a heart rate of at least 80/min in the
early postoperative period.

5. The benefits of OPCAB in reducing the incidence of AF are controversial.66,67

Thus, the early initiation of β-blockers remains essential. Magnesium is usually
given in the operating room to lower the arrhythmia threshold during construc-
tion of anastomoses; it may also be given on the first postoperative day to reduce
the risk of AF.

6. Many cardiac surgical groups extubate patients in the operating room or soon
after arrival in the ICU. Standard criteria for weaning and extubation should be
used. These include the achievement of normothermia, hemodynamic stability,
absence of bleeding, an adequate level of alertness without significant pain, and
satisfactory gas exchange. Use of short-acting anesthetic agents and propofol
should allow for the safe, early extubation of most patients once these criteria
are met. Although OPCAB is performed without CPB, there is little evidence
that avoidance of CPB preserves respiratory function any better when evaluat-
ing postoperative pulmonary function test results, arterial blood gases, or the
duration of extubation.72,73

7. Although the hemodilution of CPB has been avoided, there is a tendency for
anesthesiologists to administer a significant amount of volume during surgery to
maintain preload and offset the adverse effects of cardiac manipulation and
positioning on hemodynamic performance. Thus, patients tend to be somewhat
fluid overloaded and need to be diuresed once hemodynamic stability has been
achieved. Although the incidence of renal dysfunction may be less with
OPCAB, there is an obligatory period of relative hypotension during the con-
struction of proximal anastomoses that can adversely affect kidney function in
patients with preexisting renal dysfunction.

8. Anemia is less common after OPCAB than on-pump surgery because hemod-
ilution and other adverse effects of CPB on the coagulation system are avoid-
ed.60–62 Thus, significant mediastinal bleeding should be extremely uncommon
in the absence of a surgical bleeding site. However, the potential for a coagu-
lopathy may still exist.
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a. Heparinization is necessary during the procedure, and some degree of fibri-
nolysis is also probably present. The antifibrinolytic drugs have been shown
to be beneficial in reducing bleeding in OPCAB, and thus should be
utilized.74,75

b. Insidious blood loss occurring during the construction of anastomoses is
scavenged into a cell saver device. Centrifugation and washing eliminate
clotting factors and platelets from reinfused blood.

c. Both pleural spaces are entered during OPCAB, and failure to place a chest
tube in a pleural cavity (or poor drainage through a pleural tube that is
placed) may result in the undetected collection of blood spilling over from
the mediastinum. Vigilance is necessary in assessing and managing any
mediastinal bleeding that is noted and having a high level of suspicion that
such might be occurring if the patient is hemodynamically unstable.

D. Aortic valve surgery 
1. Aortic stenosis

a. Aortic stenosis (AS) leads to the development of a hypertrophied, noncom-
pliant left ventricle that depends on synchronous atrial and ventricular con-
tractions for nearly 30% of its stroke volume. Postoperatively, it is imperative
that sinus rhythm be present or that atrial or AV pacing be used. There
should be a low threshold for cardioversion of AF because profound hemo-
dynamic deterioration may occur, especially during the first 24 hours after
surgery.

b. Adequate preload must be maintained (PCWP > 15 mm Hg) to ensure ade-
quate LV filling. Filling pressures may rise rapidly with minimal volume
infusion because of the noncompliant hypertrophied ventricle.

c. Although LV pressures often exceed 200 mm Hg preoperatively in patients
with AS, significant systolic hypertension is usually not seen at the con-
clusion of bypass despite elimination of the transvalvular gradient and sat-
isfactory myocardial protection. However, hypertension tends to develop
after several hours in the ICU and must be controlled to reduce myocardial
oxygen demand and protect the aortic suture line. Use of vasodilators for a
hyperdynamic heart may reduce diastolic perfusion pressure and produce 
a tachycardia. Use of a β-blocker, such as esmolol, is beneficial in this
situation.

d. Patients with a hyperdynamic left ventricle with midcavity obliteration
and intracavitary flow acceleration have a higher risk of postoperative
morbidity and mortality. 47,48 These patients have diastolic dysfunction with
low stroke volumes and low cardiac output. Hypovolemia and inotropes
must be avoided. A careful TEE in the operating room can define the
nature of the pathophysiology because inotropic support with catecho-
lamines for a low cardiac output state associated with a hyperdynamic
ventricle is counterproductive.

2. Aortic regurgitation
a. Aortic regurgitation (AR) produces both volume and pressure overload of

the left ventricle, resulting in a dilated and frequently hypertrophied ventri-
cle. Maintenance of a supraventricular rhythm is important. Filling pressures
often rise minimally despite large fluid challenges because of the enlarged,
compliant left ventricle.
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b. Despite the placement of a competent aortic valvular prosthesis, most patients
with AR remain vasodilated after surgery and require the use of an α-agent,
such as phenylephrine or norepinephrine, to maintain a satisfactory blood
pressure. Systolic hypertension is often better controlled with β-blockers
than with vasodilators.

3. Heart block may complicate an aortic valve replacement (AVR) because of
edema, hemorrhage, suturing, or debridement near the conduction system,
which lies adjacent to the base of the right coronary cusp near the commissure
with the noncoronary cusp. Epicardial AV pacing may be necessary for several
days. The presence of a bundle branch block following AVR is of adverse prog-
nostic significance.76 If complete heart block persists for more than a few days,
during which time edema or hemorrhage should subside, placement of a per-
manent DDD pacemaker should be considered.

4. Anticoagulation
a. Tissue valves: The American College of Chest Physicians (ACCP) 2004

guidelines suggest that warfarin should be used for 3 months (target inter-
national normalized ratio [INR] 2.5, range 2.0–3.0) to reduce the incidence
of thromboembolism from tissue aortic valves.77 Since numerous studies
have shown that aspirin is just as effective as warfarin, most surgeons use the
alternative recommendation of aspirin 81–100 mg qd following surgery.77–80

b. Mechanical valves: all patients with current-generation single tilting-disk or
bileaflet valves should receive warfarin indefinitely to achieve a target INR of
2.5 (range 2.0–3.0). In patients at higher risk of thromboembolism (atrial
fibrillation, MI, left atrial enlargement, endocardial damage, low EF, or his-
tory of systemic embolism), aspirin 75–100 mg/day should be added and the
target INR raised to 3.0. Heparin may be started around the fourth postop-
erative day if the INR is less than 1.8, always being cognizant of the poten-
tial for delayed tamponade in the anticoagulated postoperative patient. The
patient can usually be discharged home once the INR is approaching the
therapeutic range (generally > 1.8).

E. Mitral valve surgery
1. Mitral stenosis (MS). Most patients with MS have a small LV cavity with

preserved function. They are prone to a low cardiac output syndrome following
surgery because of small LV end-diastolic and end-systolic volumes. Maintenance
of adequate filling pressures is essential to ensure a satisfactory stroke volume. The
“ideal” filling pressure varies for each patient, depending on the level of preexist-
ing pulmonary hypertension and the degree of its reversibility. Hemodynamic
support is more often required for RV rather than LV dysfunction.
a. Postoperative ventilatory failure is not uncommon in patients with chronic

MS as a result of pulmonary hypertension, fluid overload, and chronic
cachexia with poor ventilatory reserve. Aggressive diuresis, nutritional sup-
port, and a plan for ventilatory support and weaning are essential.

b. Most patients with MS are diuretic-dependent. Despite correction of their
valvular abnormality, they often require substantial doses of diuretics during
the hospital stay to achieve their preoperative weight. They should be main-
tained on diuretics for several months after discharge.

2. Mitral regurgitation (MR) reduces left ventricular wall stress by systolic
unloading through the regurgitant valve. When mitral valve competence has
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been restored, there may be unmasking of LV dysfunction because of the greater
systolic wall stress required to achieve forward ejection. This may be attenuated
to some degree by a reduction in volume overload. This so-called afterload mis-
match may result in LV failure and require inotropic support and systemic
unloading with vasodilators.81 

3. Right ventricular dysfunction is not uncommon following mitral valve surgery
for either MS or MR, especially in patients with significant preexisting pul-
monary hypertension. RV failure may be precipitated by poor myocardial pro-
tection or by factors that increase RV afterload. These include positive-pressure
ventilation, increased extravascular lung water, blood and blood component
transfusions, blood gas and acid-base abnormalities, and reversible pulmonary
vascular spasm related to perfusion-related phenomena and the systemic inflam-
matory response.
a. Isolated RV dysfunction is manifested by a high CVP, variable PA pressures,

a hypovolemic left ventricle, and a low cardiac output. The use of volumet-
ric Swan-Ganz catheters can better define the degree of RV dysfunction by
calculating the RV ejection fraction,82 but the presence of functional tricus-
pid regurgitation may render thermodilution cardiac outputs unreliable. In
this situation, an alternative means of measuring cardiac output may be nec-
essary (see pages 228 and 342).

b. The initial management of RV dysfunction is fluid administration to opti-
mize preload. However, if the CVP rises above 20 mm Hg without achiev-
ing a satisfactory cardiac output, further volume should not be given. This
may cause further deterioration of RV function and also impair LV filling by
producing a septal shift.

c. Inotropic drugs should be given to support both RV and LV performance.
Preferably, those that can also reduce the PVR, such as inamrinone or milri-
none, should be chosen. Isoproterenol may lower the PVR, but its use is usu-
ally limited by a tachycardia.83 Low dose-epinephrine or dobutamine may be
helpful.

d. Pulmonary vasodilators should then be selected and may improve RV func-
tion by lowering RV afterload. Nesiritide is a readily available vasodilator
that is very effective in reducing PA pressures while concomitantly produc-
ing a strong diuretic effect. In higher doses, it does produce some degree of
systemic vasodilatation. Nitroglycerin is effective in lowering preload,
although it also produces systemic vasodilatation at higher doses. Selective
pulmonary vasodilators that may not be as readily available include inhaled
nitric oxide (20–40 PPM through the ventilator)84 and inhaled prostacyclin
(up to 50 ng/kg/min).85 Intravenous prostaglandin E1 may achieve pul-
monary vasodilatation without producing systemic hypotension at doses up
to 0.1 µg/kg/min.86 However, higher doses usually require infusion of an 
α-agent directly into a left atrial line to maintain systemic blood pressure.

e. Additional comments on the management of RV failure are noted on pages
353–358.

4. Left ventricular dysfunction may occur after surgery for mitral regurgitation
because a newly competent mitral valve reduces low pressure unloading of 
the left ventricle and may unmask LV dysfunction. Deterioration of LV func-
tion is minimized by mitral valve reparative techniques or preservation of the
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subchordal apparatus during mitral valve replacement. On rare occasions, it may
be attributable to inadvertent circumferential entrapment of the circumflex
coronary artery during suture placement. This should be evident by the identi-
fication of significant regional wall motion abnormalities on TEE and ECG
changes in the distribution of the artery.
a. To optimize the systemic output, the left ventricular volume status usually

has to be maintained at fairly high levels. Administering a large quantity of
fluid is frequently required because of the increased left atrial and ventricu-
lar compliance. In the presence of severe RV dysfunction, this can be prob-
lematic, because attempts to achieve adequate left-sided filling may lead to
progressive RV dilatation and failure, and subsequent impairment in LV fill-
ing. Careful monitoring of CVP and RV end-diastolic volumes may indicate
when fluid challenges are detrimental rather than beneficial.

b. Assessment of LV filling can be somewhat difficult in the ICU. Although
there is some decrease in PA pressure after surgery, the degree and rapidity of
reversibility of pulmonary hypertension are unpredictable, and thus the PA
pressures may not be indicative of the degree of LV filling. Optimal volume
status can frequently be determined by observing myocardial function by
echocardiography at various filling pressures at the conclusion of CPB.

c. Aside from echocardiography, the left atrial pressure is the most accurate
means of assessing LV filling. Left atrial lines are safe as long as certain pre-
cautions regarding air embolism and observation after their removal are
taken.87 They also permit the selective infusion of α-agents to counteract the
systemic vasodilatation of some vasodilators (although this is rarely neces-
sary).

d. PAD pressures may give an inaccurate assessment of left heart filling because
a significant transpulmonary gradient (PA mean pressure minus the PCWP)
is commonly present in patients with mitral valve disease. Although the
PCWP is more accurate, balloon inflation is usually best avoided in the
patient with pulmonary hypertension to avoid the risk of pulmonary artery
rupture.

5. Maintenance of sinus rhythm is beneficial to optimize cardiac output. When
mitral valve surgery is performed through the biatrial transseptal approach, the
sinus node artery is usually divided, and sinus rhythm is frequently absent.88,89

Commonly, it is difficult to pace the atrium despite preoperative sinus rhythm.
In patients with long-standing AF, it is frequently possible to AV pace the heart
for several hours or days after surgery. Maintenance of sinus rhythm beyond the
early postoperative period is highly unlikely, however, when AF has been present
for more than a year or the left atrial  dimension exceeds 50 mm. β-blockers, cal-
cium channel blockers, and/or digoxin may be used for rate control, but med-
ications to maintain sinus rhythm, such as procainamide or amiodarone, are
generally not indicated in the patient with chronic AF.

6. The Maze procedure (see Figures 1.18 and 1.19) can be used to treat paroxys-
mal or chronic AF and is most commonly performed as an adjunct to mitral
valve surgery. Pulmonary vein isolation can be performed in the electrophysiol-
ogy lab or during surgery using various ablative technologies with a 90% suc-
cess rate for paroxysmal AF. Chronic AF responds best to the “cut and sew”
Cox-Maze III operation, following which about 10–15% of patients require
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pacemakers. Successful conversion can be achieved in about 70% of patients
with chronic AF using radiofrequency, microwave, or cryoablation. Anticoagu-
lation with warfarin is recommended for 3 months if the patient converts to
sinus rhythm (SR) or indefinitely if they do not. Amiodarone is usually given
for 3 months even if there is early conversion to SR. If AF persists, an elective
cardioversion is performed after 1–3 months; if successful, the amiodarone may
be continued for 3 more months. If AF still persists, the amiodarone may be
stopped, but commonly is continued for a few months to improve the likelihood
of converting to sinus rhythm.

7. Anticoagulation 
a. Tissue valves and mitral rings. Warfarin should be given for 3 months to

achieve a target INR of 2.5 (range 2.0–3.0) and should then be converted to
aspirin 75–100 mg qd if the patient is in sinus rhythm.77 Warfarin should be
continued indefinitely in patients with AF, an enlarged left atrium (> 50 mm
in diameter), or a history of thromboembolism. Some surgeons prefer not to
utilize warfarin after placement of mitral valve rings. The decision to initi-
ate heparin if the INR is not therapeutic by the fourth postoperative day
must be individualized, taking into consideration the potential benefits and
risks (i.e., delayed tamponade) for that patient.

b. Mechanical valves. Warfarin is started on the first postoperative day to achieve
a target INR of 3.0 (range 2.5–3.5) and is given indefinitely. The addition of
aspirin 75–100 mg is safe and may further reduce the incidence of thrombo-
embolism especially in patients at high risk (AF, enlarged left atrium). Heparin
should be started around the fourth postoperative day if the INR is less than 2.0.

c. The patient can usually be discharged from the hospital when the INR is
approaching the target range. Acceptable values include an INR of 1.5 for
tissue valves and rings (1.8 if in AF), and 2.0 for mechanical valves. If the
patient is at increased risk of thromboembolism (e.g., large left atrium), low-
molecular weight heparin (1 mg/kg SC bid) may also be prescribed (as an
off-label use) until the INR has reached the target range.

8. The acute onset of exsanguinating bleeding through the chest tubes or the
development of tamponade soon after MVR suggests the possibility of LV rup-
ture. This may occur at the atrioventricular groove, at the base of the papillary
muscles, or in between. This problem can be avoided by chordal preservation
during MVR, avoiding tissue valves (which have protruding struts) in patients
with a very small left ventricle (usually elderly women with MS), and using
meticulous surgical technique. It may be precipitated by left ventricular disten-
tion or excessive afterload after bypass. Once identified, emergency surgical
intervention on CPB is required and carries a significant mortality rate.90

F. Aortic dissections
1. Virtually all patients with dissections that involve the ascending aorta (type A

dissection) undergo surgical repair. The reestablishment of vascular continuity
involves suturing of a Dacron graft to very fragile tissues, and suture line bleed-
ing is commonly noted. Use of an adjunct such as BioGlue has been helpful
in reducing this problem.91 In addition, surgical repair is predicated on stabi-
lization of the entry site of the dissection but does not completely eliminate the
distal false channel. Thus, surgery is palliative and leaves the patient predisposed
to distal aneurysm formation in the future.
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2. The antihypertensive regimen used in the early postoperative period should be
similar to that used preoperatively in reducing systolic blood pressure and the
force of cardiac contraction (dp/dt). The most common regimens are esmolol
alone or esmolol combined with SNP. The patient is then converted to oral
medications, such as the β-blockers (labetalol is an excellent choice), with use
of additional antihypertensives, such as calcium channel blockers or ACE
inhibitors as necessary.

3. The repair of a type A dissection usually involves a period of deep hypothermic
circulatory arrest during which time the distal anastomosis is constructed. The
extensive cooling and rewarming may be associated with a significant coagu-
lopathy, but bleeding can usually be minimized by the use of BioGlue and
aprotinin.92 The use of aprotinin is somewhat controversial because it has been
associated with neurologic problems and renal dysfunction after circulatory
arrest.93 However, adherence to strict protocols of heparinization during surgery
(see page 144) should minimize this risk.94,95 Careful preoperative and postop-
erative neurologic assessments are important.

4. Patients undergoing surgery for repair of type B dissections, usually for “com-
plicated” dissections, may develop paraplegia and/or renal failure related to
aortic cross-clamping. A careful preoperative and postoperative neurologic
examination and measures to support renal function in the perioperative period
are important. Other comments on descending thoracic aortic surgery are noted
in the next section.

G. Thoracic aneurysms
1. Thoracic aneurysms tend to develop in elderly patients with hypertension,

chronic lung disease, and diffuse atherosclerosis, including cerebrovascular, coro-
nary, and renovascular disease. Prevention or recognition of problems involving
these organ systems is essential to achieve an uneventful recovery.

2. Repair of ascending aortic and arch aneurysms may involve use of deep
hypothermic circulatory arrest, which is associated with a multitude of poten-
tial complications. Despite active rewarming to 37oC on bypass, significant
temperature afterdrop is common and aggressive rewarming measures are
necessary in the ICU. Coagulopathies are commonly present and require
aggressive management to minimize mediastinal bleeding. Although ante-
grade or retrograde cerebral perfusion may extend the acceptable period of cir-
culatory arrest, careful preoperative and postoperative neurologic evaluation is
essential.96,97

3. Repair of descending thoracic and thoracoabdominal aneurysms involves a tho-
racotomy incision and often takedown of the diaphragm. The extensive incision
can produce significant pain that can compromise a patient’s ventilatory status 
and often requires high doses of analgesics. Furthermore, the patient’s pulmonary
function may be compromised by the use of massive transfusions of blood and
blood components during surgery. These factors, superimposed on preexisting
lung disease, may lead to a prolonged period of intubation. More than 10% of
patients undergoing these repairs require tracheostomy for prolonged venti-
latory support.98

4. A coagulopathy is frequently present after surgery and must be aggressively
managed, including early surgical reexploration, if necessary.
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5. Cross-clamping of the descending aorta can result in paraplegia or renal failure,
even if distal perfusion is provided during the cross-clamp period.
Cerebrospinal fluid (CSF) drainage is usually initiated in the operating room
prior to surgery to improve spinal cord perfusion pressure and maintained for
about 24 hours.99–103 Particular attention to a pre- and postoperative neurologic
evaluation for several days is important. Delayed onset of paraplegia occurring
in the ICU may develop but, if recognized immediately, is usually reversible
with elevation of the systemic blood pressure, high-dose steroids, and cere-
brospinal fluid drainage.104,105

6. Cross-clamping may also produce renal failure, and measures should be taken
during surgery to optimize renal perfusion. This may include use of mannitol,
furosemide, or a fenoldopam infusion.106 The incidence of renal failure after
thoracoabdominal surgery is between 12% and 25% in major series.98

H. Left ventricular aneurysms and ventricular arrhythmia surgery
1. Patients undergoing resection of an LV aneurysm usually have markedly

depressed LV function. Although ventricular size and geometry are better pre-
served using the endoaneurysmorrhaphy or endoventricular circular patch plas-
ty techniques than with a linear closure, the stroke volume of the left ventricle
after LV aneurysm repair is usually lower after surgery. Achieving adequate fill-
ing pressures (usually a PCWP around 20–25 mm Hg) is essential to optimize
stroke volume. Filling pressures may rise precipitously with minimal volume
infusion because of the small, noncompliant LV chamber. Many patients gen-
erate a satisfactory cardiac output by virtue of a faster heart rate that should not
be reduced pharmacologically unless the stroke volume is satisfactory.
Hemodynamic support and IABP insertion are frequently necessary to allow
weaning from CPB.

2. Surgery for ventricular tachycardia usually involves a blind endocardial resec-
tion with cryoablation and is successful in about 80% of patients. To minimize
the risk of postoperative ventricular arrhythmias, lidocaine can be used prophy-
lactically for 24 hours. Most of these patients will be candidates for postopera-
tive ICD placement with or without electrophysiologic testing.

3. ICDs are usually placed in the electrophysiology lab in patients with sustained
ventricular tachycardia or other suspected life-threatening arrhythmias. If the
patient has had heart surgery and had a preoperative indication for the device,
the ICD is placed several days after surgery. Similarly, if the patient has poor
ventricular function and develops nonsustained or sustained ventricular tachy-
cardia after surgery, an ICD may be considered before hospital discharge. The
device is tested and usually left in the active mode. There should be a card post-
ed above the head of the patient’s bed indicating the status of the ICD so that
anyone who responds to an emergency knows whether the device is activated or
not. If the patient required antiarrhythmic medication preoperatively and has
not undergone an endocardial resection, the medication should be continued
after ICD implantation. Generally, patients are maintained on either β-blockers
or amiodarone if they have malignant ventricular arrhythmias.
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9 Mediastinal Bleeding

I. Overview
A. The use of cardiopulmonary bypass (CPB) during cardiac surgical procedures causes

a significant disruption of the coagulation system.1,2  In addition to hemodilution from
a crystalloid prime, contact of blood with the extracorporeal circuit activates platelets
and several cascades that activate the extrinsic and intrinsic coagulation systems and
trigger fibrinolysis.3 In fact, systemic heparinization alone causes platelet dysfunction
and induces fibrinolysis.4 In addition, the use of cell-saving devices produces loss of
platelets and coagulation factors. Thus, a myriad of factors can contribute to a coagu-
lopathy that is present to varying degrees in all patients undergoing surgery on CPB.

B. Although off-pump coronary artery bypass (OPCAB) surgery avoids many of these
problems and is associated with reduced usage of blood products,5,6 the ability of the
antifibrinolytic agents to reduce bleeding suggests that low-grade fibrinolysis, perhaps
related to heparin, is still present.7,8Although a coagulopathy after OPCAB is very
unusual, it may occur in patients who have sustained substantial blood loss with blood
scavenged in and returned from the cell-saving device. This results in depletion of
coagulation factors and platelets. The occurrence of substantial bleeding after an
OPCAB procedure generally indicates a surgical source.

C. Postoperative bleeding gradually tapers over the course of several hours in the major-
ity of patients, but about 1–3% of patients will require reexploration in the operating
room for persistent mediastinal bleeding. Prompt and aggressive treatment upon
arrival in the ICU may frequently arrest “medical bleeding,” but evidence of persistent
or increasing amounts of bleeding should prompt early exploration (see section VII).

D. Mediastinal bleeding can be a highly morbid and lethal problem. Although hypov-
olemia can be corrected by volume infusions, the bleeding patient tends to be hemody-
namically unstable out of proportion to the degree of bleeding and fluid replacement.
Bleeding invariably requires use of various blood products to maintain normovolemia,
correct anemia, and correct a coagulopathy. Transfused blood is replete with vasoac-
tive cytokines, provides hemoglobin that is less effective in transporting oxygen, and
can potentially contribute to respiratory insufficiency, delayed extubation, right ven-
tricular failure, transfusion reactions, and transmission of viral disease. Transfusions
increase the risk of infection and renal dysfunction, and also increase operative and
long-term mortality.9–13 Most importantly, however, blood that accumulates around
the heart can produce cardiac tamponade with severe hemodynamic compromise
that can precipitously cause cardiac arrest. Vigilant attention to the degree of bleed-
ing and to trends in hemodynamic parameters should allow steps to be taken to avert
this problem.

E. All patients who have a median sternotomy incision for cardiac surgery have medi-
astinal drainage tubes placed at the conclusion of the operation. Pleural tubes are also
placed if the pleural spaces have been entered. Although 32F or 34F chest tubes are
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commonly used, smaller Silastic (Blake) drains are also very effective in evacuating
blood and are more comfortable for the patient.14–16 Upon arrival in the surgical ICU,
the chest tubes are connected to a thoracic drainage system and placed to 20 cm of
H2O suction. They are gently milked or stripped to maintain patency. Autotransfusion
of shed blood can be considered to reduce the requirement for homologous transfu-
sion, although it is not cost-effective when the amount of drainage is insignificant and,
in fact, it may contribute to worsening of a coagulopathy.17–19

F. Some surgeons do not obligatorily place chest tubes into widely opened pleural spaces,
especially after off-pump surgery. However, any bleeding that occurs in the pleural
space will tend to accumulate and not be drained by the mediastinal tubes. This can
produce a deceptive picture with insidious bleeding that can only be detected by chest
x-ray.

G. A pleural tube is placed after a MIDCAB procedure performed through a left thoracotomy
or after a mitral valve procedure performed through a right thoracotomy or parasternal inci-
sion. Mediastinal drains are placed after minimally invasive valve operations performed
through either upper or transverse sternotomies or parasternal incisions.

II. Etiology of Mediastinal Bleeding (Box 9.1)
Mediastinal bleeding is somewhat arbitrarily categorized as surgical or medical in nature.
Significant bleeding after uneventful surgery is usually surgical in nature, especially when ini-
tial coagulation studies are fairly normal. However, persistent bleeding depletes coagulation
factors and platelets causing a coagulopathy that is self-perpetuating. In contrast, bleeding
that is noted after complex operations with long durations of CPB is frequently associated
with abnormal coagulation studies and is considered medical in nature. However, even after
correction of coagulation abnormalities, discrete bleeding sites may be present that will not
stop without reexploration. Thus, the initial approach to bleeding is to try to ascertain any
contributing factors that can account for the degree of bleeding and then take the appropri-
ate steps to correct them.20,21

A. Surgical bleeding is usually related to:
1. Anastomotic sites (suture lines)
2. Side branches of arterial or venous conduits
3. Substernal soft tissues, sternal suture sites, bone marrow, periosteum
4. Raw surfaces caused by previous surgery, pericarditis, or radiation therapy 

Box 9.1  •  Causes  of Mediastinal Bleeding

1. Surgical bleeding sites

2. Heparin effect, residual or rebound

3. Platelet dysfunction

4. Thrombocytopenia

5. Clotting factor deficiency

6. Fibrinolysis
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B. Anticoagulant effect related to heparin
1. Residual heparin effect may result from inadequate neutralization with prota-

mine. Administering fully heparinized “pump” blood as the protamine infusion is
being completed may reintroduce unneutralized heparin into the blood. Similarly,
residual heparin in cell saver blood given after protamine administration may
reintroduce unreversed heparin.

2. Heparin rebound may occur when heparin reappears from tissue stores after pro-
tamine administration. This is more common in patients receiving large amounts
of heparin, especially obese patients.

C. Quantitative platelet defects 
1. Preoperative thrombocytopenia may result from use of heparin, in which case

testing for heparin antibodies is essential to rule out heparin-induced thrombo-
cytopenia. Drug reactions (especially to antibiotics) and hypersplenism in patients
with liver disease may be causative. Occasionally, mild thrombocytopenia is pres-
ent for no identifiable reason.

2. Hemodilution on CPB and consumption in the extracorporeal circuit reduce the
platelet count by about 30–50%; thrombocytopenia will be progressive as the
duration of CPB lengthens.

3. Protamine administration transiently reduces the platelet count by about 30%.
D. Qualitative platelet defects are a major concern with the liberal use of antiplatelet

agents in patients with acute coronary syndromes.
1. Preoperative platelet dysfunction may result from antiplatelet medications

(aspirin, clopidogrel), glycoprotein IIb/IIIa inhibitors (abciximab, tirofiban, epti-
fibatide), herbal medications and vitamins (fish oils, ginkgo products, vitamin E),
or uremia.

2. Exposure of platelets to the CPB circuit with α-granule release and alteration of
platelet membrane receptors impairs platelet function. The degree of platelet dys-
function correlates with the duration of CPB and the degree of hypothermia after
bypass.

E. Depletion of coagulation factors
1. Preoperative hepatic dysfunction, residual warfarin effect, vitamin K–dependent

clotting factor deficiencies, von Willebrand’s disease, and thrombolytic therapy
reduce the level of clotting factors.

2. Hemodilution on CPB reduces most factors by 50% and factor V by 80%. This is
most pronounced in patients with a small blood volume.

3. Loss of clotting factors results from use of intraoperative cell-saving devices.
F. Fibrinolysis causes clotting factor degradation and platelet dysfunction

1. Preoperative use of thrombolytic agents
2. Plasminogen activation during bypass 
3. Heparinization itself induces a fibrinolytic state

III. Prevention of Perioperative Bleeding (Box 9.2)22–24

A. Preoperative assessment of the patient’s coagulation system should entail measurement
of a prothrombin time (PT), partial thromboplastin time (PTT), and platelet count.
Any abnormality should be investigated and corrected, if possible, prior to surgery.
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B. Heparin-induced thrombocytopenia (HIT) may develop in patients receiving
intravenous heparin for several days before surgery. Thus, it is very important to
recheck the platelet count on a daily basis in these patients. If the patient develops
thrombocytopenia and has confirmation of heparin antibodies by serologic testing
or a serotonin release assay, an alternative means of anticoagulation will be necessary
(see page 154).25

C. Cessation of medications with antiplatelet or anticoagulant effects is essential to
allow their effects to dissipate in order to minimize blood loss. A more detailed dis-
cussion of these medications is presented in Chapter 4. Specific recommendations
are as follows:
1. Warfarin should be stopped 4 days before surgery to allow for resynthesis of

vitamin K–dependent clotting factors and normalization of the international
normalized ratio (INR).26 If interim anticoagulation is required, heparin is sub-
stituted. If the patient requires urgent surgery, vitamin K should be given (two
doses of 5 mg IV should suffice) to normalize the INR. If emergency surgery is
indicated, fresh frozen plasma (FFP) may be necessary.27

2. Unfractionated heparin is reversible with protamine and is commonly used for
acute coronary syndromes. It can be continued up to the time of surgery without
any increased morbidity during line placement.

3. Low-molecular-weight heparin, generally given in a dose of 1 mg/kg SC q12h
for acute coronary syndromes, should be stopped at least 12 hours prior to surgery,

Box 9.2  •  Methods of Minimizing Operative Blood Loss 
and Transfusion Requirements

1. Stop all anticoagulant and antiplatelet medications preoperatively.

2. Identify abnormal preoperative abnormalities (R/O HIT if thrombocytopenic) and
transfuse patients requiring urgent surgery to a hematocrit > 30% preoperatively;
place elective patients on iron and/or erythropoietin to optimize hematocrit.

3. Use antifibrinolytic therapy (aprotinin, ε-aminocaproic acid, or tranexamic acid).

4. Autologous blood withdrawal if satisfactory hematocrit.

5. Meticulous surgical technique with careful inspection of anastomotic sites and all
artery and vein side branches before coming off bypass.

6. Consider off-pump coronary bypass grafting, if feasible.

7. Use a heparin-coated circuit, if available.

8. Consider retrograde autologous priming of the bypass circuit.

9. Avoid cardiotomy suction.

10. Complete neutralization of heparin with protamine to return ACT to baseline.

11. Salvage pump blood either via hemofiltration or cell saver and reverse any residual
heparin with protamine.

12. Administer appropriate blood component therapy based on suspicion of the
hemostatic defect (especially platelet dysfunction) or use point-of-care testing to
direct blood component therapy.

13. Be patient.
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since it is only 80% reversible with protamine. Studies have shown increased
bleeding when it is administered within 12 hours of surgery.28

4. Aspirin should be stopped at least 3 days prior to surgery to ensure adequate
restoration of platelet function and reduce transfusion requirements.29,30

Preoperative cessation of aspirin has become controversial because several stud-
ies have demonstrated reduced rates of infarction and mortality when aspirin is
continued up to the time of surgery.31,32 Aprotinin and tranexamic acid are use-
ful in reducing bleeding associated with preoperative use of aspirin.33,34

5. Clopidogrel has antiplatelet effects that last for the life span of the platelet, and
it should therefore be stopped 5–7 days prior to elective surgery.35 However, it is
commonly used in acute coronary syndromes and in anticipation of a stenting
procedure. Although inhibition of platelet activity occurs about 2 hours after the
drug is administered, achievement of a steady state with 50% inhibition of
platelet aggregation occurs about 6 hours after a loading dose of 300 mg or after
about 4–5 doses of 75 mg. If surgery is then required on an urgent basis, signif-
icant bleeding may be encountered. Aprotinin may be successful in reducing bleed-
ing in patients receiving this medication (although this has not been studied), but
platelets are often required. If the active metabolite of clopidogrel is still present in
the bloodstream, exogenously administered platelets may be ineffective.

6. Ticlopidine has been replaced by clopidogrel in patients undergoing stenting,
although some patients still receive it for the management of cerebrovascular dis-
ease. Since its activity also lasts the life span of the platelet, it should be stopped
at least 7 days prior to surgery. If bleeding is encountered, platelets may be needed.
An abnormal bleeding time caused by ticlopidine can be normalized within
2 hours by methylprednisolone 20 mg IV.36

7. Tirofiban (Aggrastat) and eptifibatide (Integrilin) are short-acting IIb/IIIa
inhibitors that allow for recovery of 80% of platelet function within 4–6 hours of
being discontinued.37 They should be stopped about 4 hours prior to surgery.
Some studies have shown that continuing these medications up to the time of
surgery may preserve platelet function on pump, leading to increased platelet
number and function after bypass with no adverse effects on bleeding.38

8. Abciximab (Reopro) is a long-acting IIb/IIIa inhibitor used for high-risk per-
cutaneous coronary intervention that has a half-life of 12 hours. If surgery must
be performed on an emergency basis, platelets are effective in producing hemo-
stasis since there is very little circulating unbound drug. Ideally, surgery should
be delayed for at least 12 hours and preferably for 24 hours since recovery of
platelet function takes up to 48 hours. Although abnormal bleeding times and
platelet aggregation tests are still abnormal in up to 25% of patients at this time,
there is little hemostatic compromise at receptor blockade levels less than 50%.39

9. Thrombolytic therapy is an alternative to primary angioplasty in patients pre-
senting with ST-segment elevation myocardial infarctions. Although currently
used agents have short half-lives measured in minutes, the systemic hemostatic
defects persist much longer. These effects include depletion of fibrinogen, reduc-
tion in factor II, V, and VIII levels, impairment of platelet aggregation, and the
appearance of fibrin split products. If surgery is required for persistent ischemia
after failed thrombolytic therapy, it should be delayed by at least 12–24 hours. If
it is required emergently, plasma and cryoprecipitate will probably be necessary
to correct the anticipated coagulopathy.
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D. Antifibrinolytic therapy should be used to reduce intraoperative blood loss
(see pages 149–152).40,41

1. Aprotinin is a serine protease inhibitor that is extremely effective in reducing
blood loss and transfusion requirements. It preserves adhesive platelet receptors
during the early period of CPB, exhibits antifibrinolytic properties by inhibiting
plasmin, and also inhibits kallikrein, blocking the contact phase of coagulation
and inhibiting the intrinsic coagulation cascade. Although it has been recom-
mended for primary coronary bypass operations, it is very expensive and is usu-
ally reserved for complex operations and reoperations.42–46 Doses and other con-
cerns about use of aprotinin are discussed in Chapter 4.

2. ε-aminocaproic acid (Amicar) is an antifibrinolytic agent that may preserve
platelet function by inhibiting the conversion of plasminogen to plasmin. It is
effective in reducing blood loss and, because of its low cost, is usually the drug of
choice for all first-time operations and anticipated uncomplicated reoperations.
Most studies suggest it is not as effective as aprotinin.44,47

3. Tranexamic acid (Cyclokapron) has similar properties to ε-aminocaproic acid.
It has also been shown to reduce perioperative blood loss. It is more expensive
than ε-aminocaproic acid but much less expensive than aprotinin. Some studies
have shown its efficacy to be equivalent to that of ε-aminocaproic acid; others
have shown it to be as effective as aprotinin.44–46

E. Autologous blood withdrawal before instituting bypass protects platelets from the
damaging effects of CPB. It has been demonstrated to preserve red cell mass and reduce
transfusion requirements. However, its efficacy in reducing perioperative bleeding is
controversial.48–52  It can be considered when the calculated on-pump hematocrit after
withdrawal remains satisfactory (greater than 20–22%).This can be calculated using the
following equation: amount that can be withdrawn = EBV – [0.22 (EBV + PV +
CV)]/HCT, where EBV is the estimated blood volume (70 ✕ kg), PV is the priming
volume, CV is the estimated cardioplegia volume, and HCT is the prewithdrawal
hematocrit.

F. Platelet-rich plasmapheresis entails the withdrawal of platelet-rich plasma using a
plasma separator at the beginning of the operation with its readministration after
protamine infusion. This improves hemostasis and reduces blood loss. Although it
might be beneficial in reoperations, it is expensive, time-consuming, and probably of
little benefit when prophylactic antifibrinolytic medications are used.53,54

G. Meticulous surgical technique is the mainstay of hemostasis.Warming the patient to nor-
mothermia before terminating bypass improves the function of the coagulation system.

H. CPB considerations
1. The use of heparin-coated circuits during bypass allows for a reduction in

heparin dosing and has been associated with reduced perioperative blood loss.55

2. Retrograde autologous priming of the extracorporeal circuit entails withdrawal
of crystalloid prime to minimize hemodilution, thus maintaining a higher
hematocrit and colloid oncotic pressure on pump. In some studies, this has been
shown to reduce the rate of transfusion.56

3. Avoidance of cardiotomy suction may reduce perioperative bleeding. Blood
aspirated from the pericardial space has been in contact with tissue factor and
contains high levels of factor VIIa, procoagulant particles, and activated com-
plement proteins, and exhibits fibrinolytic activity.57–59
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IV. Assessment of Bleeding in the ICU
A. The appropriate assessment of bleeding in the ICU requires the following steps:

1. Frequent documentation of the amount of blood draining into the collection sys-
tem and attention to tube patency

2. Determination of the color (arterial or venous) and pattern of drainage (sudden
dump when turned or continuous drainage)

3. Monitoring of hemodynamic parameters with ongoing awareness of the possi-
bility of cardiac tamponade

4. Identification of potential causative factors by review of coagulation studies
5. Suspicion of undrained blood in the mediastinum or pleural spaces by review of

a chest x-ray, auscultating decreased breath sounds on examination, or noting ele-
vation of peak inspiratory pressures on the ventilator

B. Quantitate the amount of chest tube drainage. Make sure that the chest tubes are
patent because the extent of ongoing hemorrhage may be masked when the tubes
have clotted or blood has drained into an open pleural space. Note: When patients
are turned or moved, they occasionally drain a significant volume of blood that has
been accumulating in the chest for several hours. This may suggest the acute onset
of bleeding and the need for surgical exploration. The presence of dark blood and
minimal additional drainage are clues that this does not represent active bleeding.
Serial chest x-rays may be helpful in identifying residual blood.

C. Assess hemodynamics with the Swan-Ganz catheter. Maintenance of adequate fill-
ing pressures and cardiac output is essential and is generally accomplished using
crystalloid or colloid solutions. However, in the bleeding patient, these will produce
hemodilution and progressive anemia.
1. If filling pressures are decreasing and nonheme fluid is administered, one needs to

anticipate a decrease in the hematocrit from hemodilution, but more so with ongo-
ing bleeding. The administration of volume in the form of clotting factors and
platelets to promote hemostasis must be accompanied by red cell transfusions to
maintain a safe hematocrit. It should be reiterated that unstable hemodynamics are
frequently seen in the bleeding patient even if filling pressures are maintained.

2. Evidence of rising filling pressures and decreasing cardiac outputs may suggest the
development of cardiac tamponade. Equilibration of intracardiac pressures may be
noted with postoperative tamponade, but, more commonly, accumulation of clot
adjacent to the right or left atrium will produce variable elevation in intracardiac
pressures that are also consistent with right or left ventricular failure, respectively.60

3. If hemodynamic measurements suggest borderline cardiac function and tampon-
ade cannot be ruled out, transesophageal echocardiography (TEE) is invaluable
in making the correct diagnosis. Tamponade should be suspected when hemody-
namic compromise is associated with excessive bleeding, bleeding that has abruptly
stopped, or even minimal chest tube drainage caused by clotted tubes or spillage
into the pleural space. TEE is often more accurate than a transthoracic study in
detecting clot around the heart because the latter may be compromised by inabil-
ity to obtain acoustic windows necessary to adequately identify an effusion.

D. Obtain coagulation studies upon arrival in the ICU and serial hematocrits if the
patient is bleeding. Coagulation studies need not be ordered if the patient has min-
imal mediastinal bleeding. However, if hemostasis was difficult to achieve in the
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operating room or hemorrhage persists (generally greater than 100 mL/h), lab tests
may be helpful in assessing whether a coagulopathy is contributing to mediastinal
bleeding. Tests for some of the more common nonsurgical causes of bleeding (resid-
ual heparin effect, thrombocytopenia, and clotting factor deficiency) are readily avail-
able, but documentation of platelet dysfunction requires additional technology.61

Although no individual test correlates that well with the amount of bleeding, togeth-
er they can usually direct interventions in a somewhat scientific manner.62 No mat-
ter what the results of coagulation testing are, clinical judgment remains paramount
in trying to ascertaining whether the bleeding is more likely to be of a surgical nature
(which tends to persist) or due to a coagulopathy (which might improve).
1. Prothrombin time measured as the INR assesses the extrinsic coagulation cas-

cade. The INR may be slightly prolonged after a standard pump run, but clotting
factor levels exceeding 30% of normal should allow for satisfactory hemostasis.
An abnormal INR can be corrected with FFP.

2. Partial thromboplastin time assesses the intrinsic coagulation cascade and can
also detect residual or recurrent heparin effect (“heparin rebound”). As an isolated
abnormality or with slight elevation of the INR, protamine is beneficial in cor-
recting the PTT and controlling bleeding.

3. Platelet count. Although CPB reduces the platelet count by about 30–50% and
also produces platelet dysfunction, platelet function is usually adequate to pro-
duce hemostasis. Platelet transfusions may be justified in the bleeding patient for
thrombocytopenia (generally < 100,000/µL) or for suspicion of platelet dysfunc-
tion (usually for patients on aspirin or clopidogrel).

4. Platelet function can be assessed by a variety of available technologies, including
those that measure platelet aggregometry and other sophisticated tests of clot for-
mation and retraction.61,63

5. Additional tests may be considered for severe bleeding if a coagulopathy is sus-
pected. However, if normal coagulation studies are present before or after the stan-
dard corrective measures are taken, surgical reexploration is generally indicated.
a. Assessment for fibrinolysis entails measurement of D-dimer and fibrinogen

levels. Fibrinolysis is associated with an elevation in the PT and PTT, and de-
creased levels of factor I (fibrinogen < 150 mg/dL) and factor VIII. However,
an elevated D-dimer alone is not uncommon and may also be noted if shed
blood is autotransfused.64 Use of aprotinin may be considered if fibrinolysis is
confirmed, even if one of the other antifibrinolytic medications had been used
during surgery, although it may contribute to a prothrombotic state.

b. Thromboelastography (Figure 9.1) gives a qualitative measurement of clot
strength. It is used to evaluate the interaction of platelets with the coagulation
cascade from the onset of clot formation through clot lysis. The thromboelas-
togram shows a distinct contour in patients with fibrinolysis.65

c. Sonoclot analysis (Figure 9.2) is another viscoelastic method for evaluating
clot formation and retraction that allows for assessment of coagulation factors,
fibrinogen, and platelet activity. The device measures the changing impedance
to movement imposed by the developing clot on a small probe that vibrates at
an ultrasonic frequency within a blood sample. Studies have suggested that
both a thromboelastogram and a Sonoclot are more predictive of bleeding than
routine coagulation studies. This modality has seen limited use but can direct
appropriate therapy in patients with persistent bleeding.66
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E. Repeat a chest x-ray
1. Note the overall width of the mediastinum. A widened mediastinum may suggest

undrained clotted blood accumulating within the pericardial cavity that could
cause cardiac tamponade. Comparison with preoperative films can be misleading
because of differences in technique, but any difference noted between the imme-
diate postoperative supine film and a repeat film should be noted.

2. Note the distance between the edge of the Swan-Ganz catheter in the right atrium
or the location of the right atrial pacing wires (if placed on the right atrial free
wall) and the edge of the mediastinal silhouette. If this distance widens, suspect
clot accumulation adjacent to the right atrium.

3. Note any accumulation of blood within the pleural spaces that has not drained
through the pleural chest tubes. This can be difficult to assess since fluid will layer
out on a supine film, so a discrepancy in the haziness of the two pleural spaces
should be sought.

Figure 9.1  •  Representative thromboelastographic tracings. (Reproduced with permission from
Tuman KJ, McCarthy RJ, Ivankovich AD. The thromboelastograph: is it the solution to coagulation
problems? Cardiothorac Vasc Anesth update 1991;2; chapter 8:1–13.) 
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(A)

(B)

(C) (D)

Figure 9.2  •  Representative Sonoclot tracings. (A) The Sonoclot signature assesses the liquid
phase of initial clot formation, the rate of fibrin and clot formation, further fibrinogenesis and
platelet-fibrin interaction, a peak impedance after completion of fibrin formation, and a
downward slope as platelets induce contraction of the completed clot. (B) Heparinization. (C)
Poor platelet function (slow clot retraction). (D) Hyperfibrinolysis (no tightening associated
with clot retraction). (Images courtesy of Sienco, Inc.)

V. Management of Mediastinal Bleeding (Box 9.3)
Although there is no role for prophylactic blood product transfusions in the prevention of
bleeding following open-heart surgery, persistent bleeding must be treated immediately and
aggressively based on the suspected cause of hemorrhage. It is a truism that the longer a
patient bleeds, the worse the coagulopathy becomes. In general, the most benign and least
invasive treatments should be considered first. If a patient was “dry” at the time of closure and
suddenly starts to bleed, the source is usually surgical in nature and requires reexploration. In
contrast, the patient with persistent bleeding may have a surgical or medical cause for the
bleeding.24,67

A. Ensure chest tube patency. Ongoing bleeding without drainage leads to tamponade.
Gently milk the tubes to remove clot. Aggressive stripping is not necessary. There is
no particular advantage to any of the common practices (milking, stripping, fan fold-
ing, or tapping) in maintaining chest tube patency.68
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B. Warm the patient to 37oC. Hypothermia produces a generalized suppression of the
coagulation mechanism and also impairs platelet function.69 The use of a heated
humidifier in the ventilator circuit, a warming blanket, or a radiant heat shield is ben-
eficial and will reduce the tendency to shiver. All blood products should be delivered
through blood-warming devices.

C. Control hypertension with vasodilators (nitroprusside) or β-blockers (esmolol for the
hyperdynamic heart) (see Chapter 11).

D. Control agitation if the patient is awake with short-acting sedatives.
1. Propofol 25–50 µg/kg/min
2. Midazolam 2.5–5.0 mg IV q1–2h
3. Morphine sulfate 2.5–5 mg IV q1–2h

E. Control shivering with:
1. Meperidine 25–50 mg IV
2. Pancuronium 0.1 mg/kg IV over 5–10 minutes, then 0.01 mg/kg q1h or a con-

tinuous infusion of 2–4 mg/h (always with sedation)
F. Use of increasing level of positive end-expiratory pressure (PEEP) to augment medi-

astinal pressure has been shown to reduce bleeding.70 However, prophylactic PEEP
at levels of either 5 or 10 cm H2O has not been found effective in reducing bleeding
or transfusion requirements.71 If it is elected to increase PEEP to control bleeding,
careful attention to its effects on hemodynamics is essential.

G. Use of blood components to manage early significant bleeding should be based on
suspicion of the hemostatic defect. This is often necessary before the results of coag-
ulation studies are available. For example, the patient who has received aspirin, clopi-
dogrel, or IIb/IIIa inhibitors or is uremic is likely to have platelet dysfunction and

Box 9.3  •  Management of Postoperative Mediastinal Bleeding

1. Explore early for significant ongoing bleeding or tamponade

2. Ensure that chest tubes are patent

3. Warm patient to normothermia

4. Control hypertension and shivering

5. Check results of coagulation studies (PT, PTT, platelet count)

6. Protamine 25 mg IV for two doses

7. Consider use of 10 cm PEEP with caution 

8. Packed cells if hematocrit <26%

9. Platelets, one unit/10 kg

10. Fresh frozen plasma, 2–4 units

11. Aprotinin 2 million KIU IV over 20 minutes 

12. Cryoprecipitate, one unit/10 kg

13. Desmopressin (DDAVP) 0.3 µg/kg IV over 20 minutes (if suspect platelet
dysfunction from uremia or aspirin)

14. Transesophageal echocardiography if concerned about tamponade
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will benefit primarily from platelet transfusions, even if the platelet count is nor-
mal. In contrast, the patient who has recently been on warfarin or has hepatic dys-
function is more likely to have clotting factor deficiencies and may benefit more from
an initial transfusion of FFP. Both platelets and FFP may be necessary in patients who
have had a long duration of CPB (> 3 hours) or who have received multiple blood
products during surgery. Aggressive treatment with blood components should be
provided as soon as possible for significant hemorrhage because persistent bleeding
causes progressive depletion of clotting factors and platelets (“coagulopathy begets
coagulopathy”).

H. Once the results of coagulation studies become available, there is more objective
information on which to base therapy. If coagulation studies were obtained while in
the operating room, these results may be available even before the patient’s arrival in
the ICU and appropriate therapy can be initiated in the operating room. If bleeding
persists despite corrective measures, clotting studies can be repeated to reassess the
status of the coagulation system.
1. An elevated PT implies the need for clotting factors provided by FFP and/or

cryoprecipitate.
2. An elevated PTT suggests a problem with the intrinsic coagulation cascade or

persistent heparin effect. Additional protamine should be given first; FFP and/or
cryoprecipitate may also be indicated.

3. A platelet count below 100,000/µL suggests the need for platelet transfusions.
Because CPB induces platelet dysfunction, suspicion of a qualitative defect in the
actively bleeding patient should be treated with platelets even if the platelet count
is adequate.

4. Note: Abnormal results need not be treated if the patient has minimal bleeding.
Blood samples are frequently drawn from heparinized lines, so they should be
repeated if results are markedly abnormal or inconsistent with the amount of
bleeding. Platelet transfusions are not indicated in the nonbleeding patient until
the count approaches 30,000, although most patients in the immediate postoper-
ative period tend to bleed at platelet counts less than about 60,000.

5. Note: Blood transfusions are often neglected in the bleeding patient when ane-
mia may be progressive and exacerbated by hemodilution from the administration
of FFP and platelet transfusions. A borderline hematocrit in the bleeding patient
necessitates concomitant blood transfusion to maintain a hematocrit at a reason-
able level (> 26–28%) to maintain satisfactory tissue oxygenation. Notably, platelet
function is impaired in the profoundly anemic patient.72 Red cells increase
platelet-to-platelet interaction and facilitate the interaction of platelets with the
subendothelium to improve hemostasis.

I. Protamine should be given in a dose of 25–50 mg if the PTT is elevated. Although
the activated clotting time generally returns to baseline after protamine administra-
tion in the operating room, reinfusion of cell saver blood or release of heparin from
tissue stores can leave residual unneutralized heparin that contributes to bleeding.
This may occur because the half-life of protamine is only about 5 minutes.73 If the
PTT remains elevated after additional protamine, unneutralized heparin is usually
not the problem, and excessive use of protamine should be avoided because prota-
mine itself can cause anticoagulation.74 Protamine is given slowly (5 mg/min) in the
ICU. Adverse reactions are very rare if protamine was well tolerated in the operat-
ing room (see pages 161–162 for a discussion of protamine reactions).
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J. Aprotinin given in a dose of 2 million units over 20 minutes may be effective in
reducing bleeding due to its antifibrinolytic activity and other ill-defined hemostatic
effects. Several studies have demonstrated its efficacy in reducing postoperative
blood loss and blood product usage when given only postoperatively, both in patients
taking and not taking preoperative aspirin, independent of the degree of bleeding at
the time of administration.75–78 Other studies have demonstrated benefits of postop-
erative aprotinin in bleeding patients,78,79 but not when doses lower than 2 million
units are used.80,81 One of these studies showed no reduction in D-dimer levels, sug-
gesting that fibrinolysis was not inhibited.81 Most studies, however, have shown a
potential benefit to using postoperative aprotinin with few adverse effects aside from
transient reversible renal dysfunction. Thus, since ongoing fibrinolysis in the peri-
cardial cavity may contribute to postoperative bleeding, use of aprotinin should be
considered in the patient with persistent bleeding that may be nonsurgical in origin.67 

K. Desmopressin (DDAVP) can be given at a dosage of 0.3–0.4 µg/kg IV over 20
minutes. A slow infusion may attenuate the peripheral vasodilatation and hypoten-
sion that often follows DDAVP infusion.82 Peak effects are seen in 30–60 minutes.
1. Bleeding following cardiac surgery is often secondary to an acquired defect in the

formation of the platelet plug caused by a deficiency in von Willebrand’s factor.
DDAVP increases the level of procoagulant activity (VIII:c) and raises the level
of von Willebrand’s factor (VIII:vWF) by approximately 50% by releasing it from
tissue stores. These factors are responsible for promoting platelet adhesion to the
subendothelium.

2. Desmopressin has not been found to have much benefit in reducing bleeding in
routine cardiac surgical procedures.83 However, it may be beneficial in patients
with von Willebrand’s disease and other disorders affecting platelet function,
including uremia and use of antiplatelet medications.84 It has been shown to
improve hemostasis in patients with significant intraoperative bleeding, especially
if there is evidence of severe platelet dysfunction.85,86 Thus it can be recommend-
ed as an adjunct to blood component therapy in this situation, although it is dif-
ficult to prove whether it is of much benefit.

L. Calcium chloride 1 g IV (10 mL of 10% solution) over 15 minutes may be admin-
istered if the patient has received multiple transfusions of citrate-phosphate-dextrose
(CPD) preserved blood during a short period of time (e.g., more than 10 units within
1–2 hours). The citrate used as a preservative in CPD blood binds calcium, but
hypocalcemia is unusual because of the rapid metabolism of citrate by the liver.
However, calcium administration is not necessary when adenine-saline (AS-1) is
used as the preservative. If hypocalcemia is present, as it often is following CPB, cal-
cium chloride is preferable to calcium gluconate because it provides three times more
ionized calcium.

VI. Blood Components, Colloids, and Blood Substitutes
A. Red cell transfusions are indicated in the severely anemic patient, especially when

there is persistent hemorrhage. Tissue oxygen delivery depends on the cardiac out-
put and the hemoglobin level and is commonly reduced by at least 25% postopera-
tively. The safe lower limit for the hematocrit in the stable postoperative patient fol-
lowing open-heart surgery is probably around 22–24%.87–89 In fact, one study
showed that such a low hematocrit was associated with a lower incidence of Q-wave
infarctions and mortality.90 Nonetheless, extra vigilance is essential in the bleeding
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patient to maintain a satisfactory hematocrit to ensure adequate tissue oxygenation,
minimize myocardial ischemia, and prevent hemodynamic compromise. It is there-
fore safest in the bleeding patient to administer blood when the hematocrit is less
than 26%. This can maintain a margin of safety, especially when there is ongoing
blood loss and hemodilution from the administration of blood components that
provide platelets and clotting factors.
1. Blood transfusions are not benign. They contain proinflammatory mediators and

cytokines, are immunosuppressive, and are associated with an increased risk of
wound infection, sepsis, respiratory insufficiency, and renal dysfunction.10–13 Use of
blood transfusions increases operative mortality and lowers long-term survival.9

Transfusions carry the risk of viral transmission.91,92 Although the risks of hepatitis
C and human immunodeficiency virus (HIV) are extremely low (about 1/100,00
and 1/200,000–1/2,000,000 units, respectively), the risk of cytomegalovirus is high
(50% of units). Leukocyte depletion by the blood bank can reduce the risk of
cytomegalovirus and may reduce the overall incidence of infection.93

2. Use of blood filters is beneficial in removing microaggregates of blood. Blood fil-
ters of at least 170 µm pore size must be used for all blood transfusions. Filters
of 20–40 µm pore size are more effective in removing microaggregates of fibrin,
platelet debris, and leukocytes that accumulate in stored blood. These filters have
been shown to decrease the incidence of nonhemolytic febrile transfusion reac-
tions and may reduce the adverse effects of multiple transfusions on pulmonary
function. Micropore filters must always be used with autotransfused blood. One
of the drawbacks, however, is that blood usually cannot be transfused rapidly
through these filters. Blood lines should be primed with isotonic solutions
(preferably normal saline). Ringer’s lactate should not be used because it contains
calcium and can theoretically precipitate clotting in intravenous tubing. D5W is
hypotonic and will produce significant red cell hemolysis.

3. Note: Care should be taken to avoid transfusing cold blood products. Blood
warmers should generally be used if the patient receives rapid transfusions. If one
unit is to be transfused, it should be allowed to sit at ambient room temperature
or under a heating hood for several minutes to warm.

4. Packed red blood cells have an average hematocrit of 70%, and 1 unit will raise
the hematocrit of a 70 kg man by 3%. At least 70% of transfused cells survive
24 hours, and these cells have a normal life span. Since packed cells contain no
clotting factors, administration of FFP should be considered to replace clotting fac-
tors if a large number of units (generally more than 5) is given over a short period
of time.

5. Fresh whole blood (less than 6 hours old) has a hematocrit of about 35% and
contains clotting factors and platelets. One unit has been shown to provide
equivalent, if not superior, hemostasis to that of 10 units of platelets.94 It is prob-
ably the best replacement product, but most blood banks fractionate blood into
components, and fresh whole blood is usually not available for use.

6. Cell saver blood (shed and washed in the operating room) is rinsed with
heparinized saline and is devoid of clotting factors and platelets. Up to 12% of
the heparin may be retained after centrifugation. If returned to the patient in
large quantities, administration of additional protamine may be necessary. The
survival, function, and hemolysis of washed red blood cells is equivalent to that
of nonprocessed blood.95,96 Leukocyte filtration of centrifuged cell saver blood
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removes activated leukocytes, reducing the inflammatory response and improv-
ing lung function after surgery.97

7. Hemofiltration blood is obtained by placing a hemofilter in the extracorporeal
circuit. This provides concentrated red cells and also preserves platelets and clot-
ting factors. Studies have shown superior blood salvage and hemostasis with use
of a hemofilter than with cell-saving devices.98

8. Autotransfusion of shed mediastinal blood can be used as a means of volume
resuscitation and, to a lesser degree, as a means of blood salvage. It has been
shown to reduce the use of red cell transfusions in some, but not all, studies.17–19

Infusion of this blood can produce a coagulopathy because it has low levels of
factor I and VIII, a low level of platelets that are dysfunctional, and elevated lev-
els of fibrin split products and D-dimers.64,99 Although one study showed that
minimal bacterial contamination occurs in blood collected in standard drainage
systems for up to 18 hours,100 others have noted an increased risk of wound
infection with autotransfusion, especially if given after 6 hours.101,102 Generally,
autotransfusion should be limited to the first 6–8 hours to minimize the risk of
infection.
a. Blood may be reinfused from soft plastic collection bags or directly from the

plastic shell via a pump and a 20–40 µm filter. The blood is returned to the
patient filtered but unwashed. Washing can eliminate the high-titers of fib-
rin split products in the blood.103

b. Autotransfusion is not cost-effective if small amounts of blood are returned
to the patient. Given in large amounts, it may be deleterious because it pro-
duces a coagulopathy that is associated with an elevation in PT, PTT, and 
D-dimers and a reduction in fibrinogen.103 However, when moderate amounts
are retransfused (about 500–1000 mL), it appears to be cost-effective in
reducing transfusion requirements and does not produce significant abnor-
malities in coagulation parameters.17

B. Platelets should be given to the bleeding patient if the platelet count is less than
100,000/µL. Furthermore, since platelets are dysfunctional in patients receiving
antiplatelet medications and IIb/IIIa inhibitors, and following a long duration of
CPB, one should not hesitate to administer platelets for ongoing bleeding even if
the platelet count exceeds 100,000/µL. Platelets are not indicated if the patient is
not bleeding unless the count is perilously low (<20,000–30,000/µL).
1. Platelets are provided as a pooled preparation from one or several donors, usually

as a 6 unit bag. Generally, this is the amount that is initially provided to the
average-size adult patient (ideally 1 unit/10 kg). Each unit transfused should
increase the platelet count by 7–10,000/µL. One unit of platelets contains 70%
of the platelets in a unit of fresh blood, although platelets lose some of their
functional capacity during storage. Platelets stored at room temperature can be
used for up to 5 days and have a life span of 8 days. Those stored at 4°C are use-
ful for only 24 hours (only 50–70% of total platelet activity is present at 6 hours)
and have a life span of only 2–3 days.

2. Note: Platelet function is also impaired when the hematocrit is less than 30%.
Thus, raising the hematocrit toward 30% should be considered to improve
platelet function.22,72

3. Patients receiving clopidogrel may be less responsive to platelet transfusions if
there is any remaining active metabolite in the bloodstream. In patients who
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have received abciximab within 12 hours of surgery, exogenous platelets should
be effective since virtually all of the abciximab should be bound to platelets, leav-
ing little unbound drug in the bloodstream.

4. ABO compatibility should be observed for platelets but is not essential. For each
donor used there is a similar risk of transmitting hepatitis and HIV as one unit
of blood.

5. Platelets should be administered through a 170 µm filter. Several filters are
available (such as the Pall LRF 10 filter) that can be used to remove leukocytes
from platelet transfusions. Use of these filters may be beneficial in reducing the
risk of allergic reactions caused by red and white cells present in platelet packs.
Pretreatment with diphenhydramine (50 mg IV), cimetidine (300 mg IV) (H1
and H2 blockers) and steroids (hydrocortisone 100 mg IV) might also attenuate
these reactions but is usually not necessary.

C. Fresh frozen plasma (FFP) contains all clotting factors except platelets and should
be considered the colloid of choice when significant mediastinal bleeding is present.
Only 30% of the normal level of most clotting factors is essential to provide hemo-
stasis, but due to the hemodilutional effects of CPB and the progressive loss of clot-
ting factors during ongoing bleeding, one should not hesitate to administer FFP to
improve hemostasis, even if the INR is normal.
1. One unit of FFP contains about 250 mL of volume. The amount given is usu-

ally 2–4 units for the average adult.
2. FFP should be ABO compatible, transfused within 2 hours of thawing, and

given through a 170 µm filter. Since each unit is derived from one donor, FFP
has a similar risk of transmitting hepatitis or HIV as one unit of blood.

3. FFP may be given to patients with antithrombin III (AT III) deficiency, which
may only be recognized when significant heparin resistance is noted in the oper-
ating room.104 To minimize the amount of volume infused, a concentrated
source of AT III is commercially available (Thrombate III).105

4. Note: The administration of plasma and platelets not only provides clotting fac-
tors but also raises filling pressures. These blood products will therefore lower
the hematocrit and can precipitate fluid overload. If the hematocrit is less than
26% or not yet available and the patient is bleeding, anticipate the need for blood
if other volume is being administered. Remember that the hematocrit does not
change with acute blood loss until replacement fluids are administered.

D. Cryoprecipitate
1. One bag of cryoprecipitate contains about 20–25 mL and is derived from

one donor. It provides approximately 40–50% of the original plasma con-
tent of factor VIII and von Willebrand’s factor and is also a source of factors
I (fibrinogen) and XIII. It is usually pooled from several donors into a larger bag of
10 units (200–250 mL).The amount given is usually 0.1 unit/kg (e.g., 7 units to a
70 kg patient).

2. Cryoprecipitate is especially beneficial for patients with von Willebrand’s dis-
ease or documented hypofibrinogenemia. It may also benefit patients requiring
surgery soon after thrombolytic therapy, which significantly reduces fibrinogen
levels.

3. Cryoprecipitate should be given through a 170 µm filter within 6 hours of thaw-
ing. ABO compatibility should be observed but is not essential.
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E. Recombinant factor VIIa (rFVIIa) is a drug approved for use in hemophiliacs that
has been used successfully in arresting bleeding in patients with severe uncontrol-
lable coagulopathies after various of open-heart surgery. It combines with tissue fac-
tor and activates the extrinsic coagulation system via factor X. This results in throm-
bin generation and prompt correction of the prothrombin time. rFVIIa is able to promote
localized hemostasis at the site of tissue injury, and although tissue factor and activated
platelets are present systemically after CPB, systemic thrombosis has not been noted
to occur. It has been given in a dose of 20 to 90 µg/kg in several case reports and a
second dose may be given after 2 hours, if necessary (half-life is 2.9 hours).106-110

F. Hetastarch 6% in saline (Hespan), hetastarch in balanced electrolyte solution
(Hextend), and 5% albumin are colloid solutions that are used as volume expanders.
They should generally be avoided in the bleeding patient unless the patient is hypo-
volemic and blood components are not available. Their dilutional effect on clotting
factors can be minimized by limiting infusion volume to 1500 mL/day (about
20–25 mL/kg). Hydroxyethyl starch in saline (not in balanced electrolyte solution),
in particular, can produce a coagulopathy by reducing levels of factor VIII, von
Willebrand’s factor, and fibrinogen, impairing fibrinogen polymerization and clot
strength. These factors, as well as reduced availability of the platelet IIb/IIIa receptor,
contribute to the antiplatelet effects of this solution.111–115

G. Blood substitutes. Extensive research has been carried out into the development of
red blood cell substitutes that consist of hemoglobin-based oxygen carriers
(HBOCs). A study of one such compound, HBOC-201, a polymerized bovine
hemoglobin solution (Hemopure, Biopure Corporation, Cambridge, MA), found
that it preserved oxygen transport and eliminated the need for transfusions in 34%
of patients after cardiac surgery, although substantial doses of this short-acting
product were required.116

VII. Guidelines for Mediastinal Reexploration
A. The presence of untapering mediastinal bleeding or suspected cardiac tamponade

is an indication for urgent mediastinal reexploration. Emergency reexploration in
the ICU is indicated for exsanguinating hemorrhage or tamponade with incipient
cardiac arrest. Surgical exploration should be considered when there is acute onset
of rapid bleeding (> 300 mL/h) after minimal blood loss, or persistent bleeding
above arbitrary threshold levels at various times after surgery. General guidelines
for reexploration include hourly bleeding rates of approximately:117

1. More than 400 mL/h for 1 hour (> 200 mL/m2)
2. More than 300 mL/h for 2–3 hours (> 150 mL/m2/h ✕ 2–3 hours)
3. More than 200 mL/h for 4 hours (> 100 mL/m2/h ✕ 4 hours)

B. Reexploration for bleeding is associated with increased operative mortality and
morbidity, often because of a delay in returning the patient to the operating room
and the necessity for open-chest resuscitation in the ICU.118,119 Early reexploration
for persistent hemorrhage may reduce the requirement for homologous transfu-
sions, reduce the risk of respiratory insufficiency, and may also lower the wound
infection rate associated with an undrained mediastinal hematoma.120–122

Emergency exploration in the ICU for tamponade or bleeding is associated with a
high survival rate, in contrast to emergency thoracotomy for malignant arrhythmias
or a myocardial infarction.123
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C. The diagnosis of cardiac tamponade is suggested by hemodynamic compromise
with elevated filling pressures, usually in a patient with significant mediastinal
bleeding or significant bleeding that has stopped. The following findings should
heighten the suspicion of cardiac tamponade:
1. Sudden cessation of significant mediastinal bleeding.
2. Low cardiac output and hypotension with respiratory variation and narrowing

of the pulse pressure. Note that positive-pressure ventilation reverses and accen-
tuates the blood pressure response to respiration. During early inspiration, com-
pression of pulmonary capacitance vessels augments left heart filling and blood
pressure; however, in late inspiration, decreased left heart filling and blood pres-
sure occur. This is in contradistinction to the fall in blood pressure noted with
spontaneous inspiration. Thus classic pulsus paradoxus is not an applicable sign
of tamponade in the ventilated patient.

3. Equilibration of intracardiac pressures with right atrial = PCW = left atrial pres-
sure resulting from increased intrapericardial pressure. Note: It is not unusual for
clot to accumulate next to the right or left atrium and cause unequal elevations
of right atrial and left atrial pressures.124,125

4. Radiographic findings of a widened mediastinum or displacement of the right heart
border from the cardiac silhouette (suggesting clot adjacent to the right atrium).

5. Compensatory tachycardia
6. Dysrhythmias
7. Decreased electrocardiographic voltage
8. Electromechanical dissociation

D. The diagnosis of tamponade can occasionally be very difficult to make.The scenario
of hypotension, tachycardia, and elevated filling pressures with moderate mediasti-
nal bleeding is not an uncommon scenario in a patient with marginal myocardial
function. If hemodynamics do not improve after volume infusion and inotropic sup-
port, tamponade may be present. If time allows, echocardiography should be per-
formed to differentiate ventricular failure from tamponade. Transthoracic echocardio-
graphy can usually detect blood compressing the atria and ventricles, but occasionally
is unable to do so when satisfactory acoustical windows cannot be obtained. Thus, in
equivocal situations, a transesophageal study should be performed to make the diag-
nosis. The presence of left or right ventricular diastolic collapse is a reliable sign of
tamponade.126 When echocardiography is not available or the patient has very tenu-
ous hemodynamics, emergency mediastinal exploration may be necessary to make
the appropriate diagnosis. Computed tomography is very sensitive in the detection
of hemopericardium but cannot provide an assessment of tamponade physiology;
furthermore, it requires moving an unstable patient out of the monitoring environ-
ment of the ICU.

VIII. Technique of Emergency Resternotomy
A. Emergency reexploration is indicated for exsanguinating hemorrhage or tampon-

ade with incipient cardiac arrest. Every member of the house staff must be thor-
oughly familiar with the location and use of emergency thoracotomy equipment
as he or she may be the only individual available to perform an emergency ster-
notomy and save a patient’s life. A small subxiphoid incision may initially relieve
some of the pressure around the heart, but in dire circumstances it is easier and
more expeditious to open the entire sternotomy wound.
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B. An emergency resternotomy pack must be available and readily accessible in all
cardiac surgical ICUs. This must include all the essential equipment to perform
the procedure, including gowns, gloves, and masks, antiseptic solutions and drapes
to prep and drape the patient expeditiously, and a preselected assortment of essen-
tial instruments. Having a separate small kit with instruments essential to open
the chest (knife, heavy needle holder and wire cutter, sponges) is helpful while the
larger pack of instruments is being opened.

C. Technique of emergency resternotomy 
1. Remove the dressing.
2. Pour antiseptic on skin.
3. Place four towels around the sternotomy incision.
4. Open the wound down to the sternum with a knife. If skin staples are present,

make the incision adjacent to the staples.
5. If sternal wires were used, cut with a wire cutter; if a wire cutter is not avail-

able, untwist the wires with a heavy needle holder until they fatigue and break.
If the sternum was not closed with wire, simply cut the sutures with the knife.

6. Place the sternal retractor to expose the heart (a one-piece retractor is essential).
7. Place a finger over the bleeding site if it can be identified and suction the

remainder of the chest to improve exposure.
8. Resuscitate with volume through central or peripheral lines.
9. Initiate internal massage if the chest is opened for cardiac arrest or marginal

blood pressure. Commonly, improvement in cardiac activity and blood pressure
will be noted upon relief of tamponade (and often from the bolus of epineph-
rine given as the patient is deteriorating). An experienced individual can
achieve satisfactory compression using one-hand massage (usually the left
hand), placing the fingers behind the heart and compressing against the thenar
eminence. Use of the right hand may result in perforation of the right ventric-
ular outflow tract and is more difficult to perform. Therefore, it is generally
recommended that two hands be used, compressing the heart between the left
hand, placed behind and around the left ventricular apex, and the palm and
flattened fingers of the right hand anteriorly. Attention to the location of all
bypass grafts is critical, especially the left internal thoracic artery graft.

10. Control major and then minor bleeding sites. Manual control of a bleeding site
should be obtained while the chest is suctioned and the patient receives volume
resuscitation. Only then should specific attention be given to placing sutures or
ties to control bleeding. Manual control can usually minimize bleeding and
“buys time” until a more experienced person arrives or the operating room
can be made available. Note: If the patient remains hemodynamically unsta-
ble, it is preferable to resuscitate him or her in the ICU rather than rush to
the operating room. Invariably the bleeding site can be controlled and the
patient stabilized.

11. If the patient has arrested, but tamponade is not present, an intraaortic balloon
usually should be placed and the patient brought back to the operating room
as soon as possible.

12. Irrigate the mediastinum extensively with warm saline or antibiotic solu-
tion and consider leaving drainage catheters for postoperative antibiotic
irrigation.
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I. General Comments
A. Virtually all patients undergoing open-heart surgery have some element of postoper-

ative pulmonary dysfunction. However, in the vast majority of patients, it is well tol-
erated with minimal impairment in oxygenation and ventilation. Thus, it is possible
and desirable in most patients to achieve early endotracheal extubation within the first
12 hours after surgery. This has been shown in multiple studies to reduce pulmonary
complications, encourage earlier mobilization, and shorten the hospital stay.1–9 

B. General anesthesia and a median sternotomy incision are used for the vast majority of
patients undergoing open-heart surgery, and the internal thoracic artery (ITA) is used
in virtually all coronary bypass operations. These factors have significant adverse effects
on pulmonary function and chest wall mechanics.10–12 Although the use of cardiopul-
monary bypass (CPB) is associated with a systemic inflammatory response that has
been incriminated as the major cause of postoperative pulmonary dysfunction, studies
comparing postoperative pulmonary function in patients undergoing on- and off-pump
surgery have not demonstrated a significant difference, except perhaps in patients with
advanced pulmonary disease.13–16 Thus, anesthetic management and ICU protocols to
achieve early extubation should be the goal after both types of operations.

C. Despite the myriad of potential adverse effects of open-heart surgery on pulmonary
function delineated in the next section, most patients have adequate pulmonary
reserve to tolerate these insults quite well. Postoperative respiratory impairment and
the likelihood of “delayed extubation” can be predicted fairly reliably based on clinical
variables.17–31 These should be analyzed for each patient to see if there are any modi-
fiable factors that can be addressed to reduce these risks. Nonetheless, standard pro-
tocols for ventilatory management and early extubation can be applied to all but the
very highest risk patients with excellent results. In approximately 5% of patients,
mechanical ventilatory support beyond 48 hours is necessary because of marked
hemodynamic compromise, poor oxygenation, or inadequate ventilation.

D. An understanding of the postoperative changes in pulmonary function, basic concepts
in oxygenation and ventilation, routine pulmonary management, and contributing
factors to respiratory dysfunction allows for the early identification and management
of problems that can optimize the recovery of pulmonary function.

II. Postoperative Changes in Pulmonary Function
A. During the early postoperative period, the principal mechanisms underlying poor gas

exchange with borderline oxygenation are ventilation/perfusion (V/Q) mismatch and
intrapulmonary shunting.11,32 Contributing factors include the following:
1. General anesthetics, neuromuscular relaxants, and narcotics decrease the central

respiratory drive and contribute to decreased respiratory muscle function.
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2. The median sternotomy incision produces chest wall splinting and reduces most
pulmonary function testing variables; the presence of chest tubes for mediastinal
or pleural drainage also impairs respiratory function.33

3. Harvesting of the ITA with pleural entry is associated with a decrease in chest
wall compliance and deterioration of pulmonary function tests to a greater degree
than when no ITA is harvested.
a. Significant reductions in peak expiratory flow rates (forced expiratory volume

in 1 second [FEV1], forced vital capacity [FVC]), functional residual capacity
(FRC), and expiratory reserve volume have been documented and may be
exacerbated by the presence of pleural chest tubes.33–39

b. ITA harvesting is associated with a higher incidence of pleural effusions and
perhaps atelectasis.36–38

c. There is the potential for phrenic nerve injury and devascularization during
ITA harvesting, the latter being more common in diabetic patients.40–42

d. Interestingly, one study showed that the incidence of respiratory complications
and the degree of respiratory impairment are no greater if bilateral, rather than
just unilateral, ITA harvesting is performed.37

4. Effects of cardiopulmonary bypass10,43

a. Cardiogenic pulmonary edema from hemodilution, fluid overload, and reduc-
tion in oncotic pressure.

b. Noncardiogenic interstitial pulmonary edema from the “systemic inflammatory
response” that produces an increase in endothelial permeability and accumula-
tion of extravascular lung water; this also decreases lung surfactant
contributing to atelectasis. Contributory factors to this syndrome include:

i. Complement activation
ii. Release of cytokines and other inflammatory mediators

iii. Pulmonary sequestration of neutrophils activated by blood contact with
the extracorporeal circuit; this results in release of proteolytic enzymes,
such as neutrophil elastase, that may damage tissue and increase alveolar-
endothelial permeability.

c. Hyperoxia may increase oxygen free-radical damage
d. Imbalance of arachidonic acid metabolites
e. Hypothermia, cardiopulmonary ischemia, or failure to ventilate the lungs may

impair pulmonary function.44

5. Compromised hemodynamic status: impairment in left ventricular (LV) function
with elevation in pulmonary artery (PA) pressures may contribute to pulmonary
edema; this may lead to impairment of right ventricular (RV) function by increas-
ing pulmonary vascular resistance (PVR).

6. Blood transfusions may cause microembolization, and transfusion of proinflamma-
tory mediators that may elevate the PVR and PA pressures, increase inspiratory
pressures, impair oxygenation, and reduce RV function. Transfusions also increase
the risk of wound infection and pneumonia.

7. Preexisting comorbidities may impair postoperative pulmonary function, such as
preexisting lung disease (especially chronic obstructive pulmonary disease
[COPD] with any active bronchitic component) and obesity, which produces
V/Q imbalance and impairs oxygenation.22
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8. Diaphragmatic dysfunction from phrenic nerve injury may result from the use of
iced saline slush in the pericardial well or from direct injury or devascularization
from harvesting of the ITA.40,41

9. Studies have shown that impairment of pulmonary function persists for several
months after surgery. One study showed that the values for FEV1, forced expira-
tory flow at 50% of FVC (FEF50), and maximal voluntary ventilation remained
more than 25% less than preoperative values at 3.5 months after surgery.44

III. Routine Ventilator, Sedation, and Analgesia
Management (Box 10.1)
A. For open-heart surgery, patients generally receive a balanced anesthetic regimen

consisting of a narcotic (fentanyl, sufentanil, or remifentanil), an inhalational anes-
thetic, a neuromuscular blocker, and a sedative, such as midazolam or propofol.45,46

In addition to their selection based on the patient’s underlying cardiac disease, the
use and dosing of these medications should be modified based on the plans for post-
operative extubation.

B. Upon arrival in the ICU, patients are placed on a volume-cycled respirator for full
ventilator support either in the synchronized intermittent mandatory ventilation
(SIMV) or assist/control (A/C) modes. They remain anesthetized from the residual
effects of narcotics, anxiolytic medications, and muscle relaxants given during surgery.
1. Before the patient can initiate and achieve adequate spontaneous ventilation,

controlled ventilation will provide efficient gas exchange and decrease oxygen
consumption by reducing the work of breathing. This may be very important
during the first few postoperative hours when hypothermia, acid-base and
electrolyte disturbances, and hemodynamic instability are most pronounced.

Box 10.1  •  Initial Respiratory Orders

1. Initial ventilator settings:

a. Tidal volume: 8–10 mL/kg
b. Respiratory rate: 8–10/min
c. FIO2: 1.0
d. PEEP: 5 cm H2O
e. Pressure support: 5–8 cm H2O

2. Display pulse oximetry on bedside monitor

3. Chest x-ray after arrival in ICU (or in OR)

4. Check ABGs 15–30 minutes after arrival

5. Reduce FIO2 to 0.4 as long as PaO2 > 100 torr or O2 saturation > 95%

6. Adjust ventilator settings to maintain PaCO2 > 30 torr with pH 7.30–7.50

7. Propofol 25–50 µg/kg/min; gradually decrease dose once standard weaning criteria
are present and then initiate weaning when patient is mentally alert with reversal of
neuromuscular blockade.
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2. Several studies have evaluated the effects of A/C ventilation, SIMV, and bipha-
sic intermittent positive airway pressure (BiPAP) in the early postoperative
period. All three modes of ventilation were found to have comparable effects on
hemodynamics and gas exchange, but BiPAP reduced the use of analgesics and
sedatives and the duration of ventilation. BiPAP allows for unrestricted sponta-
neous breathing during all phases of respiration and may be more comfortable
for the patient during the early return of spontaneous ventilation.47,48

C. Initial ventilator settings are as follows:

Tidal volume: 8–10 mL/kg 
IMV rate: 8–10 breaths/min 
Fraction of inspired oxygen (Fio2): 1.0 
Positive end-expiratory pressure (PEEP): 5 cm H2O 
Pressure support of 5–8 cm H2O

D. The tidal volume and respiratory rate are selected to achieve a minute ventilation of
approximately 100 mL/kg/min. Patients with COPD often benefit from lower res-
piratory rates and higher tidal volumes with increased inspiratory flow rates. The
latter allows more time for the expiratory phase and can reduce the potential for the
development of high levels of “auto-PEEP” and air trapping that may adversely
affect hemodynamics.49 Lower tidal volumes with higher respiratory rates are often
beneficial for patients with restrictive lung disease.

E. A low level (5 cm H2O) of PEEP is routinely added to the respiratory circuit to pre-
vent atelectasis. Despite this common practice, studies suggest that this level of
PEEP does not reopen atelectatic lung and produces no significant improvement in
oxygenation over zero PEEP.50 A PEEP level of 10 cm H2O or higher is usually nec-
essary to improve lung recruitment, but it must be used judiciously because it may
reduce venous return and impair right and left ventricular function.51–53 Caution is
required especially when the patient is hypovolemic from peripheral vasodilatation
or when impaired RV function is already present.

F. Continuous pulse oximetry is used during mechanical ventilation with display of the
arterial oxygen saturation (Sao2) on the bedside monitor. This can bring attention to
abrupt changes in oxygenation and should obviate the need to obtain arterial blood
gases (ABGs) on a frequent basis in the stable patient. Concern should be raised
when the Sao2 is < 95%.

G. Although not commonly used in the ICU, capnography (end-tidal CO2) can be
used to provide a relative assessment of the level of Paco2, although it is inaccurate
when V/Q mismatch is present. For example, the end-tidal CO2 will be much lower
than the Paco2 when there is an increase in physiologic dead space (increased
V/Q ). It is also affected by the degree of CO2 production, the minute ventilation,
and the cardiac output. Nonetheless, an abrupt change in the contour of the capno-
gram signifies an acute problem with the patient’s ventilatory status, hemodynam-
ics, or metabolic state.

H. A chest x-ray should be checked after the patient’s arrival in the ICU. The
position of the endotracheal tube, Swan-Ganz catheter or any central line, and
intraaortic balloon pump (IABP) should be identified. The lung fields should be
evaluated for lung expansion/atelectasis, pneumothorax, undrained pleural effu-
sion, pulmonary edema, or infiltrates. Attention should be paid to the width of
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the mediastinum, primarily for later comparison in the event of postoperative
hemorrhage.

I. An initial ABG should be checked about 15–20 minutes after the patient’s arrival
in the ICU. The Fio2 is gradually reduced to 0.40 and the tidal volume and respira-
tory rate are adjusted to maintain the ABGs within a normal range. The extent of
hypothermia should be taken into consideration when making these adjustments,
anticipating that the Pco2 will rise as the patient warms. The metabolic demand and
CO2 production are decreased 10% for every degree less than 37oC. Acceptable
ABGs include:

Pao2 > 80 torr (Sao2 > 95%)
Paco2 32–48 torr 
pH 7.32–7.48

J. Adequate sedation and analgesia must be provided in the early postoperative period
to minimize anxiety, pain, and hemodynamic stress that may contribute to myocar-
dial ischemia and hypertension.54 This often seems difficult when the goal is to have
an awake patient with an indwelling endotracheal tube who is comfortable, yet does
not have hypertension or tachycardia.
1. Upon arrival in the ICU, most patients will remain sedated from narcotics and

propofol (usually at a dose of 25 µg/kg/min) used at the conclusion of surgery.
Dexmedetomidine is a very useful medication that provides analgesic and anxi-
olytic properties without sedation, allows for use of lower doses of other med-
ications, and can be continued after extubation. This α2-adrenergic agonist may
be started in the operating room or later with a loading dose of 1 µg/kg over 
10 minutes followed by a continuous infusion of 0.2–0.7 mcg/kg/h.55 If early
extubation is contemplated, midazolam is best avoided after CPB is terminated
because it has a half-life of more than 10 hours after surgery.56 

2. Suctioning should be performed only as needed because it can produce endo-
bronchial trauma and a transient bronchoconstrictor response.57

3. Once standard criteria for weaning are met, the patient is weaned from propo-
fol over a short period of time. Most patients awaken within 20 minutes of
termination of a propofol infusion, although it may take several more hours
before they can be extubated.

4. Optimal pain management consists of a continuous infusion of a low-dose nar-
cotic, such as morphine sulfate (0.01–0.02 mg/kg/h), to blunt the sympathetic
response and alleviate pain. Such a protocol avoids the respiratory depression
and pain associated with the peaks and valleys of bolus doses of medication. It
may also be given safely after the patient is extubated. Ketorolac (Toradol) 30 mg
IV can be used for breakthrough pain during the IV morphine  infusion or later
to decrease oral narcotic requirements.58 Its use should be limited to 72 hours,
and it should be avoided in patients with renal dysfunction. Other nonsteroidal
antiinflammatory medications may be administered safely without concerns
about renal dysfunction.59 Some groups administer indomethacin 50 mg PR just
before stopping the propofol infusion and find that few patients require addi-
tional narcotics.60

K. ABGs should be checked if there is a significant change in the patient’s clinical picture
or if noninvasive monitoring (pulse oximetry or end-tidal CO2) suggests a problem.
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A cautious approach is to check the ABGs after 4–6 hours, before initiating wean-
ing, and just before extubation. Once criteria for weaning have been met, the IMV
rate is gradually decreased, and if satisfactory mechanics and ABGs are present, the
patient is extubated (Boxes 10.2 to 10.4).

IV. Basic Concepts of Oxygenation
A. The first of the two primary goals of mechanical ventilation is the achievement of

satisfactory arterial oxygenation. Although this is usually assessed by the arterial Pao2,
it should be remembered that the Pao2 is a measurement of the partial pressure of oxy-
gen dissolved in the bloodstream; it indirectly reflects oxygen saturation of
hemoglobin (Hb) in the blood and does not measure the oxygen content of the blood.

B. Blood oxygen content is determined primarily by the amount of oxygen bound to
Hb (the arterial oxygen saturation or Sao2) and to a minimal extent by that
dissolved in solution (the Pao2). Each gram of Hb can transport 1.39 mL of
oxygen per 100 mL of blood (vol%), whereas each 100 torr of Pao2 transports
0.031 vol%. Thus, correction of anemia does significantly more to improve blood
oxygen content than does raising the level of dissolved oxygen (Pao2) by increas-
ing the Fio2.
1. The oxygen-Hb dissociation curve demonstrates the relationship between Pao2

and O2 saturation (Figure 10.1). The amount of oxygen delivered to tissues
depends on a number of factors that can affect this relationship. A shift to the
left, as noted with hypothermia and alkalosis, indicates more avid binding of
oxygen and less release to the tissues, whereas a shift to the right, noted with
acidosis, improves tissue oxygen delivery.

Figure 10.1  •  Oxygen-hemoglobin dissociation curve. The sigmoid curve delineates the
saturation of hemoglobin at increasing levels of PO2. Note that a PO2 of 65 torr corresponds
to a saturation of 90%. Higher levels of O2 produce only small increments in blood oxygen
content, but a PO2 below this level results in a precipitous fall in O2 saturation. A shift of the
curve to the left, as is noted with alkalosis and hypothermia, increases the affinity of hemo-
globin for oxygen and decreases tissue oxygen delivery. A shift to the right occurs with
acidosis and improves tissue oxygen delivery. 
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2. Note that a Pao2 of 65 torr corresponds to an O2 saturation of 90%, but this lies
at the shoulder of the sigmoid curve. Below this level, a small decrease in Pao2
causes a precipitous fall in O2 saturation. Therefore, although a Pao2 of 60–70
torr is certainly acceptable, there is little margin of safety in the event of a sud-
den change in hematocrit, cardiac output, or ventilator function.

3. The relationship between Pao2 and oxygen saturation also dissociates when
methemoglobinemia is present. This occurs when more than 1% of available Hb
is in an oxidized form and unable to bind oxygen. It has been noted in patients
receiving high-dose IV nitroglycerin (over 10 µg/kg/min for several days), espe-
cially when hepatic or renal dysfunction is present. 61 When methemoglobinemia
is present, the Pao2 may be high but the true O2 saturation measured directly by
oximetry is very low. Thus, ischemia may be exacerbated by undetected hypox-
emia. It should be remembered that the O2 saturation reported back from the
blood gas laboratory is usually calculated from a nomogram based on the Pao2,
pH, and temperature; it is not measured directly.

4. Pulse oximetry is beneficial in measuring O2 saturations continuously when the
PO2 is low, but because it measures several forms of hemoglobin, it will overes-
timate the oxyhemoglobin content when methemoglobinemia is present.

5. The amount of oxygen available to tissues depends not only on the Sao2, pH, and
the blood Hb content but also on the cardiac output. An attempt to improve
oxygen saturation at the expense of a decrease in cardiac output is counterproduc-
tive. This may be noted when increasing levels of PEEP are applied in the hypo-
volemic patient.

C. The Pao2 is generally used to assess the adequacy of oxygenation, but its relation-
ship to the Fio2 should be examined. The Pao2/Fio2 ratio is a reliable predictor of
pulmonary dysfunction and can also be used to assess whether weaning is feasible.62

The calculation of the alveolar-arterial oxygen difference [D(A – a)O2] also takes
the Fio2 into consideration and is a very sensitive index of the efficiency of gas
exchange. This is calculated according to the following equation:

D(A − a)O2 = (Fio2)(713) − Pao2 − Paco2 / 0.8

D. In patients with normal pulmonary function, the Pao2 may be well over 500 torr on
100% oxygen immediately after surgery. The Fio2 should be gradually decreased to
0.40 as tolerated to prevent adsorption atelectasis and oxygen toxicity. However, it
should not be lowered any further even if the Pao2 seems high in order to maintain
a safety margin for oxygenation in the event that hypotension, dysrhythmias, bleed-
ing, or a pneumothorax should suddenly develop.

E. Suboptimal oxygenation is considered to be present when the Pao2 is less than 350
torr or the D(A – a)O2 is greater than 350 on 100% oxygen. A postoperative
Pao2/Fio2 ratio of less than 350 is more likely to be noted in patients with low
preoperative PO2, hypertension, and a history of smoking.62 However, Pao2 values
such as these are not uncommon after open-heart surgery and should not cause
much alarm. However, concern should be raised when the PO2 remains less than 
80 torr with an Fio2 greater than 50%.

F. Some patients with chronic pulmonary disease have a relatively “fixed shunt” with
a Pao2 of 60–70 torr despite a high Fio2 and moderate levels of PEEP. It is best to
avoid an Fio2 greater than 0.5 for more than a few days, if possible, to avoid com-



302 Respiratory Management

plications associated with oxygen toxicity. Keep in mind that a Pao2 of 65 torr
corresponds to an O2 saturation of 90% and is acceptable in these patients.

V. Basic Concepts of Alveolar Ventilation
A. The second goal of mechanical ventilation is that of alveolar ventilation, which regu-

lates the level of Pco2. This is controlled by setting the tidal volume and the respira-
tory rate on the ventilator and should provide a minute ventilation of approximately
8–10 L/min. The level of Pco2 is determined most reliably by the ABGs. Noninvasive
monitoring with end-tidal CO2 gives a reasonably accurate assessment of Paco2,
although the correlation depends on the amount of physiologic dead space.

B. Hypocarbia
1. Mild hypocarbia (Pco2 of 30–35 torr) is quite acceptable in the immediate post-

operative period, especially when the patient is hypothermic. It produces a mild
respiratory alkalosis that:
a. Decreases the patient’s respiratory drive.
b. Allows for increased CO2 production to occur from the increased metabolic

rate associated with warming and shivering without producing respiratory
acidosis. Remember that the metabolic rate is decreased 10% for every degree
below 37oC and most patients return to the ICU from the operating room
with a core temperature around 35–36oC.

c. Compensates for the mild metabolic acidosis that frequently develops from hypo-
perfusion and peripheral vasoconstriction when the patient is still hypothermic.

2. A more profound respiratory alkalosis has potential detrimental effects and must
be avoided.
a. It leads to hypokalemia and may predispose to ventricular arrhythmias.
b. It shifts the oxygen-hemoglobin dissociation curve to the left, decreasing

oxygen release to the tissues.
c. Note: Hypocarbia with a normal pH is masking a metabolic acidosis that may

need to be evaluated and addressed.
3. Management of hypocarbia is best accomplished by lowering the IMV rate. The

amount of dead space in the tubing can also be increased. Adding 10% of the tidal
volume in mL/kg to the tubing will raise the Pco2 approximately 5 torr.
a. Although the addition of PEEP to the ventilator circuit usually prevents

alveolar collapse by maintaining volume in the lungs above the critical closing
volume, alveolar hypoventilation and atelectasis are best prevented by main-
taining an adequate tidal volume of 8–10 mL/kg. The tidal volume can be low-
ered but usually should be decreased only if peak inspiratory pressures are
excessively high (over 35–40 cm H2O).

b. Occasionally, hypocarbia may develop in a patient who is “fighting the venti-
lator” with repeated triggering. These patients seem unable to breathe in syn-
chrony with delivered breaths. This may be noted in patients with hypoxia,
mental confusion or delirium, anxiety, or inadequate sedation. Some patients
become very agitated when spontaneous breaths are initiated against high
levels of PEEP.
i. It is important to assess the adequacy of ventilation and oxygenation first.

ii. If these are satisfactory, additional sedation and/or paralysis should be used to
minimize the patient’s respiratory drive. Full ventilation is then resumed in
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the controlled mandatory ventilation (CMV) mode. PEEP levels should be
decreased to 5 cm H2O or less if Pao2 permits.

iii. Pressure support ventilation (PSV) (see page 326) increases the comfort 
of the spontaneously breathing patient and may reduce the work of
breathing.

C. Hypercarbia
1. Hypercarbia indicates that the minute ventilation provided by the ventilator is

inadequate to meet ventilatory demands. Adjustment of ventilator settings must
accommodate the progressive increase in Pco2 that occurs during the early post-
operative period as the metabolic rate increases from warming and postanesthetic
shivering. During the weaning process, a slightly elevated Pco2 in the range of
48–50 torr is usually acceptable, since the patient is still somewhat sedated.
Higher levels of Pco2 usually mean that the patient is not awake enough to main-
tain adequate ventilation.

2. A lower tidal volume may be requested by the surgeon to minimize tension on a
short ITA pedicle. In these patients, it is preferable to increase the IMV rate
rather than the tidal volume to compensate for an elevated Pco2.

3. During weaning from mechanical ventilation, hypercarbia may represent compen-
satory hypoventilation in response to a metabolic alkalosis. This frequently results
from aggressive diuresis in the early postoperative period. Use of acetazolamide
(Diamox) 250–500 mg IV q8–12h in conjunction with other diuretics is beneficial
in correcting a primary metabolic alkalosis. However, the metabolic component
should only be partially corrected in patients with chronic CO2 retention.

4. Manifestations of significant hypercarbia and respiratory acidosis include:
a. Tachycardia 
b. Hypertension 
c. Arrhythmias 
d. Increasing PA pressures

5. Treatment
a. Moderate hypercarbia in the fully ventilated patient is corrected by increasing

either the respiratory rate or tidal volume, as long as the peak inspiratory
pressure is less than 40 cm H2O.

b. Significant hypercarbia usually indicates a mechanical problem such as venti-
lator malfunction, endotracheal tube malposition, or a pneumothorax. The
latter may still be present even when bilateral breath sounds seem to be heard
above all the other extraneous noises of the ICU setting. Temporary handbag
ventilation, adjustment of ventilator settings, repositioning of the endotracheal
tube, or insertion of a chest tube will usually resolve the problem.

c. Sedation can be obtained with short-acting narcotics or other sedatives. These
include:

i. Propofol 25–75 µg/kg/min
ii. Morphine sulfate 2.5–5 mg IV q1–2h 

iii. Midazolam 2.5–5.0 mg IV q1h or 2 mg/h as a continuous infusion. This
can reduce the total narcotic requirement but will delay extubation.

iv. Fentanyl drip can be used when a more prolonged period of sedation is
indicated. The usual dosage is a 50–100 µg IV bolus over 5 minutes
followed by a drip of 50–200 µg/h of a 2.5 mg/250 mL mix.
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d. Shivering is best controlled using meperidine 25–50 mg IV.63 More persistent
and refractory shivering that is deleterious to hemodynamics may need to be
controlled with pharmacologic paralysis. It is important never to paralyze an
awake patient without also administering sedation. Paralytic agents, includ-
ing pancuronium, vecuronium, or atracurium, can be used if meperidine fails
to control the shivering (see Appendix 7 for dosages).

6. If the patient becomes hypercarbic because of “fighting the ventilator” and is
receiving inadequate tidal volumes, the steps noted above (sedation and conver-
sion to PSV) will allow for improved ventilation.

7. The persistence of hypercarbia despite standard therapeutic measures usually
indicates significant ventilatory failure. This will be discussed later in this
chapter.

VI. Considerations to Achieve Early Extubation
A. Although an initial period of sedation is usually beneficial to allow for evaluation of

bleeding, the achievement of hemodynamic stability, and warming to normother-
mia, early extubation soon thereafter is preferable for most patients. This improves
hemodynamic performance, decreases pulmonary complications, requires less medi-
cation, and allows for more rapid mobilization and a faster recovery.64 Virtually all
studies have demonstrated the safety and efficacy of early extubation, with
documentation of decreased length of stay and hospital costs.1–9 The important
concept is that this should represent “early” extubation once certain criteria are met;
it should never represent “premature” extubation, when discontinuation of mechan-
ical ventilation may prove deleterious to the patient’s recovery. The advantages of
extubation in the operating room or within the first few hours have not been
defined, but in high likelihood they do not reduce the length of stay in the ICU or
the overall hospital stay.65–67

B. The potential disadvantages of early extubation must always be taken into consid-
eration. These include:
1. Increased sympathetic tone causing tachycardia and hypertension that can

adversely affect myocardial recovery and can contribute to myocardial ischemia
during the first 4–6 hours in the ICU.68

2. Increased risk of bleeding if hypertension develops.
3. More chest pain and splinting if less analgesia is given; this may cause hypoven-

tilation and atelectasis, potentially contributing to oxygen desaturation and the
necessity for reintubation.

4. Compromise of ventilatory status if there is significant fluid overload.
C. The selection of patients for early extubation should not be overly restrictive, but

it does depend on an understanding of potential risk factors for pulmonary dys-
function and delayed extubation. Some of these factors can be modified or influ-
enced by therapeutic measures, whereas others cannot. The Society of Thoracic
Surgeons has developed a risk model for predicting prolonged ventilation beyond
48 hours.17 In addition, numerous publications have identified risk factors that
increase respiratory morbidity and increase the duration of ventilation.18–31 All of
these factors must be taken into consideration when deciding whether early extu-
bation is feasible or whether more prolonged support will be in the patient’s best
interest.
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1. Preoperative factors: older patient age, females, lower body surface area, preex-
isting impairment of cardiac (New York Heart Association [NYHA] class IV/
congestive heart failure [CHF], poor LV function, shock), respiratory (smoking,
COPD) and renal subsystems (elevated creatinine), obesity, urgent or emergent
surgery with hemodynamic instability.

2. Intraoperative factors: reoperations, long durations of CPB, requirement for
multiple blood products, significant fluid administration, elevated blood glucose
on CPB, poor hemodynamic performance requiring inotropes or IABP support,
perioperative myocardial infarction.

3. Postoperative factors: excessive mediastinal bleeding, use of multiple blood
products, reexploration for bleeding, sepsis, pneumonia, renal dysfunction, stroke
or depressed level of consciousness, gastrointestinal bleeding.

D. In general, the pharmacologic protocol for postoperative sedation should be similar
for most patients, although more liberal use of longer-acting medications (such as
morphine, fentanyl, or midazolam) can be considered in patients at very high risk
for requiring prolonged ventilation (Table 10.1). Use of standard protocols and
criteria for weaning should allow for extubation when clinically indicated, even if it
takes a little longer than desired. The duration of intubation should not be based on
risk factors alone or dictated by a rigid time schedule. Of interest, since smoking is
a significant risk factor for postoperative morbidity, one study showed that it is
advantageous to extubate smokers earlier rather than later to reduce the risk of
respiratory morbidity.69

VII. Therapeutic Interventions to Optimize Postoperative
Respiratory Performance
A. Recognition of risk factors for pulmonary dysfunction can direct attention to

potential therapeutic steps to optimize postoperative performance. The manage-
ment of modifiable factors, performance of a proficient operation, and aggressive

Preoperative Criteria Intraoperative Criteria Postoperative Criteria

Pulmonary edema Deep hypothermic Mediastinal bleeding
circulatory arrest

Intubated Coagulopathy Hemodynamic
instability/need
for an IABP

Cardiogenic shock Severe myocardial Respiratory
dysfunction failure/hypoxia

Sepsis Long pump run > 4–6 h Stroke

Table 10.1  •  Exclusionary Criteria for Early Extubation
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postoperative management of all subsystems are essential to achieve early extuba-
tion and minimize the risk of postoperative respiratory failure.

B. Preoperative considerations
1. Attempt to convince the patient to stop cigarette smoking at least one month

prior to surgery.
2. Treat all active cardiopulmonary disease processes, such as pneumonia, bron-

chospasm, and CHF, to optimize oxygenation and ventilatory status.
3. Transfuse patients to a hematocrit greater than 30% prior to surgery to mini-

mize the degree of hemodilution during surgery and the requirement for blood
and blood components.

4. Optimize hemodynamic performance and renal function as well as possible
prior to surgery.

C. Intraoperative considerations
1. Modify the CPB circuit to minimize the inflammatory response, hemodilution,

and bleeding: use membrane oxygenators, centrifugal pumps, and heparin-coated
circuits; consider retrograde autologous priming and use of leukocyte-depleting
filters.70,71

2. Minimize fluid administration during CPB or off-pump surgery.
3. Use aprotinin selectively to decrease the inflammatory response and minimize

perioperative bleeding.72

4. Perform an expeditious, technically proficient operation with excellent
myocardial protection to achieve complete revascularization or satisfactory
valve function with fastidious attention to hemostasis.

5. Use inotropic support or an IABP as necessary to achieve satisfactory hemo-
dynamic performance (cardiac index > 2 L/min/m2) and avoid excessively high
filling pressures.

6. Consider use of steroids (methylprednisolone or dexamethasone) to decrease
the inflammatory response.73–75

7. Control blood glucose on CPB with intravenous insulin (keep blood sugar 
< 180 mg/dL).

8. Consider ventilating the lungs during bypass (shown to improve postpump
oxygenation).76,77

9. Use fenoldopam for patients with renal dysfunction (creatinine > 1.5 mg/dL)
to optimize renal function during CPB.78,79

10. Consider hemofiltration to remove fluid in patients with preoperative CHF or
with renal dysfunction and to remove inflammatory mediators.80

11. Use short-acting narcotics and propofol for sedation to allow for early
extubation.

D. Postoperative considerations
1. Initiate aggressive management of postoperative bleeding with low threshold

for reexploration to minimize use of blood products.
2. Administer volume judiciously to optimize hemodynamics; then use aggressive

diuresis once hemodynamics have stabilized to eliminate extravascular lung
water.
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3. Initiate hyperglycemia protocol to reduce risk of sternal wound infection81 (see
Appendix 6).

4. Select medications to provide short-acting anxiolysis and sedation (propofol)
that allow the patient to awaken within hours of its discontinuation.

5. Provide adequate analgesia without producing respiratory depression (continu-
ous IV morphine, nonsteroidal antiinflammatory drugs).

6. Use antihypertensive medications, rather than sedatives, to control hyper-
tension.

7. Have a higher threshold for blood transfusions (hematocrit in the low 20s),
except in elderly patients or those with hypotension, tachycardia, or oxygena-
tion issues in whom a higher hematocrit may be beneficial.

VIII. Ventilatory Weaning and Extubation in the Immediate
Postoperative Period
A. Criteria for weaning (see Box 10.2). Weaning a patient from the ventilator

depends on the ability and desire of the nursing and medical staffs to identify
when the patient is ready to be weaned and their willingness to initiate weaning

Box 10.2  •  Criteria for Weaning  from Mechanical Ventilation

I. Initial Postoperative Period
1. Awake with stimulation

2. Adequate reversal of neuromuscular blockade

3. Chest tube drainage < 50 mL/h

4. Core temperature > 35.5oC

5. Hemodynamic stability

a. Cardiac index > 2.2 L/min/m2

b. Blood pressure stable at 100–120 systolic on/off medications
c. Heart rate < 120/min
d. No arrhythmias

6. Satisfactory ABGs on full ventilation

a. PaO2/FIO2 > 150 (PO2 > 75 torr on FIO2 of 0.5)
b. PaCO2 < 50 torr
c. pH 7.30–7.50

II. Prolonged Ventilation
1. Underlying disease process has resolved

2. Awake, oriented with adequate mental alertness to initiate an inspiratory effort

3. Hemodynamic stability on no vasoactive drugs

4. Hemoglobin and metabolic status are optimized

5. Satisfactory ABGs as above (many studies recommend PaO2/FIO2 > 200) with
respiratory rate < 35/min

6. Rapid shallow breathing index < 100
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when indicated, no matter what time of the day or night, not when it is conven-
ient to do so. The criteria include:
1. Patient awake with stimulation
2. Chest tube drainage < 50 mL/h
3. Hemodynamic stability

a. Cardiac index > 2.2 L/min/m2 on minimal inotropic support
b. Blood pressure stable at 100–140 mm Hg systolic on/off medications
c. No arrhythmias

4. Core temperature > 35.5oC
5. Evidence of reversal of neuromuscular blockade 
6. Satisfactory oxygenation (Pao2 > 75 torr with an Fio2 ≤ 0.5 and 5 cm of

PEEP) and ventilation (Pco2 < 50 torr)

B. Method of weaning after short-term ventilation
1. Minimize sedation.
2. Maintain the Fio2 at 0.5 or below with a PEEP of no more than 5–7.5 cm

H2O. If the patient still requires a higher level of PEEP, weaning is usually not
indicated. If oxygenation is satisfactory, lower the PEEP in 2.5–5 cm H2O
intervals to 5 cm H2O and initiate weaning.

3. Weaning is usually accomplished in the SIMV mode. The IMV rate is reduced
by two breaths every 30 minutes with observation of the Sao2. If the ABGs
and respiratory mechanics are acceptable after a 30–60 minute spontaneous
breathing trial (SBT) on either T-piece or continuous positive airway pressure
(CPAP) of 5 cm H2O (see extubation criteria below), the endotracheal tube is
removed.82

4. Weaning should be stopped and ventilation resumed at a higher rate when
there are clinical signs that it is not being tolerated. These signs are noted in
Box 10.3.

5. Note: A rise in PA pressures is often the first hemodynamic abnormality noted
in the patient who is not tolerating weaning very well. Tachypnea is the first
clinical sign of ineffective weaning.

Box 10.3  •  Failure Criteria During Weaning from the Ventilator

1. Somnolence, agitation, or diaphoresis

2. Systolic blood pressure increases by more than 20/min or to over 160/min

3. Heart rate changes by more than 20% in either direction or to over 140

4. Acute need for vasoactive medications

5. Arrhythmias develop or become more frequent

6. Respiratory rate increases more than 10 breaths/min or to over 35/min for 5 minutes

7. PaO2 falls to less than 60 torr on FIO2 of 0.5 or SaO2 falls to less than 90%

8. PCO2 rises above 50 torr with respiratory acidosis (pH < 7.30)
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Box 10.4  •  Extubation Criteria

I. Initial Postoperative Period

1. Awake without stimulation

2. Acceptable respiratory mechanics

a. Negative inspiratory force > 25 cm H2O
b. Tidal volume > 5 mL/kg 
c. Vital capacity > 10–15 mL/kg
d. Spontaneous respiratory rate < 24/min

3. Acceptable arterial blood gases on 5 cm or less of CPAP or PSV

a. PaO2 > 70 torr on FIO2 of 0.5 or less
b. PaCO2 < 48 torr
c. pH 7.32–7.45

II. Prolonged Ventilation

1. Comfortable breathing pattern without diaphoresis, agitation or anxiety;
respiratory rate < 35/min 

2. Adequate mental status to protect the airway, initiate a cough, and raise
secretions

3. Hemodynamic tolerance of the weaning process as delineated in Box 10.3

4. Respiratory mechanics and ABGs as above

5. A cuff leak > 110 mL with the cuff deflated

C. Extubation criteria (see Box 10.4) include the weaning criteria listed above, as
well as:
1. Patient awake without stimulation
2. Acceptable respiratory mechanics

a. Vital capacity > 10–15 mL/kg
b. Negative inspiratory force > 25 cm H2O
c. Spontaneous respiratory rate < 24/min 
d. Rapid shallow breathing index (respiratory rate/tidal volume in liters) < 100

3. Acceptable ABGs on 5 cm or less of CPAP
a. Pao2 > 70 torr on an FIO2 less than 0.5 
b. Pco2 < 48 torr
c. pH 7.32–7.45

D. Extubation may be accomplished from CPAP or T-piece. Although oxygena-
tion may be slightly better during a CPAP than a T-piece trial, postextubation
oxygenation is frequently better in patients weaned with T-piece because the Pao2
declines less than in patients who were extubated from CPAP.83,84

E. Additional considerations
1. Some patients get very agitated when sedatives are weaned. Even though

adequate ABGs may be maintained, agitated patients are frequently given
more sedation throughout the night with another attempt at weaning in the
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morning. Gradual weaning from sedation, communication from the nurses,
and then a very rapid wean to CPAP and extubation is often the best course
for these patients.

2. If the patient was very difficult to intubate in the operating room, it is essential to
ensure that the ABGs and respiratory mechanics are satisfactory before extuba-
tion. Early extubation in the middle of the night should be performed cautiously
in these patients. An individual experienced in difficult intubations should be
present. A flexible laryngoscope or bronchoscope should also be available.

3. Elderly patients and those with more advanced cardiac disease or hepatic dys-
function often take longer to awaken from anesthesia even if sedatives are not
administered. This may reflect slow metabolism of medications administered
intraoperatively or may occasionally represent transient obtundation from bor-
derline cerebral hypoperfusion during surgery or other causes. It is important
to resist the temptation to reverse narcotic effect with naloxone. This medica-
tion can precipitate severe pain, anxiety, hypertension, dysrhythmias, and
bleeding, and may result in recurrent respiratory depression when its effects
have worn off. Similarly, flumazenil to reverse benzodiazepines should be
avoided early in the postoperative period.

4. However, if a patient fails to awaken after 24–36 hours and the question arises
as to whether this represents a stroke, encephalopathy, or simply residual seda-
tion, one might consider the cautious use of a reversal agent to sort out the
nature of the problem. Naloxone (Narcan) may be given in 0.1–0.2 mg IV
increments every 3 minutes. Flumazenil is given in a dose of 0.2 mg IV over
30 seconds, followed by doses of 0.3 mg, then 0.5 mg every 30 seconds, if nec-
essary, to a maximum of 3 mg in one hour.

5. Many patients, especially those who have received supplemental narcotics,
demonstrate excellent respiratory mechanics when stimulated, but then drift
off to sleep and become apneic. Constricted pupils may be noted in patients
with persistent narcotic effect. These patients are not yet ready for weaning and
extubation. Do not confuse comfortable breathing with persistent narcotic or
sedative effect.

IX. Postextubation Respiratory Care (Box 10.5)
A. After extubation, the patient’s breathing pattern, Sao2, and hemodynamics must 

be observed carefully. Occasionally, especially in patients who were difficult to
intubate, laryngeal stridor may be prominent and may require use of racemic
epinephrine, steroids (dexamethasone 4 mg IV), or even reintubation. Failure to
demonstrate a “cuff leak” during positive-pressure ventilation when the cuff is
deflated usually indicates laryngotracheal edema, which may cause upper airway
obstruction after extubation. This phenomenon is uncommon after short-term
intubation but may be noted after several days of mechanical ventilation.

B. Because the median sternotomy incision is associated with moderate discomfort and
decreased chest wall compliance, patients tend to splint, take shallow breaths, and
cough poorly. Oxygenation may be compromised by fluid overload and atelectasis
from poor inspiratory effort. It is advisable to supply 40–70% humidified oxygen by
face mask for a few days. If the patient has borderline oxygenation, use of a BiPAP
mask often proves beneficial in improving oxygenation and avoiding reintubation.85
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BiPAP noninvasive ventilation has been demonstrated to be superior to incentive
spirometry in improving oxygenation in the first few postoperative days.86 It has also
been shown to prevent the increase in extravascular lung water associated with the
weaning process that is noted in patients placed on nasal cannula after extubation.87

Mask CPAP may be sufficient if pulmonary edema is the primary cause of respira-
tory distress.85

C. Upon transfer to the floor, most patients benefit from the use of supplemental
oxygen with nasal cannula for a few days. Monitoring of Sao2 by pulse oximetry is
helpful in patients with borderline oxygenation, especially during ambulation.

D. Although swallowing difficulties are uncommon in patients who are intubated for
less than 48 hours, such problems are not uncommon with longer durations of intu-
bation. Careful attention must be paid to the patient’s initial oral intake to observe for
potential aspiration. Patients who require longer periods of intubation frequently
require a full swallowing evaluation before initiating oral intake. 88,89

E. Once the patient is hemodynamically stable and no longer needs volume adminis-
tration to maintain intravascular volume, aggressive diuresis with intravenous
furosemide, either as intermittent bolus doses or a continuous infusion, should be
initiated to eliminate excess extravascular lung water. Diuretics are continued until
the patient has reached his or her preoperative weight and can be weaned from
nasal cannula with an acceptable Sao2 (> 90% on room air).

F. The patient should be mobilized and encouraged to cough and take deep breaths.90

An incentive spirometer is very beneficial in maintaining the FRC and preventing
atelectasis, although objective evidence of its efficacy in preventing postoperative
pulmonary complications is fairly weak.91 In fact, one study showed that the same
benefit could be derived from taking 30 deep breaths without mechanical assistance
as from use of a blow bottle device or inspiratory resistance positive expiratory
pressure mask.92 A “cough pillow” should be used to brace the chest during deep
breathing and coughing to minimize discomfort and splinting. Chest physical

Box 10.5  •  Postextubation Respiratory Care

1. Pulse oximetry

2. Face mask, nasal cannula, or BiPAP mask to achieve SaO2 > 90%

3. Adequate analgesia (morphine, ketorolac)

4. Chest x-ray after pleural tubes are removed

5. Incentive spirometer/deep breaths q1–2h; use cough pillow

6. Mobilization as soon as possible; frequent repositioning in bed

7. Antiembolism stockings for DVT prophylaxis; consider Venodyne boots or SC
heparin if high-risk

8. Aggressive diuresis once hemodynamically stable

9. Bronchodilators for bronchospasm (consider steroids if severe COPD)

10. Antibiotics for a positive sputum culture
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therapy usually is not indicated but may be helpful in patients with significant
underlying lung disease, borderline pulmonary function, or copious secretions.
Albuterol administered via nebulizer is frequently beneficial.

G. Satisfactory narcotic analgesia is very helpful in improving the patient’s respiratory
effort. Initially, continuous or intermittent intravenous morphine infusions may be
used with conversion to patient-controlled analgesia pumps for 1–2 days for
patients having significant pain. Use of ketorolac after extubation is very effective
in reducing or eliminating the narcotic requirement in patients with moderate to
severe pain for the first few days.

H. Antiembolism stockings should be used routinely for patients after surgery to
reduce the risk of deep venous thrombosis and pulmonary embolism. Mobilization
is probably more important in reducing this risk. If the patient remains in the ICU
and is sedated or poorly mobilized, graded compression devices, such as the
Venodyne system, should be used. Subcutaneous heparin 5000 units SC bid may
prove of benefit in patients considered at high risk for deep venous thrombosis, but
must be used cautiously to minimize the risk of delayed tamponade.93,94

X. Acute Respiratory Insufficiency/Short-Term 
Ventilatory Support
A. Prolonged mechanical ventilation beyond 48 hours is necessary in about 5% of

patients undergoing open-heart surgery. It may be provided while hemodynamic
issues or transient pleuropulmonary insults, such as pulmonary edema, are being
treated.95 It may also be indicated for patients without intrinsic pulmonary problems
who are sedated, obtunded, or have sustained neurologic insults. These patients may
have adequate gas exchange but need an endotracheal tube for airway protection.

B. Acute respiratory insufficiency characterized by inadequate oxygenation (PO2 < 60 torr
on 0.5 Fio2) or ventilation (Pco2 > 50 torr) during mechanical ventilatory support
occurs in about 1% of patients undergoing surgery on CPB. This usually results from
a severe perioperative cardiopulmonary insult (usually hypotension, shock, or sepsis)
that is often superimposed on preexisting lung disease. Predisposing factors to this
problem include advanced age, significant COPD, active smoking history, depressed
LV function and clinical CHF, obesity, and diabetes.96,97 Overly vigorous fluid
administration, both intraoperatively and postoperatively in hemodynamically unsta-
ble patients, is a common cause of poor oxygenation.

C. “Acute lung injury” with poor oxygenation has been defined as a Pao2/Fio2 ratio 
< 300, the extreme of which is the acute respiratory distress syndrome (ARDS),
defined as a Pao2/Fio2 ratio < 200.43,98 This is a very serious problem that may lead
to multisystem organ failure and carries a mortality rate exceeding 50%. This should
be differentiated from the transient poor oxygenation related to lung edema (often
with ratios < 200) that can be readily managed with diuretics and not associated with
a high mortality rate. Acute lung injury may progress to a more chronic phase of
ventilator dependence and will be discussed in the next section on chronic respiratory
insufficiency/ventilator dependence.

D. Etiology. During the first 48 hours, oxygenation problems predominate and can
produce tissue hypoxia. Inadequate ventilation (hypercapnia) at this time is usually
the result of a mechanical problem.
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1. Inadequate O2 delivery and ventilation (mechanical problems) 
a. Ventilator malfunction
b. Improper ventilator settings: low Fio2, tidal volume, or respiratory rate
c. Endotracheal tube problems: cuff leak, incorrect endotracheal tube placement

(larynx, mainstem bronchus, esophagus), kinking or occlusion of the tube 
2. Low cardiac output states leading to mixed venous desaturation, venous admix-

ture, and hypoxemia 
3. Pulmonary problems

a. Atelectasis or lobar collapse
b. Pulmonary edema

i. Cardiogenic from fluid overload and/or LV dysfunction, hemodilution on
pump with reduced colloid oncotic pressure.99

ii. Noncardiogenic from pulmonary endothelial injury with increased
microvascular permeability. This may be related to activation of comple-
ment, neutrophils, or release of other inflammatory mediators associated
with extracorporeal circulation. This problem is more prominent as the
duration of bypass lengthens and is more common in patients receiving
multiple blood transfusions.100

c. Pneumonia
d. Intrinsic pulmonary disease (COPD), bronchospasm, or air trapping
e. Blood transfusions: microembolization, transfusion of proinflammatory mediators

4. Intrapleural problems
a. Pneumothorax 
b. Hemothorax or pleural effusion 

5. Metabolic problems: shivering leading to increased peripheral oxygen extraction 
6. Pharmacologic causes: drugs that inhibit hypoxic pulmonary vasoconstriction

(nitroglycerin, nitroprusside, calcium channel blockers, ACE inhibitors)101

E. The acute development of shortness of breath or an abrupt change in ABGs after an
uneventful early postoperative course should raise suspicion of the following
problems:
1. Pneumothorax, possibly tension
2. Atelectasis or lobar collapse from poor inspiratory effort or mucous plugging
3. Aspiration pneumonia
4. Cardiac tamponade
5. Acute pulmonary edema (from ischemia, LV dysfunction, or undetected renal

insufficiency)
6. Pulmonary embolism

F. Manifestations
1. Tachypnea (rate > 30 breaths/min) with shallow breaths
2. Paradoxical inward movement of the abdomen during inspiration (“abdominal

paradox”)
3. Agitation, diaphoresis, obtundation, or mental status changes
4. Tachycardia or bradycardia 
5. Arrhythmias 
6. Hypertension or hypotension 
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G. Assessment and management of acute respiratory insufficiency during mechanical
ventilation (Box 10.6)
1. Examine the patient: auscultate for bilateral breath sounds and listen over the

stomach to make sure the tube has not slipped into the larynx or been placed in
the esophagus.

2. Increase the Fio2 to 1.0 until the causative factors have been identified. Manually
ventilate with a resuscitation bag (Ambu) if ventilator malfunction is suspect-
ed. This not only provides ventilation but also permits an assessment of pul-
monary compliance. Note: Make sure the gas line on the bag is attached to the
oxygen (green) and not the room air (yellow) connector and that the gas has been
turned on.

3. Ensure adequate alveolar ventilation
a. Check ventilator function and settings. Optimize the following:

i. Tidal volume
ii. Ventilator trigger sensitivity

iii. Inspiratory flow rate; patients with COPD may have significant air trap-
ping that produces an autoPEEP effect; increasing the inspiratory flow
rate decreases the inspiration/expiration ratio, allowing more time to
exhale the delivered breath; this can also be accomplished by decreasing
the respiratory rate.

b. Obtain a chest x-ray looking for any of the potential etiologic factors listed
above; specifically note any mechanical problems that can be corrected by
simple repositioning of the endotracheal tube or chest tube insertion.

Box 10.6  •  Management of Acute Ventilatory Insufficiency

1. Examine patient, ventilator settings and function, ABGs, and chest x-ray

2. Hand ventilate with 100% oxygen; increase FIO2 on ventilator until problem 
is sorted out

3. Ensure alveolar ventilation by correcting mechanical problems (adjust ventilator,
reposition endotracheal tube, insert chest tube)

4. Assess and optimize hemodynamics

5. Add PEEP in 2.5- to 5-cm H2O increments while decreasing FIO2 to 0.5 or less; 
serially evaluate cardiac output at higher levels of PEEP to ensure optimal systemic
oxygen delivery

6. Consider sedation or paralysis if patient–ventilator dyssynchrony

7. Treat identifiable pr1oblems:

a. Diuretics for pulmonary edema
b. Antibiotics for pneumonia
c. Bronchodilators for bronchospasm
d. Transfusion for low hematocrit (< 26%)

8. Institute chest physiotherapy

9. Begin nutritional supplementation
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c. Repeat the ABGs.
d. Note: An acute increase in peak inspiratory pressure may signify the develop-

ment of a pneumothorax, although it can also result from severe bronchospasm,
flash pulmonary edema, mainstem intubation, or an obstructed airway (copi-
ous secretions, the patient biting the endotracheal tube).

4. Assess and optimize hemodynamic status. A Swan-Ganz pulmonary artery
catheter should be inserted to assess the patient’s fluid status and cardiac output.
A low cardiac output reduces oxygen delivery, lowers the mixed venous oxygen
saturation, and increases venous admixture, further decreasing the Pao2.
Inotropic support or diuresis may be indicated. An echocardiogram may be
helpful in identifying a contributory problem, such as significant LV or RV
dysfunction, cardiac tamponade, mitral regurgitation, or a recurrent ventricular
septal defect.

5. Add PEEP to the respiratory circuit to improve oxygenation and to allow
weaning of the Fio2 to less than 0.5. An Fio2 of greater than 0.5 improves Pao2
to a very minimal extent if the intrapulmonary shunt exceeds 20%. This is true
because it is not possible to oxygenate perfused but nonventilated alveoli to elim-
inate venous admixture. Furthermore, maintenance of an Fio2 exceeding 0.5 for
several days can produce alveolar-capillary damage, alveolar collapse, and stiff,
noncompliant lungs (so-called “oxygen toxicity”).
a. PEEP recruits previously closed alveoli to increase the surface area for oxygen

exchange, thus increasing the FRC and preventing early airway closure. PEEP
decreases intrapulmonary shunting by causing a redistribution of lung water
from the alveoli to the perivascular interstitial space, although it does not
decrease extravascular lung water content.

b. A baseline level of 5 cm H2O of PEEP is usually added to the circuit for all
patients admitted to the ICU. This substitutes for the loss of the “physiologic
PEEP” of normal breathing caused by the endotracheal tube. This level of
PEEP is well tolerated by the heart but probably does little to improve
oxygenation.50 Thus, PEEP should be added in increments of 2.5–5 cm H2O
to a level of 10 cm H2O or greater to improve oxygenation.

c. Caution must be exercised when using high levels of PEEP because it creates
high positive airway and intrathoracic pressures. This may compromise hemo-
dynamic performance, thus impairing oxygen transport and tissue oxygena-
tion. The optimal level of PEEP can be determined by observation of the
arterial waveform and serial assessments of cardiac function. Improving oxy-
genation with PEEP while depressing the cardiac output is counterproductive
because a low cardiac output not only reduces oxygen delivery but also lowers
the mixed venous oxygen saturation, increasing venous admixture and further
decreasing the Pao2.

i. PEEP decreases venous return and increases pulmonary vascular resistance
(PVR) and RV afterload, resulting in depressed RV output in the presence
of hypovolemia. The decrease in right-sided filling reduces LV end-
diastolic volume and cardiac output. Volume infusion is necessary to coun-
teract this effect before increasing the level of PEEP.

ii. In patients with intrinsic pulmonary disease and especially ARDS, the
PVR may be elevated. Increasing levels of PEEP may produce RV failure
and dilatation, shifting the interventricular septum and compromising
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filling and compliance of the left ventricle. In these patients, volume infu-
sion must be given cautiously.

iii. Adding high levels of PEEP to patients with severe COPD may cause
overdistention of alveoli that are highly compliant and poorly perfused,
resulting in increased V/Q shunting and producing endothelial damage
and progressive hypoxia.

d. High levels of PEEP can result in “barotrauma” (pneumothorax, pneumome-
diastinum), which can compromise ventilation and produce acute hemody-
namic embarrassment. Barotrauma is caused by alveolar overdistention and is
attributable more directly to the severity of the underlying lung disease than
to the peak airway pressure.102 Nonetheless, modes of ventilation that provide
lower tidal volumes have been used in patients with ARDS to improve oxy-
genation.103

e. Note: Care must be exercised when suctioning a patient on high levels of
PEEP. Oxygenation can become very marginal when PEEP has been tem-
porarily discontinued. A PEEP valve should be used during manual ventilation
if the patient’s oxygenation is dependent on PEEP.

f. The interpretation of pressure tracings from a pulmonary artery catheter is
influenced by PEEP. The measured CVP, PA, and left atrial pressures are ele-
vated, but transmural filling pressures, which determine the gradient for venous
return, are decreased because pressure is transmitted through the lungs to the
pleural space. A general rule is that the true pulmonary capillary wedge pres-
sure (PCWP) is equal to the measured pressure minus half of the PEEP level
at end-expiration. In situations in which the alveolar pressure exceeds that in
the pulmonary vessels (e.g., during hypovolemia), the PCWP will reflect the
intraalveolar pressure and not the left atrial pressure. If ventilation is discon-
tinued to obtain PA pressure measurements in the hypovolemic patient, hypox-
emia may develop and persist for up to one hour.104

6. Sedation with/without paralysis often improves gas exchange by improving the
efficiency of ventilation. It can relax the diaphragm and chest wall and reduce the
energy expenditure or “oxygen cost” of breathing.

7. Additional supportive measures
a. Diuresis (usually with IV furosemide) usually improves oxygenation in the

early postoperative period when pulmonary interstitial edema may impair gas
exchange. Depending on the patient’s hemodynamic stability and renal func-
tion, a continuous infusion of IV furosemide (10–20 mg/h) can be used to pro-
mote a steady diuresis.

b. The patient’s chest x-ray should be reviewed and cultures obtained of pul-
monary secretions. Indiscriminate use of antibiotics should be discouraged, but
broad-spectrum antibiotics can be initiated if there is suspicion of an infectious
component to the patient’s borderline pulmonary function. The antibiotics
should then be modified depending on culture sensitivities.

c. Bronchodilators, such as albuterol, are useful for patients with increased air-
way resistance that may be compromising their ventilatory or hemodynamic
status. Steroids may be useful for patients with severe COPD (see page 330).

d. Patients with intrinsic lung disease or postoperative respiratory failure are
more predisposed to the development of atrial and ventricular arrhythmias,
which can compromise hemodynamic performance. Although amiodarone has
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seen increasing acceptance as a first-line drug for a variety of arrhythmias, it
has been reported to cause severe oxygenation problems even when used on a
short-term basis.105,106 An alternative medication might be considered in
patients with significant respiratory issues.

e. Blood transfusions can be given to treat anemia if the hematocrit is less than
26–28% and may improve tissue oxygenation. Despite the intuitive logic that
blood transfusions should improve blood oxygen content, improve tissue oxy-
gen delivery, and potentially reduce the duration of mechanical ventilation,
numerous studies have demonstrated little benefit, and even a detriment, to a
liberal transfusion policy.107,108 Transfused red cells do not have good oxygen-
carrying capacity, they transmit proinflammatory mediators that can worsen
pulmonary function, and they are immunosuppressive, increasing the risk of
nosocomial infection.

f. Bronchoscopy may be beneficial when postural drainage and suctioning fail to
resolve atelectasis because of the presence of tenacious secretions.

8. Methods of mechanical ventilation for patients requiring prolonged ventilatory
support are discussed in section XII.

XI. Chronic Respiratory Failure/Ventilator Dependence
A. Etiology. The inability to wean the patient from the ventilator within a few days

after surgery may be caused by problems that impair oxygenation (“hypoxemic res-
piratory failure)” and/or produce primary ventilatory insufficiency (“hypercapneic
respiratory failure”). Although many patients can be weaned after a few days of
additional ventilatory support once contributing factors have been addressed, a few
will progress to a phase of ventilator dependence.17,109 The mortality rate associated
with the need for prolonged ventilation over 5 days is approximately 25% and com-
monly results from multiorgan system failure.110

1. Hypoxia. The persistence of oxygenation problems beyond 48 hours usually
indicates severe hemodynamic compromise or an acute parenchymal lung prob-
lem. These are frequently superimposed on preexisting problems, such as preop-
erative acute pulmonary edema, pulmonary hypertension, or COPD. The pri-
mary causes of hypoxemia are:
a. Hemodynamic instability, especially a low cardiac output state that requires

multiple pressors. This increases the oxygen cost of breathing and can pro-
duce both hypoxemia and hypercarbia.

b. Parenchymal problems
i. Interstitial pulmonary edema, either noncardiogenic (capillary leak or

sepsis) or cardiogenic (CHF)
ii. Pneumonia

iii. Lower airway obstruction (bronchitis, secretions, bronchospasm) often
associated with COPD

2. ARDS represents a nonspecific diffuse acute lung injury with inflammation of
the lung parenchyma. It is associated with noncardiogenic pulmonary edema
from increased microvascular permeability. The lungs become stiff and noncom-
pliant with severe impairment to gas exchange from alveolar-capillary damage,
interstitial edema, and atelectasis. ARDS can produce both oxygenation and
ventilatory failure.111–113 
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a. CPB has been implicated as a causative factor of ARDS because it produces
a systemic inflammatory response. Neutrophil-initiated pulmonary dysfunc-
tion with oxygen free-radical generation is suspected to be the mechanism of
this injury. However, since ARDS develops in fewer than 1% of patients
undergoing open-heart surgery, other important contributory factors must be
present. Factors such as older age, smoking, and hypertension have been asso-
ciated with the development of ARDS, but they are very common comor-
bidities in surgical patients.111

b. Although the pathophysiologic process causing ARDS appears to be noncar-
diogenic in nature, most patients developing the syndrome have preexisting
compromise of cardiac function. The major predictors of ARDS include
reoperations, perioperative shock, increasing number of blood transfusions,
emergency surgery, poor LV function, and advanced NYHA class. It might
be inferred that the capillary leak associated with CPB may be worse in
patients in poor clinical condition, especially if there is perioperative hemo-
dynamic compromise, and these patients are more prone to develop this
highly lethal syndrome. Subsequently, any additional insult, such as pneumo-
nia, sepsis, cardiogenic pulmonary edema from LV dysfunction or renal
failure, or multiple transfusions, will lead to progressive respiratory deteriora-
tion, multisystem organ failure, and death.

3. Hypercarbia. Primary ventilatory failure is caused by an imbalance between ven-
tilatory capacity and demand and is the most common reason for failure to wean
from the ventilator.114 The patient is incapable of generating the respiratory effort
necessary to sustain the “work of breathing,” a term that refers to the work nec-
essary to overcome the impedance to ventilation produced by the disease process
and the resistance of the ventilator circuitry. Contributory factors include:
a. Increased ventilatory demand with increased CO2 production and O2 demand

i. Sepsis (which also impairs oxygen uptake), fever, chills
ii. Pain, anxiety 

iii. Catabolic states
iv. Carbohydrate overfeeding
v. Increased dead space (COPD)

vi. Reduced lung compliance: pneumonia, pulmonary edema
vii. Increased resistance: bronchospasm, airway inflammation

b. Decreased respiratory drive 
i. Altered mental status from medications, stroke, or encephalopathy

ii. Sleep deprivation
c. Decreased respiratory muscle function

i. Significant obesity 
ii. Ventilatory muscle weakness from protein malnutrition, medications

(neuromuscular blockers, aminoglycosides, steroids), dynamic hyperinfla-
tion, or critical illness polyneuropathy (see page 547)115,116

iii. Metabolic abnormalities (hypophosphatemia, hyper- or hypomagnesemia,
hypokalemia, hypocalcemia, hypothyroidism)117

iv. Diaphragmatic paralysis from phrenic nerve injury. This may be caused
by the use of iced slush within the pericardial well during cardioplegic
arrest. Unilateral paralysis usually does not cause ventilatory insufficiency
unless there is severe underlying lung disease. Bilateral paralysis may
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require prolonged ventilatory support, although recovery can usually be
anticipated within a year.118,119

d. The transition from mechanical to spontaneous ventilation with conversion
from positive to negative intrapleural pressure increases LV afterload. This
increases metabolic and cardiac demands and may not be tolerated by
patients with limited cardiac reserve.

B. Clinical manifestations of ventilator dependence that often indicate inability to
wean include:
1. Tachypnea (rate > 30 breaths/min) with shallow breaths
2. Paradoxical inward movement of the abdomen during inspiration (“abdominal

paradox”)
C. Management involves selecting an appropriate means of ventilation (see next

section) while identifying the factors that may be contributing to ventilator depen-
dence. Measures should be taken to optimize cardiac performance, improve the
respiratory drive and neuromuscular competence, and reduce the respiratory load by
improving intrinsic pulmonary function and reducing the minute ventilation
requirement.114,120,121 As these issues are being addressed, it is important to identify
when a patient is ready for weaning or discontinuation of ventilatory support 
(Box 10.7).
1. Improve hemodynamic status with inotropic support. Pulmonary vasodilators,

such as nitroprusside and nitroglycerin, should generally be avoided because they
can increase intrapulmonary shunting by preventing hypoxic vasoconstriction.

Box 10.7  •  Supportive Measures in Patients with Chronic
Ventilatory Failure

1. Select appropriate mode of ventilatory support

2. Suction PRN and prevent aspiration

3. Optimize hemodynamic status

4. Provide adequate analgesia but avoid oversedation and neuromuscular blockers

5. Provide adequate nutrition, preferably with low-carbohydrate enteral feedings

6. Optimize metabolic and electrolyte status (thyroid, hematocrit, sugar, magnesium,
phosphate)

7. Specific considerations:

a. Give bronchodilators/steroids for bronchospasm
b. Give antibiotics for infections/antipyretics for fever
c. Institute diuresis if fluid overload
d. Drain any pleural effusions

8. Institute physical therapy and reposition to prevent decubitus ulcers

9. Stress ulcer prophylaxis with sucralfate or a proton pump inhibitor

10. Consider tracheostomy if prolonged ventilatory support (longer than 2 weeks) 
is anticipated
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The phosphodiesterase inhibitors, including inamrinone and milrinone, are
beneficial in providing inotropic, lusitropic (relaxant), and vasodilator effects. In
patients with severe ventricular dysfunction and elevated PA pressures, nesiritide
may be of benefit (see Chapter 11).

2. Improve respiratory drive and neuromuscular competence.
a. Avoid oversedation and neuromuscular blockers.
b. Provide adequate nutrition to achieve positive nitrogen balance and improve

respiratory muscle strength and immune competence. Overfeeding with car-
bohydrates or fats can increase CO2 production and the respiratory quotient
(RQ). The RQ represents the CO2 output/O2 uptake and is normally 0.8.
Excessive carbohydrate may raise the RQ to 1.0 and adds to the ventilatory
burden. A tube feeding such as Pulmocare should be considered.

c. Select the appropriate mode of ventilatory support to reduce the work of
breathing and train the respiratory muscles to support spontaneous ventila-
tion (see next section). Avoid prolonged periods of spontaneous ventilation
until the patient appears ready for a weaning trial. In patients with severe oxy-
gen desaturation, use of the prone position may improve oxygenation and
allow for earlier weaning.122

d. Optimize acid-base, electrolyte, and endocrine (thyroid) status. Metabolic
alkalosis and hypothyroidism inhibit the central respiratory drive. Correct
potassium, magnesium, and phosphate levels. Correct profound anemia.

e. Initiate physical therapy.
f. Evaluate diaphragmatic motion during fluoroscopy (“sniff test”). Diaphrag-

matic plication may improve respiratory function in patients with ventilator
dependence caused by unilateral diaphragmatic dysfunction.123

3. Reduce the respiratory load.
a. Reduce impedance to ventilation.

i. Give bronchodilators or steroids for bronchospasm (see last section of
this chapter).

ii. Employ chest physical therapy, frequent repositioning, and suctioning to
mobilize and aspirate secretions and prevent atelectasis.

iii. Consider tracheostomy (see section C.4 below).
b. Improve lung compliance.

i. Give antibiotics for pneumonia.
ii. Give diuretics for fluid overload and pulmonary edema.

iii. Use thoracentesis or tube thoracostomy for pleural effusions.
iv. Prevent abdominal distention with nasogastric suction or metoclo-

pramide.
c. Reduce the minute ventilation requirement.

i. Provide adequate analgesia for pain and sedatives for anxiety. Excessive
sedation must be avoided because it inhibits the central respiratory drive.

ii. Administer antipyretics for fever to reduce metabolic demand.
iii. Treat infections (sepsis, pneumonia) with appropriate antibiotics to

minimize antibiotic resistance.
iv. Avoid overfeeding to lower CO2 production.
v. Prevent ventilator-associated pneumonia (VAP). This problem is multi-

factorial and a number of preventive strategies should be employed. Basic
strategies involve using oral intubation and attempting extubation as
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soon as feasible, ensuring adequate hand washing by the health care
team, keeping the patient semirecumbent, avoiding gastric overdisten-
tion, draining condensates from the ventilator circuit, maintaining
adequate cuff pressure to prevent aspiration, providing adequate nutri-
tional support, and using continuous subglottic suctioning.124,125

vi. Stress ulcer prophylaxis should be achieved using sucralfate rather than
antacids or H2 antagonists that raise gastric pH. Proton pump inhibi-
tors have been found to be very effective in reducing the risk of stress-
related bleeding with no documentation of any increase in the risk of
VAP.126–128

vii. The use of selective digestive decontamination to reduce the incidence of
lower respiratory tract infection is controversial. There is evidence that
the combination of topical oropharyngeal agents, drugs given down the
nasogastric tube (tobramycin, polymyxin, and amphotericin), and intra-
venous antibiotics (broad-spectrum cephalosporins) can reduce the
incidence of VAP in surgical patients, but this strategy may lead to the
emergence of antibiotic-resistant strains.129

4. Tracheostomy should be performed if it is anticipated that the patient may
require mechanical ventilatory support for more than 2 weeks.114 Persistent
laryngotracheal intubation leads to laryngeal damage and swallowing dysfunc-
tion.130 Tracheostomy reduces airway resistance and glottic trauma, improves the
ability to suction the lower airways, lowers the risk of sinusitis (although proba-
bly does not reduce the risk of VAP), improves patient comfort and mobility,
often allows the patient to eat, and generally makes the patient look and feel
better. It commonly leads to earlier decannulation than standard endotracheal
intubation.
a. The traditional concept had been that tracheostomy should be delayed for at

least 2–3 weeks after a median sternotomy incision to decrease the risk of
mediastinitis. This remains controversial, with some studies confirming and
others refuting any relationship between early surgical tracheostomy and
mediastinitis.131,132

b. The most common and preferred method of tracheostomy in recent years has
been the Ciaglia “percutaneous dilatational tracheostomy” (see Appendix
13).133–136 This can be performed safely at the bedside and, with broncho-
scopic guidance, has a complication rate of less than 10%. Complications
include bleeding, posterior tracheal laceration, tube obstruction from
hematoma or edema of the posterior tracheal wall, and stomal infection.136,137

The risk of cross-contamination of a median sternotomy wound is low, even
if performed within a few days of surgery.133, 134 The incidence of late tracheal
stenosis is lower than that of a surgical tracheostomy.137

c. An alternative approach is the Fanconi translaryngeal tracheostomy, which
gives comparable results with perhaps fewer complications.138

XII. Methods of Ventilatory Support114,120,139

A. Full ventilatory support is required when the patient remains anesthetized and se-
dated after surgery. It is also required for the patient with acute or chronic respiratory
failure while underlying disease processes are managed and nutrition is optimized.
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Ventilatory support is provided using volume-preset modes or pressure-controlled
ventilation (PCV). Full support can reduce the work of breathing and improve the
efficiency of gas exchange in the patient who is sedated and/or paralyzed.
Subsequently, partial ventilatory support should be initiated to wean the patient
from the ventilator.

B. Volume-preset modes. Most patients are placed on “volume ventilators” that
deliver a preset tidal volume. A limit is set on the peak pressure to avoid barotrauma.
Patients with noncompliant, stiff lungs or bronchospastic airways can be difficult
to ventilate in this mode because some of the preset tidal volume may not be deliv-
ered once the peak pressure limit is reached. This system is best for patients with
normal or increased compliance (emphysema).
1. Assist-control (A/C) ventilation delivers a preset tidal volume when triggered

by the patient’s inspiratory effort or at preset intervals if no breath is taken. If
the patient is out of synchrony with the ventilator or hyperventilates, a signifi-
cant respiratory alkalosis or acidosis may occur. This mode of ventilation is best
used only when the patient requires full ventilation and should not be used for
weaning. In fact, the patient’s efforts may persist despite the machine’s super-
imposed breath, leading to increased respiratory muscle fatigue.

2. Controlled mandatory ventilation (CMV) will provide a positive-pressure
breath to the patient at a preset volume and rate. This should be used only
during the temporary period of full ventilator support because it will lead to
respiratory muscle deconditioning.
a. Intermittent mandatory ventilation (IMV). In the IMV mode, the

patient’s spontaneous inspiration will generate a tidal volume consistent
with his or her effort and the machine will deliver a full tidal volume at a
designated rate. Spontaneous breaths require opening of a demand valve
that can increase the work of breathing, a problem that can be overcome by
the use of a continuous-flow or flow-by system.

b. Synchronized intermittent mandatory ventilation (SIMV). In the SIMV
mode, the patient breathes spontaneously and, at preset intervals, the next
spontaneous breath is augmented by a full tidal volume from the ventilator.
Since the ventilator’s breath is synchronized to the patient’s efforts, high peak
pressures are avoided and breathing is more comfortable. Because many of
the patient’s efforts are not augmented, initial use of this system is not rec-
ommended during the early phase of ventilatory support because it increases
the work of breathing more than A/C ventilation. A low level of pressure
support can be added to decrease the work of spontaneous breathing.

C. Pressure-preset or volume-variable modes. Pressure ventilators deliver gas flow
up to a set pressure limit. The amount of gas flow delivered (the tidal volume)
depends on the compliance of the lungs and airway resistance. This system
ensures delivery of a more consistent tidal volume to patients with increased air-
way resistance (bronchospasm, restrictive lung disease). It is best avoided in
patients with emphysema, in whom overinflation of the lungs can occur at low
pressures.
1. Pressure-controlled ventilation is a time-cycled mode of ventilation that

allows the clinician to preset the peak airway pressure and the inspiratory time.
A breath is then delivered at predetermined intervals. PCV at a level of 
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20 cm H2O provides full ventilatory support with a tidal volume of about 
8–10 mL/kg.

2. Pressure support ventilation differs from other ventilator modes in that the
patient’s inspiratory effort is augmented by a selected level of inspiratory pres-
sure rather than volume. The patient’s efforts determine the respiratory rate,
flow rate, and inspiratory time. The tidal volume is determined by the level of
pressure support, the patient’s inspiratory effort, lung compliance, and the
resistance of the circuitry and the patient’s airway. This mode is flow-cycled,
not time-cycled. It is used to provide partial support as the patient is weaned
from the ventilator (see below).

D. No matter which mode of ventilation is selected, attention must be paid to avoid-
ing high peak inspiratory pressures. This can produce barotrauma as well as hemo-
dynamic compromise by impeding venous return and impairing ventricular func-
tion. The inspiratory plateau pressure (IPP) is the peak pressure at the end of
inspiration and should be maintained at less than 35 cm H2O. Means of lowering
the IPP include lowering of the level of PEEP, lowering the tidal volume, or
decreasing the inspiratory flow rate to increase the I/E ratio.

1. The concept of low tidal volume ventilation has been studied in patients with
ARDS. It is believed that alveolar overdistention can produce changes in
endothelial cell permeability and produce barotrauma and noncardiogenic
pulmonary edema. Use of low tidal volume ventilation (5–6 mL/kg) may
improve oxygenation with permissive hypercapnia and has been associated with
reduced mortality in patients with ARDS.103,140

2. Decreasing the inspiratory flow rate increases the inspiratory flow time and
may decrease peak pressures. However, if the expiratory time is too short to
allow for full exhalation, as may occur in patients with bronchospastic airways,
the next breath may be “stacked” on top of the previous one, producing lung
hyperinflation and the autoPEEP effect. This can have harmful hemodynamic
effects and can produce barotrauma. Thus, increasing the inspiratory flow rate
or reducing the respiratory rate may be necessary to avoid this effect.

E. Noninvasive positive-pressure ventilation can be used as a means of avoiding
intubation in patients with acute respiratory decompensation.85,141–145 It can also
facilitate earlier extubation in patients in whom standard criteria are not quite met.
The primary advantage is the avoidance of the risks of intubation, including laryn-
gotracheal trauma, sinusitis, and respiratory tract infections.

1. Generally, an oronasal mask with a soft silicone seal is used to improve patient
comfort, although it can make the patient feel claustrophobic. A bilevel device
(BiPAP) is commonly used because it is leak tolerant, allows for rebreathing,
and is more effective in lowering the Pco2.

2. The oxygen flow rate is adjusted to achieve an Sao2 > 90%. Generally, it is not
possible to exceed an Fio2 of 0.5, so if the patient is severely hypoxic, intuba-
tion will usually be necessary.

3. The ventilator is set in a pressure-limited mode with an initial pressure of 
8–10 cm H2O and gradually increased to a maximum of 20 cm H2O. This
limits the maximal inspiratory time and improves patient-ventilator synchrony.
The expiratory pressure is set at 5 cm H2O.
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XIII. Weaning from the Ventilator146–152

A. Once it is decided that a patient no longer requires full ventilatory support, a
means of weaning the patient from the ventilator should be selected. Intuitively,
the gradual reduction of ventilatory support should allow for strengthening of the
respiratory muscles and a successful wean. However, studies of weaning modali-
ties have shown that this strategy does not expedite the weaning process and in
fact may delay it.114,120

B. The most effective means of assessing the potential for successful extubation is to
attempt either one daily 30-minute or 2-hour T-piece trial, both of which have
equal efficacy to multiple short-piece trials.147–149 Extubation outcome is compa-
rable using spontaneous breathing trials (SBT) with either T-piece or PSV up to
7 cm H2O.150 If the patient does not satisfy extubation criteria after this trial,
24 hours of full ventilation is recommended before another attempt at weaning. If
the next attempt is unsuccessful, PSV weaning should be used. PSV weaning 
is equal or superior to T-piece weaning, which, in turn, is better than SIMV
weaning.151,152 It is estimated that about 10% of patients will still require reintu-
bation even if they meet extubation criteria.

C. The most sensitive predictor of a successful ventilatory wean is a rapid shallow
breathing index (RSBI) of less than 100 breaths/min. The RSBI is the ratio of the
respiratory rate/tidal volume in liters during spontaneous ventilation for one
minute. If the RSBI is less than 100, a weaning trial should be attempted because
the estimated rate of successful weaning is greater than 80%. An RSBI that
exceeds 100 does not preclude weaning, since about 50% of such patients can be
weaned and extubated. Generally, however, if the RSBI exceeds 100 and the
patient’s respiratory rate is greater than 38 during a brief SBT, the likelihood of a
successful wean is quite low.114,120,153–155

D. Practical aspects of weaning and extubation
1. It is essential to address and manage all the potentially correctable causes of

respiratory failure. Once this has been accomplished, weaning can be initiated
if the criteria noted in Box 10.2 are met.

2. The use of sedatives during mechanical ventilation is often essential to reduce
the patient’s anxiety and minute ventilation requirements. However, the use of
continuous IV sedation depresses the patient’s sensorium and respiratory drive
and can delay the weaning process.156 Stopping the sedatives and reinitiating
them only if necessary should expedite the weaning process.157

3. No matter which technique is used for weaning (T-piece, SIMV, or PSV), an
SBT is performed using a T-piece or a low level of CPAP or PSV for up to 2
hours. Although there may be a theoretical advantage to each of these tech-
niques (increased FRC with CPAP or less resistance to breathing with PSV),
studies have suggested that all have similar outcomes.114,146,150 

4. Several factors must be evaluated in assessing a patient’s tolerance of an SBT
prior to considering extubation. If the failure criteria noted in Box 10.3 are
noted, the SBT should not be continued for more than 2 hours. PSV should
be titrated to achieve a respiratory rate < 25/min and an additional period of
support should be provided before another attempt at weaning. However, if
the patient appears to be weaning satisfactorily and satisfies the extubation
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criteria listed in Box 10.4, extubation can usually be accomplished. Specific
concerns are the following:
a. The patient should be able to breathe comfortably with a stable respiratory

rate and have no diaphoresis, agitation, or anxiety during the weaning
process.

b. The patient must have an adequate mental status to protect the airway,
initiate a cough, and raise secretions. The necessity to suction more than
every 2 hours for excessive secretions may preclude extubation. Notably,
approximately 30% of patients with ventilator dependence have difficulty
swallowing and will be prone to aspiration.89

c. There must be hemodynamic tolerance of the weaning technique and ade-
quate ABGs, as noted in Boxes 10.3 and 10.4.

d. A cuff leak > 110 mL with the cuff deflated should be documented to
ensure adequate airway diameter. If this cannot be demonstrated, there
may be significant tracheobronchial edema (or perhaps just encrusted
secretions) that must be managed prior to attempting extubation. Use of
steroids, such as dexamethasone, may be beneficial.158

5. Noninvasive positive-pressure ventilation using BiBAP can improve oxygena-
tion in many patients after extubation. It may be used to provide ventilatory
support if extubation has been performed even though standard criteria have
not been met.141–144 If the patient has evidence of pulmonary edema, mask
CPAP usually suffices.85

E. T-piece weaning
1. T-piece weaning involves alternating periods of full support (rest) with

increasing periods of independent spontaneous ventilation (stress). A gradual
increase in the duration of independent breathing can increase the strength
and endurance of the respiratory muscles. This technique is generally not
recommended except for a brief SBT. The sudden transition to a complete
workload is usually not well tolerated in the early phase of recovery from
severe ventilatory failure and may result in profound respiratory muscle
fatigue.

2. Generally, once the contributing factors to a patient’s ventilatory dependence
are addressed and the RSBI is less than 125, an SBT of 30 minutes to 2 hours
can be used to see if the patient satisfies the criteria for extubation.147 T-piece
weaning in this fashion appears to be the most rapid method of achieving
extubation.148

F. SIMV weaning
1. With SIMV, the mandatory breaths are patient-triggered, thus avoiding over-

inflation and improving the patient’s comfort. The work of breathing with an
IMV system (as well as with CPAP) is reduced using a continuous-flow or
flow-by system.159 During the weaning process, the IMV rate is gradually
decreased and the patient assumes a greater proportion of the minute ventila-
tion. Since the energy expenditure of the respiratory muscles increases as the
IMV rate is lowered, lowering of the IMV rate during the day can be coupled
with complete rest at night to avoid muscle fatigue. Of concern is that
respiratory muscle rest does not occur during the mandatory breath and this
may induce respiratory muscle fatigue. When the patient can maintain
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spontaneous ventilation for a prolonged period and satisfies standard criteria,
extubation can be accomplished.

2. The use of pressure support concomitantly with IMV can also reduce the work
of breathing during the patient’s spontaneous respirations. Weaning can be
accomplished by initially reducing the IMV rate and subsequently reducing
the level of pressure support. The duration of spontaneous ventilation on pro-
gressively lower levels of pressure support or CPAP is then extended and the
patient is extubated.

3. Rapid SIMV weaning is usually used immediately after surgery to achieve
early extubation. However, most studies have shown that SIMV weaning is the
least effective means of weaning a chronically ventilated patient.114,120,149–151

G. Pressure support ventilation160,161

1. With PSV, the patient’s spontaneous inspiration triggers the ventilator to deliv-
er gas flow to the circuit until a selected amount of inspiratory pressure is
achieved (“patient-triggered” and “pressure-limited”). Airway pressure remains
constant by automatic adjustment of the flow rate as long as the patient maintains
an inspiratory effort. Gas flow stops when the flow rate demand decreases below
25% of the initial peak inspiratory flow rate, and exhalation is then allowed to
occur passively. Modifications of this system include “volume support,” with
which the PSV level is automatically adjusted to provide a preset tidal volume,
and “volume-assured pressure support,” with which additional volume is
provided to provide a preset tidal volume, even if the pressure rises.

2. The patient’s own effort determines the respiratory rate, the inspiratory time
and flow rate (tidal volume/inspiratory time), and the expiratory time. The
eventual inspired tidal volume depends on the level of PSV, the patient’s
respiratory effort, and the resistance of the airway, which may be elevated if a
small endotracheal tube is being used or if secretions, bronchospasm, and
decreased lung compliance are present. Because the patient controls most of
the parameters during the respiratory cycle, PSV results in more comfortable
breathing for the patient.

3. The advantage of PSV is that it reduces the work of breathing by overcoming
the impedance of the ventilatory circuitry and supplying some of the pressure
work required to initiate ventilation. PSV reconditions the respiratory muscles
to assume more spontaneous ventilation without producing excessive energy
expenditure. It thus may expedite the weaning process.

4. PSV results in lower peak airway pressures, lower respiratory rates, and higher
tidal volumes than other modes of ventilation. Thus, it is beneficial for the
patient who is out of synchrony with the ventilator (“fighting the ventilator”).
However, if the patient has COPD with increased airway resistance and
increased compliance, the inspiratory phase may be prolonged but will termi-
nate when the patient attempts to exhale. This may induce patient discom-
fort. Such discomfort can be counteracted by reducing the level of pressure
support or converting to pressure control to provide a shorter inspiratory
phase.

5. Weaning is accomplished by progressively lowering the levels of PSV and
observing the patient for fatigue and other parameters indicative of intolerance
of the weaning process (see Box 10.3). Weaning options include:
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a. Increasing the duration of spontaneous ventilation with lower levels of PSV
during the daytime (“sprinting”) with full support of higher levels of PSV
at night. If the patient tolerates PSV for 12 hours, the level of PSV is grad-
ually reduced by 2 cm H2O intervals daily or every other day, and the tidal
volume and respiratory rate are assessed. Extubation is accomplished when
the patient is able to breathe comfortably for 2 hours at low levels of PSV
(around 6–8 cm H2O support).

b. PSV with IMV. A level of partial PSV support is selected and the IMV rate
is gradually decreased. When the IMV rate has been reduced to less than 4
breaths/min, the PSV level is then decreased as discussed above.

6. Potential disadvantages of PSV 
a. PSV requires an intact respiratory drive to trigger the ventilator. Inadequate ven-

tilation will result if the patient is apneic or has an unstable neurologic status, res-
piratory drive, or mechanics.

b. Cardiac output may be compromised because airway pressure is always positive.
With IMV weaning, there is a phase of negative intrathoracic pressure that can
augment venous return.

c. Shallow tidal volumes from poor inspiratory effort may lead to atelectasis.
d. A gas leak in the system may prevent PSV from being terminated, producing per-

sistently high airway pressures and hemodynamic compromise.
e. In-line nebulizers (for bronchodilators) are in the inspiratory limb and may make

it difficult for the patient to initiate a breath to trigger PSV.

XIV. Other Respiratory Complications
A. Respiratory complications can occur during the period of mechanical ventilation,

soon after extubation, or later during convalescence on the postoperative floor.
The management of these complications must be individualized, taking the
patient’s overall medical condition, the extent and nature of the surgical proce-
dure, the precipitating factors, and the phase of recovery into consideration. The
management of pneumothorax, pleural effusions, and bronchospasm are discussed
here. Pulmonary embolism, diaphragmatic dysfunction, and pneumonia are dis-
cussed in Chapter 13.

B. Pneumothorax. If the pleural space is entered at the time of surgery, there is gen-
erally free communication with the pericardial space. Although some surgeons
may only place mediastinal tubes in this situation (through which air should exit),
most will place mediastinal and pleural tubes. Occasionally, a small opening into
the pleural space may not be detected intraoperatively, usually caused by the pas-
sage of a sternal wire through the pleura. An immediate postoperative chest x-ray
usually demonstrates a pneumothorax, and a chest tube should be placed at this
time, regardless of the size of the pneumothorax, if the patient is to remain on
positive-pressure ventilation. Less commonly, a pneumothorax is absent on the
initial x-ray but evident on subsequent films. Small pneumothoraces noted after
extubation can generally be observed and monitored by serial x-rays if the patient
is asymptomatic.
1. Always consider the possibility of a pneumothorax (possibly tension) when

ABGs deteriorate or hemodynamic instability develops for no obvious reason
after several hours of stability. Often the first sign is a sudden increase in the
peak inspiratory pressure, indicated by repeated alarming of the ventilator.
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2. Evidence of an air leak in the chest drainage system may indicate loose con-
nections, rather than a leak from the lung. However, chest tubes should never
be removed until it is confirmed that an air leak is not the result of an
intrapleural or parenchymal problem. Air leaks gradually resolve within a few
days in the vast majority of patients. If not, placement of a new pleural tube
through the lateral chest wall and use of a Heimlich valve may allow the
patient to be discharged with an active air leak.

3. Progressive subcutaneous emphysema may develop if air exits under positive
pressure where the pleura has been violated. In patients with severe emphysema
or bronchospastic airways, it may result from alveolar rupture. However, it may
result from visceral pleural injury at the time of surgery, no matter how small.
Subcutaneous emphysema may occur when the chest tubes are still in place,
but it more commonly occurs after they have been removed. A pneumothorax
may or may not be present. Management usually requires placement of unilat-
eral or bilateral chest tubes (or unkinking of indwelling tubes that might have
caused the problem) and, if the emphysema is severe, decompressing skin inci-
sions in the upper chest or neck.

4. A chest x-ray should always be obtained after the removal of pleural chest
tubes. A small pneumothorax (< 20%) can be observed with serial films.
However, aspiration of the pleural space or placement of a new chest tube is
indicated if the pneumothorax exceeds 20% or the patient is symptomatic.

C. Pleural effusions are noted postoperatively in approximately 60% of patients
undergoing cardiac surgery and are more common when the pleural cavity has
been entered for ITA takedown.162 This usually results from oozing of blood and
serous fluid from the chest wall. However, a hemothorax may develop if blood
spills over from the pericardial space. An effusion developing on the right side is
more commonly serous in nature from fluid overload.
1. Prevention. Leaving a Silastic (Blake) drain in the pleural cavity for several

days after surgery has been shown to lower the incidence of late pleural
effusions.163 Adequate drainage of opened pleural cavities at the time of
surgery should reduce the incidence of bloody effusions but cannot always be
accomplished when minimally invasive incisions are made.164

2. Presentations and treatment
a. A hemothorax may develop if a patient with significant mediastinal bleed-

ing drains blood into an opened pleural cavity. This may prove beneficial in
avoiding cardiac tamponade,165 but should be suspected in the patient with
hemodynamic instability, a falling hematocrit, filling pressures that fail to
rise with volume (although they may rise if tamponade is also developing),
and increasing peak inspiratory pressures on the ventilator. A supine chest
x-ray may demonstrate more opacification on one side than the other, but
the degree of hemothorax may be difficult to determine. Computed tomog-
raphy is helpful in assessing the size of an effusion. Echocardiography can
also identify a large effusion.

b. A large pleural effusion can produce atrial or ventricular diastolic collapse
and cardiac tamponade even in the absence of a pericardial effusion.166–169

These findings can be confirmed by echocardiography.
c. Most patients with pleural effusions are asymptomatic, and in the vast

majority of cases small effusions resolve within a few months either with
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use of diuretics (especially right-sided effusions) or spontaneously.
However, patients with underlying lung disease or moderate effusions may
develop dyspnea. In these situations, a thoracentesis is indicated either in
the hospital or during a follow-up visit. Chest tube placement may be con-
sidered for large effusions in the early postoperative period, when blood is
more likely to have accumulated.

d. Postpericardiotomy syndrome may contribute to the development of recur-
rent serous or serosanguineous effusions. This should be managed initially
by use of nonsteroidal antiinflammatory drugs or steroids, but may require
thoracentesis for symptom relief.

D. Bronchospasm can occur at the termination of surgery and can produce difficulty
with sternal closure. Severe bronchospasm and air trapping developing in the ICU
can produce difficulties with mechanical ventilation as well as hemodynamic prob-
lems that can mimic cardiac tamponade. Modification of the ventilator circuit to
increase the inspiratory flow rate will decrease the inspiration/expiration ratio,
allowing more time for exhalation, and should decrease the autoPEEP effect.
Bronchospasm can be precipitated by fluid overload, drug reactions, blood product
transfusions, or the use of β-blockers, and it can occur in patients with or without
known COPD or bronchospastic airways. Treatment involves the following:
1. Inhalational bronchodilators delivered by nebulizer or metered dose inhaler

are helpful during mechanical ventilation as well as after extubation.
a. The combination of albuterol and ipratropium (Combivent, DuoNeb) pro-

vides the best bronchodilation.170 This is available as an inhalation aerosol.
One actuation provides around 20 µg of ipratropium and 100 µg of albuterol.

b. Albuterol (Ventolin, Proventil) 0.5 mL of 0.5% solution (2.5 mg) in 2.5 mL
normal saline q6h or 2 puffs q6h 

c. Ipratropium (Atrovent) 2.5 mL of 0.02% solution in 2.5 mL normal saline
q6–8h or 2 puffs q4–6h

d. Metaproterenol (Alupent, Metaprel) 0.2–0.3 mL of 5% solution in 2.5 mL
normal saline q4–6h

e. Racemic epinephrine 0.5 mL of 0.25% solution in 3.5 mL normal saline q4h
2. Intravenous aminophylline has several beneficial effects. It is a bronchodilator

and a mild diuretic, increases the respiratory drive, improves respiratory muscle
function, and may decrease the PA pressures and improve RV function.
However, it is arrhythmogenic and chronotropic and must be used cautiously
in patients with tenuous hemodynamics. Nonetheless, the tachycardia that may
be present frequently improves when bronchospasm resolves.
a. IV aminophylline is given as a 5–8 mg/kg load over 30 minutes followed

by a continuous infusion. The maintenance dosage in mg/kg ideal body
weight per hour should be 0.6 for nonsmokers, 0.9 for smokers, and 0.3 for
patients with cardiac decompensation or liver disease.

b. When PO theophylline is substituted for IV aminophylline, the appropri-
ate dose can be calculated from either of the following formulas:

Total daily dose = (mg/h IV aminophylline)(24 h)(0.8) 
or
10 × (mg/h IV aminophylline) = dose of theophylline bid

The IV infusion is stopped immediately after the first oral dose.
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c. The dosage of sustained-release theophylline is 200–300 mg q8–12h.
d. Therapeutic levels are 10–20 µg/mL.

3. Epinephrine can be selected as an inotrope if cardiac output is marginal
because it is an excellent bronchodilator. Since it is also a strong positive
chronotrope, it must be used cautiously when sinus tachycardia is present.

4. Corticosteroids are frequently beneficial when bronchospasm is refractory to
the above measures. They may increase airway responsiveness to other β-
agonists. Dosing regimens can be extrapolated from those used for patients
with acute exacerbations of COPD.171–174 Two of these protocols are the
following:
a. Methylprednisolone (Solu-Medrol) 0.5 mg/kg IV q6h × 3 days, then pred-

nisone 0.5 mg/kg q12h × 3 days, then 0.5 mg/kg qd × 4 days (10 day total
course)172

b. Methylprednisolone 125 mg IV q6h × 4 days, then prednisone 60 mg 
qd × 4 days, then 40 mg qd × 4 days, then 20 mg qd × 4 days (15 day total
course)173

5. Note: β-blockers are generally contraindicated during episodes of bron-
chospasm. However, patients with a history of bronchospastic airways can
frequently tolerate the selective β-blockers, such as esmolol, metoprolol, and
atenolol.175
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11Cardiovascular Management

The achievement of satisfactory hemodynamic performance is the primary objective of post-
operative cardiac surgical management. Optimal cardiac function ensures adequate perfusion
and oxygenation of other organ systems and improves the chances for an uneventful recov-
ery from surgery. Even brief periods of cardiac dysfunction can result in impairment of organ
system function, leading to potentially life-threatening complications. This chapter presents
the basic concepts in cardiovascular management and then reviews the evaluation and man-
agement of the low cardiac output syndrome, hypertension, and rhythm disturbances that
can contribute to compromised cardiovascular function.

I.  Basic Principles
The important concepts of postoperative cardiac care are those of cardiac output, tissue oxy-
genation, and the ratio of myocardial oxygen supply and demand. Ideally, one should strive
to obtain a cardiac index greater than 2.2 L/min/m2 with a normal mixed venous oxygen
saturation while optimizing the oxygen supply/demand ratio.

A. Cardiac output is determined by the stroke volume and heart rate (CO = SV × HR).
The stroke volume is equal to the left ventricular end-diastolic volume (LVEDV)
minus the left ventricular end-systolic volume (LVESV) and is calculated by divid-
ing the cardiac output by the heart rate. The three major determinants of stroke vol-
ume are preload, afterload, and contractility.
1. Preload refers to the LV end-diastolic fiber length or end-diastolic volume. This

can be estimated most precisely by two-dimensional echocardiography, which
provides real-time imaging of ventricular dimensions and function during the
cardiac cycle. However, the status of LV volume is more commonly assessed by a
measurement of left-sided filling pressures. These include the pulmonary artery
diastolic (PAD) pressure and pulmonary capillary wedge pressure (PCWP),
which can be measured with a Swan-Ganz or pulmonary artery (PA) catheter,
and the left atrial pressure (LAP), which is measured from a line placed directly
into the left atrium. The relationship between filling pressures and volumes is
determined by ventricular compliance.
a. Generally, the closer the site of assessment to the left ventricle, the closer the

correlation to the LVEDP. Thus, the correlation is best for LAP > PCWP >
PAD pressure. The PAD pressure generally correlates with the PCWP, but is
frequently higher in patients with preexisting pulmonary hypertension or
intrinsic pulmonary disease. In these patients, there is an increased transpul-
monary gradient (equal to the PA mean pressure minus the PCWP). Thus, in
these situations, the PAD may significantly overestimate the true LV volume.

b. Filling pressures must be interpreted cautiously in the early postoperative
period.1,2 The PAD and PCW pressures often correlate poorly with the
LVEDV early after surgery because of altered ventricular compliance from
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myocardial edema resulting from cardiopulmonary bypass (CPB) and the use
of cardioplegia solutions. Furthermore, the release of various inflammatory
substances during bypass and the administration of blood products may
increase the pulmonary vascular resistance (PVR).

c. The patient with a stiff, hypertrophied left ventricle from hypertension or aor-
tic stenosis may require high filling pressures to achieve adequate ventricular
filling. In contrast, the dilated, volume-overloaded heart may be highly com-
pliant, with an elevated LVEDV at lower pressures.

d. For patients with relatively normal ventricular function, many centers do not
use Swan-Ganz catheters and rely on central venous pressure (CVP) measure-
ments to assess preload. Although this is an inaccurate means of assessing pre-
load in the diseased heart, it gives a fairly good approximation of left heart fill-
ing in the normal heart.3,4 Generally, if the CVP exceeds 15–18 mm Hg,
inotropic support is indicated. If the patient has other signs of low cardiac out-
put (poor oxygenation, tapering urine output, acidosis), insertion of a Swan-
Ganz catheter will allow for a more objective evaluation of the problem.

2. Afterload refers to the LV wall tension during systole. It is determined by both
the preload (Laplace’s law relating radius to wall tension) and the systemic vascu-
lar resistance (SVR) against which the heart must eject after the period of isovo-
lumic contraction. The SVR can be calculated from measurements obtained from
the Swan-Ganz catheter (Table 11.1). It should be kept in mind that the equation
to calculate SVR is based on the cardiac output, not the cardiac index. Thus, it will
be higher in the smaller patient at a comparable cardiac index. The use of
vasodilators to lower the SVR may improve the stroke volume, often in combina-
tion with volume infusions and inotropic agents.

3. Contractility is the intrinsic strength of myocardial contraction at constant pre-
load and afterload. However, it can be improved by increasing the preload or heart
rate, decreasing the afterload, or using inotropic medications.5 Contractility is
generally assessed by the ejection fraction and is best determined by echocardiog-
raphy. However, the heart’s inotropic state is usually inferred from an analysis of
the cardiac output and filling pressures.
a. In cardiac surgery patients, the cardiac output is usually obtained by thermo-

dilution technology using a Swan-Ganz catheter and bedside computer. A
measured aliquot of volume is infused into the CVP port of the catheter, and
the thermistor near the tip measures the pattern of temperature change from
which the computer calculates the cardiac output. A continuous cardiac output
catheter is frequently used during off-pump surgery and can provide frequent
on-line assessments of the cardiac output.6

b. Alternative means of measuring cardiac output are the esophageal Doppler,
thoracic bioimpedance, and pulse contour analysis.7-13 The esophageal Doppler
provides Doppler flow velocity waveforms that include flow time and peak
velocity. These allow for assessment of left ventricular contractility, filling, and
systemic vascular resistance (Figure 7.2). Bioimpedance measures the resistiv-
ity of the body to an electrical current. Since this current is distributed prima-
rily in the blood and extracellular fluid, the change in body resistivity over time
is related to the dynamic changes of the blood which correlates with the stroke
volume.11 The pulseCO device is a system that calculates the cardiac output
from the energy of the arterial pressure waveform.12,13 The arterial blood passes
through a lithium sensor and an algorithm calculates the stroke volume and
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cardiac output. All of these technologies provide comparable cardiac output
measurements to those obtained by thermodilution with the Swan-Ganz
catheter.

4. The presence of a low cardiac output does not necessarily imply that ventricular
function is impaired. It may be noted with slow heart rates, hypovolemia, and with
a small, stiff ventricular chamber. In contrast, a satisfactory cardiac output may
accompany significant ventricular dysfunction when the left ventricle is dilated,
especially if a significant tachycardia is present. Thus, management of a low car-
diac output state must take into account all of the factors mentioned above to
determine the appropriate treatment.

Formula Normal Values

Cardiac output (CO) and index (CI)

CO = SV × HR 4–8 L/min
CI = CO/BSA 2.2–4.0 L/min/m2

Stroke volume (SV)

60–100 mL/beat (1 mL/kg/beat)

Stroke volume index (SVI)

SVI = SV/BSA 33–47 mL/beat/m2

Mean arterial pressure (MAP)

70–100 mm Hg

Systemic vascular resistance (SVR)

800–1200 dynes-s/cm5

Pulmonary vascular resistance (PVR)

50–250 dynes-sec/cm5

Left ventricular stroke work index (LVSWI)

LVSWI = SVI × (MAP − PCWP) × 0.0136 45–75 mg-M/beat/m2

BSA = body surface area; HR = heart rate; DP = diastolic pressure; SP = systolic pressure; CVP =
central venous pressure; PAP = mean pulmonary arterial pressure; PCWP = pulmonary capillary
wedge pressure.

Table 11.1  •  Hemodynamic Formulas

SV
CO (L/min) 1000 (mL/L)

HR
=

×

SVR
MAP CVP

CO
= − × 80

MAP DP
SP DP= + −( )

3

PVR
PAP PCWP

CO
= − × 80



B. Tissue oxygenation
1. Oxygen transport to tissues is the basic principle on which hemodynamic support

should be based. It is determined by the cardiac output, the hemoglobin (Hb) level,
and the arterial oxygen saturation (SaO2). This is represented by the equation:

O2 delivery = CO (Hb × % sat)(1.39) + (PaO2)(0.0031)

where 1.39 is milliliters of oxygen transported per gram of Hb and 0.0031 is the
solubility coefficient of oxygen dissolved in solution (mL/torr of PaO2).

2. It should be noted in this equation that the majority of oxygen transported to the
tissues is in the form of oxygen bound to Hb, not that dissolved in solution. Thus,
one of the major factors lowering O2 delivery in the postoperative period is a low
hematocrit. Increasing the Hb level by 1 g/dL can increase blood oxygen content
by 1.39 vol%, whereas an increase in PaO2 of 100 torr will only transport an addi-
tional 0.3 vol% of oxygen.

3. Studies have suggested that the safe lower limit for hematocrit in the early post-
operative period to maintain adequate tissue oxygenation in the stable, elective
patient is probably around 22–24%.14–16 Since this may reduce tissue oxygen deliv-
ery to less than 60% of normal, it is imperative that arterial oxygen saturation be
close to 100% and cardiac output be optimized to achieve adequate O2 delivery.
Once an arterial saturation of 95–100% has been achieved, there is little additional
benefit of maintaining a high FIO2 and PaO2.

4. The threshold for administering blood transfusions has increased with the under-
standing that patients may fare better postoperatively with hematocrits under
30%.17 Furthermore, the morbidity associated with blood transfusions has also
become more apparent. Transfusions contain proinflammatory cytokines, low lev-
els of 2,3-diphosphoglycerate (2,3-DPG) with increased Hb affinity for oxygen,
and are associated with an increased risk of respiratory complications, wound
infections, and mortality.18–20 Despite these issues as well as the lingering concern
about the transmission of HIV and hepatitis viruses, it is fairly universal practice
to transfuse patients to a hematocrit over 25% when they are elderly, frail, have
poor ventricular function, borderline respiratory function, hypotension, tachycar-
dia, or ischemic ECG changes.

5. Mixed venous oxygen saturation (Svo2) can be used to assess the adequacy of tis-
sue perfusion and oxygenation. PA catheters using reflective fiberoptic oximetry
are available to monitor the Svo2 in the PA on a continuous basis and are com-
monly used during off-pump surgery to provide early signs of hemodynamic dete-
rioration. Intermittent Svo2 measurements can be measured from blood samples
obtained from the distal PA port of the Swan-Ganz catheter. A change of 10% in
the Svo2 can occur before any change is noted in hemodynamic parameters.
Despite its theoretical benefit, several studies have suggested that Svo2 is an unre-
liable and insensitive predictor of the cardiac output. However, when analyzed in
conjunction with other hemodynamic parameters, following trends in the Svo2
does offer insight into cardiac performance and tissue oxygen delivery.21,22

a. In the postoperative cardiac surgical patient, a fall in Svo2 generally reflects
decreased oxygen delivery or increased oxygen extraction by tissues and is sug-
gestive of a reduction in cardiac output. However, other constantly changing
factors that affect oxygen supply and demand may also influence Svo2 and

344 Cardiovascular Management
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must be taken into consideration. These include shivering, temperature, ane-
mia, alteration in Fio2, and the efficiency of alveolar gas exchange. The Fick
equation, which uses the arteriovenous oxygen content difference to determine
cardiac output, can be rearranged as follows:

where:
Svo2 = mixed venous oxygen saturation
Sao2 = arterial oxygen saturation

.
VO2 = oxygen consumption

normal Pvo2 = 40 torr and Svo2 = 75%
normal Pao2 = 100 torr and Sao2 = 99%

b. This equation indicates that a decrease in Svo2 may result from a decrease in
Sao2, cardiac output, or Hb level, or an increase in oxygen consumption.

c. When the arterial O2 saturation is normal (Sao2 > 95%), a Pvo2 < 30 torr or
an Svo2 < 60–65% suggests the presence of a decreased cardiac output and the
need for further assessment and therapeutic intervention. Conversely, a rise in
Svo2 reflects less oxygen extraction as seen during hypothermia, sepsis, or
intracardiac or significant peripheral arteriovenous shunting. When an elevat-
ed Svo2 is noted, oxygen delivery or utilization may be impaired and an other-
wise “normal” cardiac output may be insufficient to provide adequate tissue
oxygenation.

6. When the cardiac index exceeds 2.2 L/min/m2 and the arterial oxygen saturation
is adequate (> 95%), it may be inferred that oxygen delivery to the tissues is satis-
factory. Thus, Svo2 measurements to assess oxygen delivery are not necessary.
However, there are a few situations when calculation of tissue oxygenation may be
valuable in assessing cardiac function.
a. The thermodilution cardiac output is unreliable (tricuspid regurgitation,

improperly positioned Swan-Ganz catheter) or not available (Swan-Ganz
catheter has not been placed or cannot be placed, such as in the patient with a
mechanical tricuspid valve or central venous thrombosis).23

b. The thermodilution cardiac output may seem spuriously low and inconsistent
with the clinical scenario (malfunctioning Swan-Ganz catheter or incorrect
calibration of computer). A normal Svo2 indicates that the cardiac output is
sufficient to meet tissue metabolic demands.

c. The patient has a marginal cardiac output and online assessment of trends in
the mixed venous oxygen saturation can provide up-to-date information on the
relative status of cardiac function.

C. Myocardial oxygen supply and demand
1. Myocardial O2 demand (mvO2) is influenced by factors similar to those that

determine the cardiac output (afterload, preload, heart rate, and contractility).
Reducing afterload will generally improve cardiac output with a decrease in
mvO2, whereas an increase in any of the other three factors will improve cardiac
output at the expense of an increase in mvO2. Preoperative management of the
patient with ischemic heart disease is primarily directed towards minimizing O2
demand.24
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2. Myocardial O2 supply is determined by coronary blood flow (which may be
influenced by stenosis, thrombus, or spasm in a native vessel or bypass graft), the
duration of diastole, the coronary perfusion pressure, the Hb level, and the arterial
oxygen saturation. When complete revascularization has been achieved, postoper-
ative management is directed towards optimizing factors that improve O2 supply
and, to a lesser degree, minimize any increase in O2 demand.
a. A heart rate of 80–90/min should be achieved, and excessive tachycardia and

arrhythmias must be avoided.
b. An adequate perfusion pressure (mean pressure 80–90 mm Hg) should be

maintained, taking care to avoid both hypotension and hypertension.
c. Ventricular distention and wall stress (afterload) should be minimized by

avoiding excessive preload, reducing the SVR, and using inotropic medications
to improve contractility.

d. The hematocrit should be maintained at a safe level. Although an increased
level of Hb always improves oxygen delivery, transfusions carry inherent risks
and their risks and benefits must be weighed. In general, myocardial ischemia
should not occur in the well-protected, revascularized heart unless the hema-
tocrit drops to the low 20s.14–16

II.  Low Cardiac Output Syndrome
A. General comments

1. The achievement of a satisfactory cardiac output is the primary objective of
postoperative cardiovascular management. Hemodynamic norms for the patient
recovering uneventfully from cardiac surgery are a cardiac index greater than 2.2
L/min/m2, a PCWP or PAD pressure below 20 mm Hg, and a heart rate below
100/min. The patient should have warm, well-perfused extremities with an
excellent urine output.25

2. Low cardiac output states are more common in patients with compromised LV
systolic or diastolic function (low ejection fraction, cardiomegaly, elevated
LVEDP), longer durations of cardiopulmonary bypass, and in women.26,27

Increased lactate release after 5 minutes of reperfusion is more common in these
patients and is an independent predictor of a low cardiac output. It suggests that
there is delayed recovery of aerobic metabolism, perhaps as a result of inadequate
myocardial protection.28

3. Myocardial function generally declines for about 6–8 hours following surgery,
presumably from ischemic/reperfusion injury with use of cardioplegic arrest,
before returning to baseline within 24 hours.29 Temporary inotropic support is
often required during this period to optimize hemodynamic performance.
Drugs used to provide support at the conclusion of CPB should generally be
continued for this brief period of time and can be weaned once the cardiac out-
put is satisfactory.

4. When marginal ventricular function is present, compensatory mechanisms
include sympathetic autonomic stimulation and endogenous catecholamine pro-
duction. These increase heart rate, contractility, and arterial and venous tone,
elevating both preload and afterload. All of these factors may improve cardiac
output or systemic blood pressure, but they may also increase myocardial oxygen
demand at a time when asymptomatic ischemia is commonly present.30 
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5. When compensatory mechanisms are exhausted, the advanced clinical manifes-
tations of the low cardiac output syndrome will be noted. These include:
a. Poor peripheral perfusion with pale, cool extremities and diaphoresis
b. Pulmonary congestion and poor oxygenation
c. Impaired renal perfusion and oliguria
d. Metabolic acidosis

6. The use of invasive monitoring to continuously evaluate a patient’s hemody-
namic status allows for appropriate therapeutic interventions to be undertaken
before these advanced clinical signs become apparent. Nonetheless, subtle find-
ings, such as a progressive tachycardia or cool extremities, should alert the astute
clinician to the fact that the patient needs more intensive management.
Intervention is indicated for a low cardiac output state, defined as a cardiac index
below 2.0 L/min/m2, usually associated with left-sided filling pressures exceed-
ing 20 mm Hg and an SVR exceeding 1500 dyne-s/cm5. It cannot be overem-
phasized that observing trends in hemodynamic parameters, rather than absolute
numbers, is important when evaluating a patient’s progress or deterioration.

7. A general scheme for the management of postoperative hemodynamic problems
is presented in Table 11.2.

B. Etiology. A low cardiac output state may result from abnormal preload, contractility,
heart rate, or afterload. It may also be noted in patients with satisfactory systolic func-
tion but marked left ventricular hypertrophy (LVH) and diastolic dysfunction.31

1. Decreased LV preload 
a. Hypovolemia (bleeding, vasodilatation from warming, vasodilators, narcotics,

or sedatives)
b. Cardiac tamponade 

BP PCW CO SVR Plan

↓ ↓ ↓ ↓ Volume

N ↑ N ↑ Venodilator or diuretic

↓ ↑ ↓ ↑ Inotrope

↑ ↑ ↓ ↑ Vasodilator

↑↓ ↑ ↓ ↑ Inotrope/vasodilator/IABP

↓ N N↑ ↓ α-agent

↑ = increased; ↓ = decreased; N = normal; ↑↓ = variable. 

Table 11.2  •  Management of Hemodynamic Problems
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c. Positive-pressure ventilation and PEEP 
d. Right ventricular (RV) dysfunction (RV infarction, pulmonary hypertension)
e. Tension pneumothorax 

2. Decreased contractility 
a. Low ejection fraction 
b. Myocardial “stunning” from transient ischemic/reperfusion injury, myocar-

dial ischemia or infarction
i. Poor intraoperative myocardial protection

ii. Incomplete myocardial revascularization
iii. Evolving infarction at time of surgery
iv. Native coronary artery or graft spasm 

c. Hypoxia, hypercarbia, acidosis
3. Tachy- and bradyarrhythmias 

a. Tachycardia with reduced cardiac filling time 
b. Bradycardia
c. Atrial arrhythmias with loss of atrial contraction 
d. Ventricular arrhythmias

4. Increased afterload
a. Vasoconstriction 
b. Fluid overload and ventricular distention
c. LV outflow tract obstruction following mitral valve repair or replacement

(from struts or retained leaflet tissue)
5. Diastolic dysfunction with impaired relaxation and high filling pressures
6. Syndromes associated with cardiovascular instability and hypotension

a. Sepsis (hypotension from a reduction in SVR; hyperdynamic with a high
cardiac output early and myocardial depression at a later stage)

b. Anaphylactic reactions (blood products, drugs) 
c. Adrenal insufficiency (primary or in the patient on preoperative steroids) 
d. Protamine reactions 

C. Assessment (concerns noted in parentheses)
1. Bedside physical examination (breath sounds, murmurs, warmth of extremities,

peripheral pulses)
2. Hemodynamic measurements: assess filling pressures and determine cardiac

output with a Swan-Ganz PA catheter; calculate SVR; measure Svo2 (low
cardiac output, high filling pressures, high SVR, low Svo2)

3. Arterial blood gases (hypoxia, hypercarbia, acidosis/alkalosis), hematocrit (anemia),
and serum potassium (hypo- or hyperkalemia)

4. Electrocardiogram (ischemia, arrhythmias, conduction abnormalities)
5. Chest x-ray (pneumothorax, hemothorax, position of endotracheal tube or

intraaortic balloon)
6. Urinary output (oliguria)
7. Chest tube drainage (mediastinal bleeding)
8. Two-dimensional echocardiography is very helpful when the cause of a low

cardiac output syndrome is difficult to determine. Along with hemodynamic
measurements, it can help identify whether it is related to LV systolic or diastolic
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dysfunction, RV systolic dysfunction, or cardiac tamponade. Transesophageal
echocardiography (TEE) provides better and more complete information than
a transthoracic study and can be readily performed in the intubated patient. It
should always be considered when the clinical picture is consistent with tam-
ponade but a transthoracic study is inconclusive.32

D. Treatment (Box 11.1)25

1. Ensure satisfactory oxygenation and ventilation (see Chapter 10).
2. Treat ischemia or coronary spasm if suspected. Myocardial ischemia often

responds to intravenous nitroglycerin (IV NTG) but may require further inves-
tigation if it persists. Coronary spasm (see page 407) can be difficult to diagnose
but usually responds to IV NTG and/or a calcium channel blocker, such as sub-
lingual nifedipine or IV diltiazem.

3. Optimize preload by raising filling pressures with volume infusion to a PCWP
or PAD pressure of about 18–20 mm Hg. This may be all that is necessary to
achieve a satisfactory cardiac output. Volume infusion is preferable to atrial pac-
ing for improving cardiac output because it places less metabolic demand on the
recovering myocardium.33

a. The ideal left-sided filling pressures can be determined from a review of pre-
and intraoperative hemodynamic data and an understanding of the patient’s

Box 11.1  •  Management of Low Cardiac Output Syndrome

1. Look for noncardiac correctable causes (respiratory, acid-base, electrolyte)

2. Treat ischemia or coronary spasm

3. Optimize preload (PCWP or LA pressure of 18–20 mm Hg)

4. Optimize heart rate at 90–100/min with pacing

5. Control arrhythmias

6. Assess cardiac output and start inotrope if cardiac index is less than 2.0 L/min/m2

∗ Epinephrine unless arrhythmias or tachycardia

∗ Dopamine (if low SVR) or dobutamine (if high SVR)

∗ Inamrinone/milrinone

∗ Insert IABP

∗ Nesiritide if low cardiac index and high filling pressures

7. Calculate SVR and start vasodilator if SVR over 1500

∗ Nitroprusside if high filling pressures, SVR, and blood pressure

∗ Nitroglycerin if high filling pressures or evidence of coronary ischemia or 
spasm

8. If blood pressure is low with a low SVR:

∗ Norepinephrine if marginal cardiac output

∗ Phenylephrine if satisfactory cardiac output

∗ Vasopressin if refractory to the above

9. Give blood transfusion if hematocrit is less than 26%
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cardiac pathophysiology. Data obtained before the induction of anesthesia
tend to be misleading (all values tend to be elevated), as can data after the
patient is anesthetized due to alterations in loading conditions and auto-
nomic tone. Direct visual inspection of the heart, TEE, and measurement of
cardiac outputs at the termination of CPB will usually indicate the appropri-
ate filling pressures for optimal ventricular filling and cardiac performance.

b. For example, a PCWP around 15–18 mm Hg is usually best for patients with
preserved LV function. In contrast, a PCWP in the low 20s may be neces-
sary to achieve adequate preload in patients with poor LV function, a stiff
hypertrophied ventricle with diastolic dysfunction, a small LV chamber
(mitral stenosis or after resection of an LV aneurysm), or preexisting pul-
monary hypertension from mitral valve disease. Ventricular size and compli-
ance should be kept in mind when deciding whether additional volume is the
next appropriate step in the patient with marginal cardiac function.

c. The response to volume infusion may be variable. Failure of filling pressures
to rise with volume may result from the capillary leak that is present during
the early postoperative period. It may also result from vasodilatation associ-
ated with rewarming or the use of medications with vasodilator properties,
such as propofol or narcotics. However, it may also reflect the beneficial
attenuation of peripheral vasoconstriction that is attributable to an improve-
ment in cardiac output caused by the volume infusion. As the SVR and after-
load gradually decrease, the cardiac output may improve further without an
increase in preload.

d. A rise in filling pressures without improvement in cardiac output may
adversely affect myocardial performance as well as the function of other
organ systems. At this point, inotropic support is usually necessary. Thus,
careful observation of the response to volume infusion is imperative.

i. Excessive preload increases LV wall tension and may exacerbate
ischemia by increasing myocardial oxygen demand and decreasing the
transmyocardial gradient (aortic diastolic pressure minus LV diastolic
pressure) for coronary blood flow. It may also impair myocardial con-
tractility.

ii. Excessive preload may lead to interstitial edema of the lungs, resulting
in increased extravascular lung water, ventilation/perfusion abnormali-
ties, and hypoxemia.

iii. Excessive preload in the patient with RV dysfunction may impair
myocardial blood flow to the right ventricle resulting in progressive
ischemia. A distended right ventricle may contribute to LV dysfunction
because of overdistention and septal shift that impairs LV distensibility
and filling.

iv. The presence of RV or biventricular dysfunction may also cause systemic
venous hypertension, which may reduce perfusion pressure to other
organ systems. This may affect the kidneys (causing oliguria), the gas-
trointestinal (GI) tract (splanchnic congestion, jaundice, ileus), or the
brain (contributing to altered mental status).

v. Thus, the temptation must be resisted to administer additional volume
to the failing heart with high filling pressures. Excessive preload must
be avoided because it may lead to deterioration, rather than improve-
ment, in ventricular function.
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4. Stabilize the heart rate and rhythm. All attempts should be made to achieve
atrioventricular (AV) synchrony with a heart rate of 90–100/min. This may
require atrial (AOO or AAI) or AV (DDD or DVI) pacing. These modalities
take advantage of the 20–30% improvement in cardiac output provided by atri-
al contraction that will not be achieved with ventricular pacing alone. This is
especially important in the hypertrophied ventricle. Antiarrhythmic drugs
should be used as necessary to control ventricular ectopy or slow the response to
atrial fibrillation (AF).

5. Improve contractility with inotropic agents. This should be based on an under-
standing of the α, β, or nonadrenergic hemodynamic effects of vasoactive med-
ications and their anticipated influence on preload, afterload, heart rate, and
contractility. These medications and a strategy for their selection are noted on
pages 358–371.
a. The use of inotropic agents in the early postoperative period may seem par-

adoxical in that augmented cardiac output is being achieved at the expense
of an increase in oxygen demand (e.g., increased heart rate and contractility).
However, the major determinant of oxygen demand is the pressure work that
the left ventricle must perform. This is reflected by the afterload, which is
determined by preload and SVR. Inotropic drugs that are used to increase
contractility do not necessarily increase oxygen demand in the failing heart
because they reduce preload, afterload, and frequently the heart rate as a
result of improved cardiac function.

b. If the cardiac output remains low, physiologic support with an intraaortic
balloon pump (IABP) should be strongly considered. If the patient cannot
be weaned from bypass or has hemodynamic evidence of severe ventricular
dysfunction despite maximal medical therapy and the IABP, use of a circu-
latory assist device should be considered.This is discussed on pages 377–389.

6. Reduce afterload with vasodilators if the cardiac output is marginal while care-
fully monitoring systemic blood pressure to avoid hypotension (see page 389).
Vasodilators must be used cautiously when the cardiac index is very poor because
an elevated SVR from intense vasoconstriction is often a compensatory mecha-
nism in low cardiac output states to maintain central perfusion. If the calculated
SVR exceeds 1500, vasodilators may be indicated either alone or in combination
with inotropic medications.

7. It is essential to integrate all hemodynamic parameters when concluding that a
patient is or is not doing well. For example, the blood pressure may be high
when the heart is not performing well, the cardiac output may be acceptable
when the heart is struggling, and the cardiac output can be low even when ven-
tricular function is normal.
a. The presence of a satisfactory or elevated blood pressure is not necessarily a

sign of good cardiac performance. Blood pressure (BP) is related directly to
the cardiac output and the SVR (BP = CO × SVR). In the early postopera-
tive period, myocardial function may be marginal despite normal or elevated
blood pressure because of an elevated SVR resulting from augmented sym-
pathetic tone and peripheral vasoconstriction. Vasodilators can be used to
reduce afterload in the presence of elevated filling pressures, thus reducing
myocardial ischemia and improving myocardial function. However, withdraw-
al of inotropic support in the hypertensive patient should be considered



352 Cardiovascular Management

only after a satisfactory cardiac output has been documented. Otherwise,
acute deterioration may ensue.

b. One should not be deceived into concluding that myocardial function is sat-
isfactory when the cardiac output is “adequate” but is being maintained by
fast heart rates at low stroke volumes.

i. Tachycardia is often an ominous sign of acute myocardial ischemia or
infarction, and it may render the borderline heart ischemic. The stroke
volume index (SVI) is an excellent method of assessing myocardial func-
tion because it assesses how much blood the heart is pumping each beat.
Unless the patient is hypovolemic, a low SVI (less than 30 mL/beat/m2)
indicates poor myocardial function for which inotropic support is usual-
ly indicated. Although β-blockers would theoretically be beneficial to
control tachycardia in the injured or ischemic heart, they are poorly
tolerated in the presence of LV dysfunction and must be avoided.

ii. Sinus tachycardia may represent a beneficial compensatory mechanism
for a small stroke volume in patients with a small LV chamber (following
LV aneurysm resection or mitral valve replacement for mitral stenosis).
In these situations, an attempt to slow the heart rate pharmacologically
may compromise the cardiac output significantly. Not infrequently, sinus
tachycardia is a means of compensating for hypovolemia and quickly
resolves after fluid administration.

iii. Tachycardia may also be present in patients with marked LVH and
diastolic dysfunction, especially after aortic valve replacement for aortic
stenosis. In these situations, the cardiac output may be low despite pre-
served ventricular function because of a small noncompliant LV chamber.
β-blockers or calcium channel blockers can be used to slow the heart rate
after adequate volume replacement has been achieved, but they must be
used with extreme caution. Use of a medication with lusitropic (relaxant)
properties, such as inamrinone/milrinone or nesiritide, may be helpful.

iv. Tachycardia accompanying a large stroke volume is often seen in young
patients with preserved ventricular function. It can be managed safely
with a β-blocker, such as esmolol.

c. The cardiac output may be marginal when the patient is hypovolemic (even
if LV function is normal) and does not develop a compensatory tachycardia.
This is noted in patients who were well β-blocked prior to surgery and in
those who require pacing at the conclusion of the operation. Pacing up to a
rate of 90/min and a moderate volume infusion are invariably successful in
improving the cardiac output in this situation. If the cardiac output is not
acceptable once the filling pressures are satisfactory, an inotrope should be
added. The common temptation to continue to administer fluid once the fill-
ing pressures are elevated may be more harmful than helpful to the struggling
heart.

8. Maintain blood pressure
a. If the patient has a satisfactory cardiac output but a low systemic resistance

and low blood pressure, the filling pressures are often low and a moderate
volume infusion may improve the blood pressure. This scenario is common
in sedated patients receiving medications that have potent vasodilator prop-
erties. It is also common in patients who had been taking certain medications
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preoperatively, such as the angiotensin-converting enzyme (ACE) inhibitors
(which block the renin-angiotensin system), calcium channel blockers,
angiotensin receptor blockers, and amiodarone (which blocks sympathetic
stimulation by α and β blockade).

i. If hypotension persists, an α-agent should be used to increase the SVR.
Norepinephrine is the preferred drug when the cardiac output is mar-
ginal because it has β-agonist properties, whereas phenylephrine is a
pure α-agonist and is best used if the cardiac output is satisfactory.
Although one study showed that norepinephrine had little adverse effect
on renal function, most studies suggest that it produces some degree of
renal vasoconstriction.34,35 Some patients respond better to norepineph-
rine than phenylephrine, and others just the reverse.

ii. When refractory hypotension persists despite a satisfactory cardiac out-
put and use of phenylephrine or norepinephrine, it may represent a con-
dition of autonomic failure termed “vasoplegia.” This may be a conse-
quence of the systemic inflammatory response and may be related to
nitric oxide (NO)–induced vasodilatation. It has been shown that levels
of vasopressin are low in most normotensive patients after bypass but are
inappropriately low in patients with vasodilatory “shock.” Arginine
vasopressin acts on vasomotor V1 and renal V2 receptors and, given in
a dosage of 0.1–0.4 U/min, can restore blood pressure in these patients.
Such low dosages may suffice because patients with vasodilatory shock
tend to be hypersensitive to its effects. It also improves renal perfusion
in that it constricts the efferent rather than the afferent arterioles, in
contradistinction to the effects of α-agents on renal perfusion.36–39

iii. An alternative to the use of vasopressin is methylene blue 1.5 mg/kg,
which inhibits guanylate cyclase elicited by nitric oxide. It has been
reported to be beneficial in reducing morbidity and mortality in patients
with postbypass vasoplegia.40,41

b. If the blood pressure and the cardiac output remain low after adequate fill-
ing pressures are restored, inotropic support should be initiated, anticipating
a rise in systemic blood pressure. If this does not occur, an IABP may be
required to improve the cardiac output. Frequently, an α-agent must also be
added, and norepinephrine is preferable because it provides some β effects.
Sometimes, use of an α-agent to improve coronary perfusion pressure leads
to an improvement in cardiac output. Vasopressin is best avoided when the
cardiac output is marginal because it may compromise splanchnic blood flow
more than norepinephrine due to the fact that it is a pure vasoconstrictor
with no inotropic properties.42

9. Correct anemia with blood transfusions. The hematocrit is usually maintained
above 24% in the postoperative period, but transfusions should be considered for
hemodynamic instability or evidence of myocardial ischemia.

E. Right ventricular failure and pulmonary hypertension
1. A low cardiac output state may be the result of RV failure, producing inadequate

filling of the left heart. Patients may be predisposed to RV dysfunction because
of preexisting conditions, such as:
a. Right coronary artery (RCA) disease or severe coronary disease in a left-

dominant circulation.
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b. RV infarction secondary to a proximal RCA occlusion.
c. Pulmonary hypertension associated with mitral/aortic disease or severe LV

dysfunction in patients undergoing heart transplantation. In the latter
patients, the donor heart may not be able to acutely adapt to long-standing
pulmonary hypertension, especially if undersized with a prolonged ischemic
time, and RV failure will ensue.

2. However, RV systolic dysfunction may also occur in patients with no known
preexisting RV problems. It may be attributable to:
a. Poor myocardial protection, usually due to poor collateral circulation with an

occluded RCA or due to exclusive use of retrograde cardioplegia
b. Prolonged ischemic times/myocardial stunning
c. Inadvertent RCA distribution ischemia (kinking of the RCA in aortic root

replacements)
d. Coronary embolism of air (usually in valve operations), thrombi, or particu-

late matter (in reoperative coronary artery bypass grafting [CABG] or valve
operations)

e. Systemic hypotension and RV hypoperfusion
f. Acute pulmonary hypertension (increased PVR and RV afterload) from:

• Vasoactive substances associated with blood product transfusions and CPB
• Severe LV dysfunction
•  Protamine reaction (“catastrophic pulmonary vasoconstriction”)
•  Hypoxemia and acidosis
•  Tension pneumothorax

g. RV pressure overload: intrinsic pulmonary disease, acute respiratory distress
syndrome, pulmonary embolism

3. Isolated RV dysfunction is characterized by a high RA/PCW pressure ratio,
although this is usually unreliable when LV dysfunction is also present. RV ejec-
tion fraction thermodilution catheters and echocardiography are very helpful in
assessing the status of RV function.43,44 However, the presence of significant
tricuspid regurgitation in these patients may render thermodilution cardiac out-
puts unreliable. Thus, alternative means of assessing cardiac output, such as a
mixed venous oxygen saturation, rapid response RV catheter, or noninvasive test
(pulse contour analysis, bioimpedance, or esophageal Doppler) may be necessary.

4. RV dysfunction may contribute to progressive LV dysfunction due to ventricu-
lar independence. When the RV dilates, it shifts the interventricular septum
leftward, impairing LV distensibility. Progressive LV dysfunction may then
reduce systemic perfusion pressure, causing RV ischemia, and may elevate PA
pressures and RV afterload.

5. The goals of treatment are to optimize RV preload, ensure AV conduction,
maintain systemic perfusion pressure, improve RV contractility, reduce RV
afterload by reducing PVR, and optimize LV function (Box 11.2).
a. RV preload must be raised cautiously to avoid the adverse effects of RV

dilatation on RV myocardial blood flow and LV function. It is generally
taught that cardiac output can be improved by volume infusions in patients
sustaining RV infarctions with compromised RV function. However, the RA
pressure should not be increased to more than 20 mm Hg. If no improve-
ment in cardiac output ensues when volume is given to reach this pressure,
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additional volume infusions should be avoided. Volume overload of the right
ventricle contributes to progressive deterioration of RV function, impairment
of LV filling, and systemic venous hypertension.

b. AV conduction is essential.
c. Systemic perfusion pressure must be maintained while trying to avoid med-

ications that can also increase PVR. Maintaining adequate perfusion of the
RV may require intraaortic balloon pump support.

d. Correction of hypothermia, hypoxemia, hypercarbia, and respiratory acidosis
by hyperventilation will decrease PVR (acidosis rather than hypercarbia is
most deleterious).

e. Inotropic medications that can support RV and LV function and also
reduce the PA pressure should be selected.
i. The phosphodiesterase (PDE) inhibitors inamrinone and milrinone are

very beneficial in improving RV contractility and reducing PA pressures,
although they are usually associated with systemic hypotension that may
require α-agents to support the SVR. Unfortunately, the use of α-agents
may also increase the PVR. Dobutamine may produce effects similar to
those of the PDE inhibitors.

ii. Isoproterenol, while effective in improving RV contractility, is usually
accompanied by a significant tachycardia and is rarely used today, except
in patients undergoing cardiac transplantation.

Box 11.2  •  Treatment of Right Ventricular Failure

1. Optimize preload with CVP of 18–20 mm Hg

2. Ensure AV conduction

3. Maintain adequate systemic perfusion pressure with vasoactive mediations or an
IABP

4. Lower RV afterload (PVR) and improve RV contractility

a. Correct hypothermia, hypoxemia, hypercarbia, acidosis

b. Select inotropes with vasodilator properties (inamrinone, milrinone, low-dose
epinephrine, dobutamine)

c. Use a pulmonary vasodilator

i. Nesiritide

ii. Inhaled nitric oxide

iii. Inhaled prostacyclin

iv. IV prostaglandin E1

v. Adenosine

vi. Endothelin antagonists? (bosentan PO, tezosentan IV)

5. Optimize left ventricular function

6. Mechanical circulatory assist (RVAD) if no response to the above
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f. Pulmonary vasodilators should also be considered.
i. Nesiritide is a synthetic β-type natriuretic peptide that has no direct

inotropic effect, but is a powerful balanced vasodilator that lowers pre-
load and afterload. This reduces PA and systemic pressures and indi-
rectly improves the cardiac output. It also improves renal perfusion and
provides a powerful diuretic effect that is synergistic when given with a
loop diuretic.45,46 It is given as a 2 µg/kg IV bolus over one minute
followed by an infusion of 0.01–0.03 µg/kg/min.

ii. Inhaled nitric oxide (iNO) is a selective pulmonary vasodilator with
minimal effect on SVR.47–49 It can decrease RV afterload and augment
RV performance while maintaining systemic perfusion pressure. The
usual dose is 10–40 ppm administered via the ventilatory circuit. The
circuit must be designed to optimally mix O2 and NO to generate a low
level of NO2, which is toxic to lung tissue. Measurements of the con-
centration of NO in the inhaled limb and NO2 in the exhalation limb of
the ventilatory circuit by chemiluminescence are essential during deliv-
ery. Ideally, a scavenger system should be attached to the exhaust port of
the ventilator. Although iNO is quite effective, it is very expensive,
somewhat cumbersome to use, and potentially toxic if not appropriately
monitored.
•  NO does not increase intrapulmonary shunting. It may reverse the

hypoxic vasoconstriction that is frequently noted with other pulmonary
vasodilators (such as nitroprusside) and may improve the Pao2/Fio2
ratio.49,50

•  The greater the degree of pulmonary hypertension, the greater the
percentage reduction in PVR.51

•  When pulmonary hypertension is refractory to NO, as may be noted
in valve patients, the addition of dipyridamole 0.2 mg/kg IV may
reduce RV afterload.52–54 Dipyridamole blocks the hydrolysis of cyclic
guanosine monophosphate in vascular smooth muscle and may also
attenuate rebound pulmonary hypertension noted after NO with-
drawal. This phenomenon may be the result of elevated endothelin-1
levels induced by NO administration.55

•  NO in the bloodstream is rapidly metabolized to methemoglobin
(metHb) and levels should be monitored. Methemoglobinemia is
rarely noted in adults but can be a significant problem in young
children.

•  NO should be weaned slowly to prevent a rebound increase in PVR.
A general guideline is to decrease the dose by no more than 20% every
30 minutes. Inhalation can be stopped once 6 ppm is reached.

•  A comparative study of iNO and milrinone used for patients with
pulmonary hypertension upon separation from bypass showed that
iNO was associated with lower heart rates, better RV ejection fraction,
and less requirement for phenylephrine to support systemic resist-
ance.56

iii. Prostaglandin E1 (PGE1) and its analogs (epoprostenol [prostacyclin]
and iloprost) are potent pulmonary vasodilators that have been used
primarily to assess vascular reactivity in patients awaiting heart
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transplantation. However, they are also beneficial in reducing PA pres-
sure and improving RV function in patients with severe pulmonary
hypertension during and after various types of cardiac surgery (usually
mitral valve surgery and cardiac transplantation).
•  PGE1 is given at a dosage of 0.03–0.2 µg/kg/min to achieve

pulmonary vasodilation, but generally must be given at a dosage of less
than 0.1 µg/kg/min to avoid systemic hypotension.57 Higher dosages
may necessitate an infusion of norepinephrine to counteract the
decrease in SVR. To minimize adverse effects on the pulmonary vas-
culature, norepinephrine should be given directly into a left atrial
line.58

•  Epoprostenol (prostacyclin, PGI2) administered intravenously is not
inactivated by the lungs and is 10 times more potent a systemic
vasodilator than PGE1. However, inhaled PGI2 is a very effective
short-acting selective pulmonary vasodilator that can improve RV per-
formance without affecting SVR.59-61 It may also improve oxygenation
by decreasing ventilation/perfusion mismatch. Studies have reported
use of a single 60 µg inhalation in the operating room or a continuous
inhalation using either a weight-based protocol (up to 50 ng/kg/min at
which dose some systemic vasodilatation may occur) or a concentra-
tion-based protocol, giving 8 mL/h of a 20 µg/mL solution. There is
complete reversal of effect about 25 minutes after inhaled PGI2 is
stopped. The advantages of this medication over iNO are that it is sig-
nificantly less expensive, has no toxic metabolites, and is easy to admin-
ister and monitor.

•  Iloprost is a prostacyclin analog that also reduces PVR and increases
cardiac output with little effect on blood pressure or SVR. It can be
given in an aerosolized dose of 12.5–50 µg during and after
surgery.62,63 Its hemodynamic effect lasts 1–2 hours after a single
administration.

iv. A comparative study of iNO (40 ppm), PGE1 (0.1 µg/kg/min), and
NTG (3–5 µg/kg/min) in patients with pulmonary hypertension after
cardiac surgery showed that all three medications were capable of reduc-
ing PVR. However, iNO increased cardiac output without systemic
vasodilatation, PGE1 increased cardiac output and improved RV per-
formance with systemic vasodilatation, and NTG reduced SVR without
any hemodynamic improvement.64,65 This study demonstrated the
advantages of the inhaled pulmonary vasodilators over several systemi-
cally administered medications.

v. Adenosine administered at a rate of 500 µg/kg/min produces significant
selective pulmonary vasodilatation with subsequent increase in cardiac
output.66

vi. Endothelin-receptor antagonists have been used in patients with
primary pulmonary hypertension and may also prove beneficial in post-
operative patients with elevated PA pressures and RV dysfunction. The
utility and role of these medications have yet to be delineated. Available
medications include bosentan, which can be taken orally, and tezosentan,
which was available intravenously in Europe in mid-2004.
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g. If RV dysfunction persists despite use of inotropic support, pulmonary
vasodilators, and an intraaortic balloon pump, implementation of mechani-
cal assistance, such as a right ventricular assist device, may be necessary.

F. Diastolic dysfunction is a common cause of congestive heart failure (CHF) in
hypertensive patients. It can pose hemodynamic problems after surgery due to the
additional impact of CPB and cardioplegia on myocardial edema and compliance.
It is most prominent after a prolonged period of cardioplegic arrest, especially in the
small hypertrophied heart.
1. Diastolic dysfunction may be caused by impaired systolic relaxation or decreased

diastolic compliance, often with an inappropriate tachycardia.67 The end result
is a low cardiac output syndrome with a small LV chamber at end-diastole yet
high left-sided filling pressures (see page 247). The stiffness of the heart is usu-
ally evident on the echocardiogram, which will often confirm normal systolic
function even though the patient is in a low output state.

2. This problem can be difficult to manage and often results in end-organ dysfunc-
tion, such as renal failure, that progresses until the diastolic dysfunction improves.
Although inotropic drugs are frequently given, they are of little benefit. In con-
trast, ACE inhibitors may improve diastolic compliance; lusitropic drugs, such
as the calcium channel blockers, nesiritide, and inamrinone/milrinone, may
improve relaxation; and bradycardic drugs, such as β-blockers or calcium chan-
nel blockers, can be used for an inappropriate tachycardia. Aggressive diuresis
may also be beneficial in reducing myocardial edema that might contribute to
reduced compliance.

III.  Inotropic and Vasoactive Drugs
A. General comments

1. A variety of vasoactive medications are available to provide hemodynamic sup-
port for the patient with marginal myocardial function. They should be chosen
carefully to achieve a satisfactory cardiac index (> 2.2 L/min/m2) and blood
pressure once adequate filling pressures have been achieved. The selection of a
particular drug depends on an understanding of its mechanism of action and
limitations to its use. The catecholamines exert their effects on α- and β-adren-
ergic receptors. They elevate levels of intracellular cyclic AMP (cAMP) by β-
adrenergic stimulation of adenylate cyclase. In contrast, the PDE inhibitors
(inamrinone, milrinone) elevate cAMP levels by inhibiting cAMP degradation.
Elevation of cAMP augments calcium influx into myocardial cells and increas-
es contractility.25

• α1 and α2 stimulation results in increased SVR and PVR. Cardiac α1 recep-
tors increase contractility and decrease the heart rate.

•  β1 stimulation results in increased contractility (inotropy), heart rate
(chronotropy), and conduction (dromotropy).

• β2 stimulation results in peripheral vasodilatation and bronchodilatation.
2. The net effects of medications that share α and β properties usually depend on

the dosage level and are summarized in Table 11.3.
3. Concomitant use of several medications with selective effects may minimize

the side effects of higher doses of individual medications. For example:
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•  Inotropes with vasoconstrictive (α) properties can be combined with
vasodilators to improve contractility while avoiding an increase in SVR.

•  Inotropes with vasodilator properties can be combined with α-agonists to
maintain SVR.

•  Catecholamines can be combined with the PDE inhibitors to provide
synergistic inotropic effects while achieving pulmonary and systemic vasodi-
latation.

•  α-agents can be infused directly into the left atrium to maintain SVR while
a pulmonary vasodilator is infused into the right heart.

4. The benefits of most vasoactive medications are noted when adequate blood
levels are achieved in the systemic circulation. Thus, these medications should
be given into the central circulation via controlled infusion pumps rather than
peripherally. Nonetheless, higher levels can be reached by drug infusion into the

Medication SVR HR PCW CI MAP MVO2

Dopamine ↓↑ ↑↑↑ ↓↑ ↑ ↓↑ ↑

Dobutamine ↓ ↑↑↑ ↓ ↑ ↓↔↑ ↑↔

Epinephrine ↓↑ ↑↑ ↓↑ ↑ ↑ ↑

Inamrinone/milrinone ↓↓ ↑ ↓ ↑ ↓ ↑↓

Isoproterenol ↓↓ ↑↑↑↑ ↓ ↑ ↓↑ ↑↑

Calcium chloride ↑ ↔ ↑ ↑ ↑↑ ↑

Norepinephrine ↑↑ ↑↑ ↑↑ ↑ ↑↑↑ ↑

Phenylephrine ↑↑ ↔ ↑ ↔ ↑↑ ↔↑

Nesiritide ↓↓ ↔ ↓↓ ↑∗ ↓↓ ↓↓

↑ = increased;  ↓ = decreased;  ↔ = no change; ↓↑ = variable effect; ∗ = indirect effect.

Note:
1. The effect may vary with dosage level (particularly dopamine and epinephrine, in which case the

effect seen at low dosage is indicated by the first arrow).
2. The relative effect is indicated by the number of arrows.
3. For some medications, an improvement in MAP may occur from the positive inotropic effect

despite a reduction in SVR.
4. The effects of inamrinone, milrinone, and calcium are not mediated by α- and β-receptors.

Table 11.3  •  Hemodynamic Effects of Vasoactive Medications
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left atrium rather than the central venous circulation, which results in partial
removal or inactivation of these drugs by the lungs. Furthermore, infusion of
medications, such as norepinephrine or epinephrine, through a left atrial line
minimizes elevation of the PVR, which may contribute to RV dysfunction.68

5. The standard mixes and dosage ranges are listed in Table 11.4.
B. Epinephrine

1. Hemodynamic effects
a. Epinephrine is a potent β1 inotropic agent that increases cardiac output by

an increase in heart rate and contractility. At doses less than 2 µg/min 
(< 0.03 µg/kg/min), it has a β2 effect that produces mild peripheral vasodi-
latation, but the blood pressure is usually maintained or elevated by the increase
in cardiac output. At doses greater than 2 µg/min (> 0.03 µg/kg/min),
α effects will increase the SVR and raise the blood pressure. Metabolic
acidosis may also be noted at low doses of epinephrine when α effects are
not evident.

b. Epinephrine has strong β2 properties that produce bronchodilatation.

Medication Mix Dosage Range

Dopamine 400 mg/250 mL 2–20 µg/kg/min

Dobutamine 500 mg/250 mL 5–20 µg/kg/min

Epinephrine 1 mg/250 mL 1–4 µg/min (0.01– 0.05 µg/kg/min)

Inamrinone 200 mg/200 mL 0.75 mg/kg bolus, then 10–15 µg/kg/min

Milrinone 20 mg/200 mL 50 µg/kg bolus, then 0.375–0.75 µg/kg/min

Isoproterenol 1 mg/250 mL 0.5–10 µg/min (0.01–0.1 µg/kg/min)

Norepinephrine 4 mg/250 mL 1–50 µg/min (0.015–0.5 µg/kg/min)

Phenylephrine 40 mg/250 mL 5–150 µg/min (0.05–1.5 µg/kg/min)

Note: X mg placed in 250 mL gives an infusion rate of X µg (milligrams divided by 100) in 
15 drops of solution. For example, a 200-mg/250-mL mix gives a drip of 200 µg in 15 drops. 
60 microdrops = 1 mL;  15 drops/min = 15 mL/h. 

Note: the final volume of the mix reflects the total volume; thus, for amrinone, 50 mL of amrinone
is added to 150 mL to achieve a total volume of 200 mL. For all of the other medications, the drug
volume is very small.

Table 11.4  •  Mixes and Dosage Ranges for Vasoactive Medications
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c. Although epinephrine may contribute to arrhythmias or tachycardia, stud-
ies have shown that epinephrine given at a dosage of 2 µg/min causes less
tachycardia than dobutamine given at a dosage of 5 µg/kg/min.69

d. Epinephrine delivered through a left atrial line produces a higher cardiac
index with lower pulmonary pressures and PVR than when delivered
through a central venous line. This may be beneficial in the patient with 
RV dysfunction in whom an increase in RV afterload would not be well
tolerated.68 In this situation, however, the PDE inhibitors are preferable.

2. Indications
a. Epinephrine is usually the first-line drug for a borderline cardiac output in

the absence of tachycardia or ventricular ectopy. It is very helpful in the
hypertrophied heart that often takes several minutes to recover adequate
systolic function after cardioplegic arrest. Epinephrine is extremely effective
and has very low cost.

b. It is especially helpful in stimulating the sinus node mechanism when the
intrinsic heart rate is slow. It is frequently beneficial in improving the atri-
um’s responsiveness to pacing at the conclusion of bypass.

c. Bronchospasm may respond well to epinephrine, especially when an
inotrope is also required.

d. Anaphylaxis (protamine reaction).
e. Resuscitation from cardiac arrest.

3. Dosage: starting dose is 1 µg/min (about 0.01 µg/kg/min) with a mix of 1
mg/250 mL. Dosage can be increased to 4 µg/min (about 0.05 µg/kg/min).
Higher doses are rarely indicated in patients following cardiac surgery.

C. Dopamine
1. Hemodynamic effects depend on the dosage, although plasma levels and

effects may not correlate with the infused dose.70

a. At doses of 2–3 µg/kg/min, dopamine has a selective “dopaminergic” effect
that reduces afferent arteriolar tone in the kidney, with an indirect vasocon-
strictive effect on efferent arterioles. The net effect is an increase in renal
blood flow, glomerular filtration rate, and urine output. A mild β2 effect
decreases peripheral resistance and may reduce blood pressure. Even at this
low dosage level, there is activation of α1 and β1 receptors. The latter may
produce a profound tachycardia. Note: Dopamine’s diuretic effect may also
be attributable to its effects on renal tubular function as well as some
inotropic effect at this level. It has not been shown to prevent or alter the
natural history of acute tubular necrosis once it develops.71

b. At doses of 3–8 µg/kg/min, dopamine exhibits a β1 inotropic effect that
improves contractility and, to a variable degree, a chronotropic effect that
increases heart rate and the potential for arrhythmogenesis. It also has a dro-
motropic effect that increases AV conduction during AF/atrial flutter.72

c. At doses greater than 8 µg/kg/min, there are increasing inotropic effects, but
also a predominant α effect that occurs directly and by endogenous release
of norepinephrine. This raises the SVR, systemic blood pressure, and filling
pressures, and may adversely affect myocardial oxygen consumption and
ventricular function. Concomitant use of a vasodilator, such as nitroprusside,
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to counteract these α effects allows for the best augmentation of cardiac
output. The dopaminergic effect may still be present despite the vasocon-
strictive effects.25

2. Indications
a. Dopamine may be considered a first-line drug for a low cardiac output

state, especially when the SVR is low and the blood pressure is marginal. Its
use may be limited by the development of a profound tachycardia, even at
very low dosages, and occasionally by excessive urine output. In these situa-
tions, another inotrope should be selected.

b. It is beneficial in improving urine output in patients with or without
preexisting renal dysfunction. Nonetheless, the “renoprotective” effect of
dopamine during open-heart surgery and in the early postoperative course
is controversial, with most studies suggesting it has no demonstrable bene-
fit in preserving renal function.73,74

3. Starting dose is 2 µg/kg/min with a mix of 400 mg/250 mL. Dosage can be
increased to 20 µg/kg/min.

D. Dobutamine
1. Hemodynamic effects

a. Dobutamine is a positive inotropic agent with a strong β1 effect that increas-
es heart rate in a dose-dependent manner and also increases contractility. It
also exhibits mild vasoconstrictive α1 and mild vasodilatory β2 effects that
may influence SVR. In one study, the α1 effect predominated over the β2
effect causing an increase in SVR at the termination of CPB.75 Diastolic fill-
ing pressures are usually reduced. Blood pressure is generally maintained by
improved cardiac performance.

b. Dobutamine has been compared with other inotropic agents in several studies.
i. Dobutamine and dopamine increase myocardial oxygen demand to a

comparable degree, but only dobutamine can match this increase with
augmented myocardial blood flow.76 This favorable effect on the myocar-
dial supply-to-demand ratio is offset to some degree, however, by the
development of tachycardia. Other studies have shown that, in contrast to
dopamine, dobutamine reduces LV wall stress and oxygen demand by
lowering preload and afterload.77 This is particularly evident in volume-
overloaded hearts (valve replacement for mitral or aortic regurgitation).78

ii. Dobutamine causes more tachycardia than epinephrine.69

iii. Dobutamine and the PDE inhibitors provide comparable hemody-
namic support, although dobutamine is associated with more hyper-
tension, tachycardia, and a greater chance of triggering AF.79,80

2. Indications
a. Dobutamine is most useful when the cardiac output is marginal and there

is a mild elevation in SVR. Its use is usually restricted by development of a
tachycardia.

b. It has a moderate pulmonary vasodilator effect and may be helpful in
improving RV function and lowering RV afterload.

c. It has a synergistic effect in improving cardiac output when used with a
PDE inhibitor (inamrinone/milrinone). This combination is commonly
used in patients awaiting cardiac transplantation.
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3. Starting dose is 5 µg/kg/min using a mix of 500 mg/250 mL. Dosage can be
increased to 20 µg/kg/min.

E. Inamrinone (Inocor) and Milrinone (Primacor)
1. Hemodynamic effects

a. These are phosphodiesterase (PDE) III inhibitors that can best be described
as “inodilators.”81 They improve cardiac output by reducing systemic and
pulmonary vascular resistance and by exerting a moderate positive inotrop-
ic effect. There is usually a modest increase in heart rate, a lowering of filling
pressures, and a moderate reduction in systemic blood pressure. Thus, they
generally are associated with a reduction in myocardial oxygen demand.
Although the unloading effect produced by the decrease in SVR may con-
tribute a great deal to their efficacy, an α-agent (phenylephrine or norepi-
nephrine) is frequently required to maintain systemic blood pressure. They
also have lusitropic (relaxant) properties.

b. Additive effects on ventricular performance are noted when used with one
of the catecholamines, such as dobutamine, dopamine, or epinephrine, due
to differing sites of action.82–84

c. Inamrinone and milrinone provide comparable hemodynamic effects85 and
have been compared with dobutamine in several studies. The increase in
cardiac output is similar to that achieved with dobutamine, but dobutamine is
associated with a greater increase in heart rate and a higher incidence of atrial
and ventricular arrhythmias.79,80 Consequently, dobutamine may increase
myocardial oxygen demand and the risk of perioperative infarction. In addition,
the PDE inhibitors, but not dobutamine, lower coronary vascular resistance.86

d. The tachycardia produced by the PDE inhibitors may be offset by the use
of β-blockers without compromising the beneficial inotropic effects.87

2. Indications
a. These medications are generally second-line medications that should be

used for a persistent low cardiac output state despite use of one of the cat-
echolamines or when their use is limited by tachycardia. However, one study
did show that a preemptive bolus of milrinone on pump significantly
reduced the need for any catecholamine in the immediate perioperative
period.88

b. They are particularly valuable in patients with RV dysfunction associated
with an elevation in PVR, such as patients with pulmonary hypertension
from mitral valve disease or those awaiting and following cardiac transplan-
tation.

c. Their lusitropic (relaxant) properties may be of value in patients with
significant diastolic dysfunction that may contribute to a low-output state,
even with preserved systolic function.

3. Advantages and disadvantages
a. PDE inhibitors have long elimination half-lives (3.6 hours for inamrinone

and 2.3 hours for milrinone), which are even longer in patients in low car-
diac output states. Thus, an intraoperative bolus can be used to terminate
bypass and provide a few hours of additional inotropic support without the
need for continuous infusion. This should be considered due to the expense
of these medications.
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b. Because the hemodynamic effects persist for several hours after the drug
infusion is discontinued (in contrast to the short duration of action of the
catecholamines), the patient must be observed carefully for deteriorating
myocardial function for several hours as the drug effects wear off.

c. Inamrinone has been associated with the development of thrombocytopenia.
Therefore, platelet counts must be monitored on a daily basis. In contrast,
thrombocytopenia is very rare with milrinone, which is often used for weeks
at a time in patients awaiting transplantation.89

d. PDE inhibitors vasodilate arterial conduits. Thus, they may prove beneficial
in a patient with suspected coronary spasm who requires inotropic support.90,91

4. Starting dosages
a. Inamrinone: 0.75 mg/kg bolus over 10 minutes followed by a continuous

infusion of 10–15 µg/kg/min with a mix of 200 mg/200 mL of normal
saline. When given during surgery, a 1.5 mg/kg bolus is usually required to
achieve a satisfactory plasma concentration.92

b. Milrinone: 50 µg/kg IV bolus over 10 minutes, followed by a continuous
infusion of 0.375–0.75 µg/kg/min of a 20 mg/200 mL solution.

F. Isoproterenol
1. Hemodynamic effects

a. Isoproterenol has a strong β1 effect that increases cardiac output by a mod-
erate increase in contractility and a marked increase in heart rate. Although
it also has a β2 effect that lowers SVR to a slight degree, the increased myocar-
dial O2 demand caused by the tachycardia limits its usefulness in coronary
bypass patients. Isoproterenol may produce ischemia out of proportion to its
chronotropic effects, and it also predisposes to ventricular arrhythmias.

b. Isoproterenol’s β2 effect lowers PVR and reduces right heart afterload.
c. There is a strong β2 bronchodilator effect.

2. Indications
a. RV dysfunction associated with an elevation in PVR. Isoproterenol is both

an inotrope and a pulmonary vasodilator and thus is helpful in supporting
RV function following mitral valve surgery in patients with preexisting pul-
monary hypertension. Because it causes such a profound tachycardia, it has
generally been replaced by the PDE inhibitors.57 However, it is still com-
monly used following heart transplantation to reduce PVR, improve RV
function, and produce ventricular relaxation.

b. Bronchospasm when an inotrope is required.
c. Bradycardia in the absence of functioning pacemaker wires. It is common-

ly used after heart transplantation to maintain a heart rate of 100–110/min.
3. Starting dose is 0.5 µg/min with a mix of 1 mg/250 mL. It can be increased to

about 10 µg/min (usual dosage range is 0.01–0.1 µg/kg/min).
G. Norepinephrine (Levophed)

1. Hemodynamic effects
a. Norepinephrine is a powerful catecholamine with both α- and β-adrenergic

properties. Its predominant α effect raises SVR and blood pressure, while
the β1 effect increases both contractility and heart rate.

b. By increasing afterload and contractility, norepinephrine increases myocar-
dial oxygen demand and may prove detrimental to the ischemic or marginal
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myocardium. It may also cause regional redistribution of blood flow away
from the splanchnic circulation, reducing organ system perfusion and
increasing the risk of visceral ischemia. One study showed that it may
induce renal vasoconstriction, but another suggested that it did not impair
renal function.34,35

c. Note: There is a tendency to think that norepinephrine is providing only an
α effect, but it does have strong β properties. Thus, it should be anticipated
that both the cardiac output and heart rate will fall when the drug is weaned.

2. Indications
a. Norepinephrine is primarily indicated when the patient has a marginally

low cardiac output with a low blood pressure caused by a low SVR. This is
often noted when the patient warms and vasodilates. Use of a pure α-agent
is feasible if the cardiac index exceeds 2.5 L/min/m2, but norepinephrine can
provide some inotropic support if the cardiac index is borderline. If the car-
diac index is below 2.0 L/min/m2, another inotrope should probably be used
in addition to or in place of norepinephrine.

b. Norepinephrine is frequently effective in raising the blood pressure when
little effect has been obtained from phenylephrine (and vice versa).

c. It has been used as an inotrope to improve cardiac output in conjunction
with a vasodilator, such as phentolamine or sodium nitroprusside (SNP), to
counteract its α effects, but this combination is used infrequently.93

3. Starting dose is 1 µg/min (about 0.015 µg/kg/min) with a mix of 4 mg/250 mL.
The dosage may be increased as necessary to achieve a satisfactory blood
pressure. Higher dosages (probably > 20 µg/min or > 0.2 µg/kg/min) reduce
visceral and peripheral blood flow, frequently producing a metabolic acidosis.

H. Phenylephrine (Neo-Synephrine)
1. Hemodynamic effects

a. Phenylephrine is a pure α-agent that increases SVR and may cause a reflex
decrease in heart rate. Myocardial function may be compromised if an exces-
sive increase in afterload is produced by phenylephrine; however, it is fre-
quently improved by an elevation in coronary perfusion pressure that
resolves myocardial ischemia.

b. Phenylephrine has no direct cardiac effects.
2. Indications

a. Phenylephrine is indicated only to increase the SVR when hypotension
coexists with a satisfactory cardiac output. This is commonly noted at the
termination of bypass or in the ICU when the patient warms and vasodi-
lates. If the blood pressure remains low after volume infusions, yet the car-
diac output is satisfactory, phenylephrine can be used to maintain a systemic
blood pressure around 100–110 mm Hg. Significantly higher pressures
should be avoided to minimize the adverse effects of an elevated SVR on
myocardial function.

b. Phenylephrine can be used preoperatively to manage ischemia by main-
taining perfusion pressure while NTG is used to reduce preload.

3. Advantages and disadvantages
a. Patients often become refractory to the effects of phenylephrine after sever-

al hours of use, necessitating a change to norepinephrine. Conversely, some
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patients respond very poorly to norepinephrine and have an immediate
blood pressure response to low-dose phenylephrine.

b. By providing no cardiac support other than an increase in central perfusion
pressures, phenylephrine has limited indications.

c. Note: Be very careful when administering α-agents to patients whose entire
revascularization procedure is based on arterial grafts.

4. Starting dose is 5 µg/min with a mix of 40 mg/250 mL. The dosage can be
increased as necessary to maintain a satisfactory blood pressure. The usual
dosage range is 0.05–1.5 µg/kg/min.

I. Calcium chloride
1. Hemodynamic effects. Calcium chloride’s primary effect is to increase the

SVR and the mean arterial pressure. It has little effect on the heart rate. It pro-
duces a transient improvement in systolic function at the termination of CPB,
although it may increase ventricular stiffness, suggesting that it produces tran-
sient diastolic dysfunction.94

a. One study showed that CaCl2 produces a transient inotropic effect if
hypocalcemia is present and a more sustained increase in SVR, independent
of the calcium level.95

b. A study that compared epinephrine and calcium chloride upon emergence
from CPB showed that both increased the mean arterial pressure, but only
epinephrine increased the cardiac output, suggesting that calcium did not
provide any inotropic support.96 Although this study did not find any ben-
eficial or negative effect of combining these two medications, another one
suggested that the calcium salts may attenuate the cardiotonic effects of cat-
echolamines, such as dobutamine or epinephrine, but have little effect on
the efficacy of inamrinone.97

2. Indications
a. Frequently used at the termination of CPB to augment systemic blood

pressure by either its positive inotropic or vasoconstrictive effect.
b. To support myocardial function or blood pressure on an emergency basis

until further assessment and intervention can be undertaken. Note:
Calcium is not recommended for routine use during a cardiac arrest.

c. Hyperkalemia (K+ > 6.0 mEq/L)
3. Usual dosage is 0.5–1 g slow IV bolus.

J. Triiodothyronine
1. Hemodynamic effects

a. Most patients have been found to have reduced levels of free triiodothyro-
nine (T3) and thyroxine at the conclusion of CPB, but a relationship to
impaired myocardial performance is not clear.98,99 Administration of T3 has
been shown to increase cardiac output and lower SVR in patients with
depressed ventricular function. Its positive inotropic effect results from
increased aerobic metabolism and synthesis of high-energy phosphates. It
causes a dose-dependent increase in myocyte contractile performance that is
independent of and additive to β-adrenergic stimulation.

b. Randomized studies have produced conflicting results on whether the intra-
operative administration of T3 improves ventricular function, decreases
inotropic requirements, and improves overall outcome. However, significant
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improvement in hemodynamics has been demonstrated in patients with
impaired ventricular function, many of whom could not be weaned from
bypass on multiple inotropes until T3 was administered.100–104

c. Note: Calcium channel blockers have been shown to interfere with the
action of T3.

104

d. There is some evidence that T3 may reduce the incidence of postoperative
AF through an unknown mechanism.105

2. Indications
a. T3 may be indicated to provide inotropic support as a salvage step when

bypass cannot be terminated with maximal inotropic support and the IABP.
b. T3 is helpful in improving donor heart function in brain-dead patients when

ventricular function is depressed.
3. Usual dosage is 0.2–0.8 µg/kg IV, which may be followed by an infusion of

0.12 µg/kg/h for 6 hours.
K. Other modalities to manage low cardiac output

1. Nesiritide is a recombinant B-type natriuretic peptide that has been used pri-
marily in patients with decompensated heart failure. It decreases sympathetic
stimulation and inhibits the neurohormonal response (i.e., activation of the
renin-angiotensin-aldosterone system and endothelin) noted in patients with
heart failure. By inference, these same changes may be seen in patients with
postcardiotomy ventricular dysfunction and elevated PA pressures.45,46,106

a. Nesiritide produces balanced vasodilatation resulting in a decrease in pre-
load (PA pressure) and afterload (SVR). It indirectly increases cardiac out-
put and does so with no increase in heart rate or myocardial oxygen demand.
It exhibits lusitropic (relaxant) properties, dilates native coronary arteries
and arterial conduits, and has no proarrhythmic effects.

b. Nesiritide dilates the renal afferent and efferent arterioles, producing an
increase in glomerular filtration. It thus has a strong diuretic and natriuret-
ic effect that is synergistic with that of the loop diuretics.

c. Indications: In the cardiac surgical patient, nesiritide is useful in conditions
of diastolic dysfunction, and when postcardiotomy systolic dysfunction is
accompanied by elevated PA pressures. Such conditions are noted in patients
with cardiogenic shock preoperatively or severe ventricular dysfunction upon
weaning from bypass or in patients with pulmonary hypertension associated
with mitral valve disease, before and after cardiac transplantation, with use of
assist devices, or with fluid overload secondary to postoperative renal failure.

d. Dosage: Nesiritide is given in a dose of 2 µg/kg over one minute followed
by an infusion of 0.01–0.03 µg/kg/min. It has a rapid onset of action with
most of its hemodynamic effects noted within the first 30 minutes.
Although its half-life is only 18 minutes, hypotension may persist for hours
after the infusion is discontinued. It may be given through a peripheral IV
and does not require intensive monitoring.

2. Glucose-insulin-potassium (GIK). GIK has been demonstrated to have an
inotropic effect on the failing myocardium after cardioplegic arrest. It provides
metabolic support to the myocardium by increasing anaerobic glycolysis, low-
ering free fatty acid levels, preserving intracellular glycogen stores, and stabiliz-
ing membrane function. The mixture contains 50% glucose, 80 units/L of
regular insulin, and 100 mEq/L of potassium infused at a rate of 1 mL/kg/h.107
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3. Dopexamine is a synthetic catecholamine that stimulates dopaminergic recep-
tors as well as β2, and to a lesser extent, β1-adrenergic receptors. It provides an
inotropic effect by inhibiting neuronal uptake of catecholamines, and it also
increases heart rate in a dose-related manner. It decreases SVR and improves
renal and splanchnic perfusion. It also decreases PVR and can improve RV
function. Its effects are fairly equivalent to those of dobutamine, although it
may cause more tachycardia. It is given as an infusion of 1–4 µg/kg/min.108

4. Enoximone is a PDE inhibitor with hemodynamic effects similar to those of
inamrinone. It decreases systemic, pulmonary, and coronary resistance and has
a positive inotropic effect with minimal alteration in heart rate. Its vasodilating
properties may be less than those of inamrinone, but it still usually requires a
vasoconstrictor to offset the vasodilatory effects of the bolus injection. It also
has an additive effect when given with a catecholamine. It is not associated with
the development of thrombocytopenia. It is given as a 0.5–1.0 mg/kg bolus at
the termination of bypass.109

5. Levosimendan is a new calcium-sensitizing “inodilator.” It provides a positive
inotropic effect by sensitizing myofilaments to calcium without increasing
intracellular calcium levels. It also has vasodilator effects by opening ATP-
dependent potassium channels in vascular smooth muscle. It improves cardiac
output by increasing both stroke volume and heart rate and reduces preload and
afterload by its vasodilating effects. It has been used for patients with acute exac-
erbations of heart failure in Europe and is being investigated for use in low
cardiac output syndromes after cardiac surgery.110 Postoperatively, it has been
given as a 12 µg/kg loading dose over 10 minutes, followed by a continuous infu-
sion of 0.1 µg/kg/min. The active metabolite has a very long half-life (80 hours),
so a 24-hour infusion may provide benefits for up to a week. Thus, its role in the
short-term management of postcardiotomy dysfunction has yet to be defined.

L. Recommended strategy for selection of vasoactive medications
1. The selection of a vasoactive medication should be based on several factors:

a. An adequate understanding of the underlying cardiac pathophysiology
derived from hemodynamic measurements and often echocardiography.

b. Knowledge of the α, β, or nonadrenergic hemodynamic effects of the med-
ications and their anticipated influence on preload, afterload, heart rate, and
contractility.

2. Vasoactive medications are usually started in the operating room and main-
tained for about 6–12 hours while the heart recovers from the period of
ischemia/reperfusion. The dosages are adjusted as the patient’s hemodynamic
parameters improve. Occasionally, when the heart demonstrates persistent
“stunning” or has sustained a perioperative infarction, pharmacologic support
and/or an IABP may be necessary for several days.

3. When the cardiac index is satisfactory (> 2.2 L/min/m2) but the blood pressure
is low, an α-agent should be selected. Phenylephrine is commonly used in the
operating room, but norepinephrine is probably a better drug to use in that it
provides some β effects that are beneficial during the early phase of myocardial
recovery. Systolic blood pressure need only be maintained around 100 mm Hg
(mean pressure > 80 mm Hg) to minimize the increase in afterload. If neither
of these medications suffices, vasopressin should be utilized.36–39
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4. When the cardiac index remains marginal (< 2.0 L/min/m2) after optimizing
volume status, heart rate, and rhythm, an inotropic agent should be selected.
The first-line drugs are usually epinephrine, dobutamine, or dopamine. The
major limitation to their use is the development of tachycardia, which tends to
be less prominent with low-dose epinephrine. At inotropic levels, dopamine
and epinephrine tend to raise SVR, whereas dobutamine’s effect on SVR is
variable but usually not significant. If a satisfactory cardiac output has been
achieved and the blood pressure is elevated, addition of a vasodilator is benefi-
cial. If the blood pressure is low, an α-agent can be added.

5. If the cardiac output still remains suboptimal despite moderate doses of drugs
(epinephrine 2–3 µg/min [0.03–0.05 µg/kg/min], dobutamine 10 µg/kg/min,
or dopamine 10 µg/kg/min), a second drug should be selected. The PDE
inhibitors exhibit additive effects to those of the catecholamines and should be
selected. These medications lower the SVR and may cause a modest tachycar-
dia. They commonly require the use of norepinephrine to maintain SVR,
although blood pressure may be maintained by the improvement in cardiac
function. If norepinephrine is used, its β effect may further improve contractil-
ity, but it can also increase the heart rate. Its α effect may reduce organ system
perfusion and may compromise flow in arterial conduits (such as the internal
thoracic artery [ITA] or radial artery).111 If the cardiac index remains marginal
despite the use of two medications, an IABP should be inserted.

6. If the patient cannot be weaned from bypass and has hemodynamic evidence of
persistent cardiogenic shock (PCWP > 20 mm Hg, cardiac index < 1.8
L/min/m2) despite medications and the IABP, a circulatory assist device should
be considered.

7. Note: It is not uncommon for the cardiac output to fall to below 1.8 L/min/m2

during the first 4–6 hours after surgery, which represents the time of maximal
myocardial depression. The dose of an inotrope may have to be increased tran-
siently or, less frequently, another one added. However, it is the persistence of
a low output state beyond this time that raises concern, especially if there is any
evidence of ischemia, continually rising filling pressures, oliguria, or a progres-
sive metabolic acidosis. An IABP may need to be inserted in the ICU if these
problems are present. However, in the absence of any specific identifiable prob-
lem, most patients gradually improve, and one should not be overly alarmed by
or be excessively aggressive in response to transient drops in cardiac output.
Echocardiography is helpful in assessing whether ventricular dysfunction or
cardiac tamponade is causing the low output state and may often direct man-
agement appropriately.

8. Note: Use of α-agents can be dangerous in patients receiving radial artery
grafts or in whom multiple grafts are based on ITA inflow. It is preferable to
reduce the dose of the vasodilating drug (diltiazem or NTG used to prevent
spasm) rather than increase the dose of a vasoconstricting medication.

M. Vasoactive medications provide specific hemodynamic benefits, but their use may
be limited by the development of adverse effects. Nearly all of the catecholamines
increase myocardial oxygen demand by increasing heart rate and contractility.
Other side effects that may necessitate changing to or addition of another med-
ication include:
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1. Arrhythmogenesis and tachycardia (epinephrine, isoproterenol, dobutamine,
dopamine)

2. Vasoconstriction and poor renal, splanchnic, and peripheral perfusion (norepi-
nephrine, phenylephrine)

3. Vasodilatation that requires α agents to support systemic blood pressure with
potential adverse effects on renal perfusion (inamrinone/milrinone)

4. Excessive urine output (dopamine)
5. Thrombocytopenia (inamrinone)
6. Cyanide and thiocyanate toxicity (nitroprusside)
7. Methemoglobinemia (nitroglycerin)

N. Weaning from vasoactive medications
1. Once the cardiac output and blood pressure have stabilized for a few hours,

vasoactive medications should be weaned. α-agents should generally be weaned
first. Their use should ideally be restricted to increasing the SVR to support
blood pressure when the cardiac output is satisfactory. However, there are cir-
cumstances when α-agents are required to maintain cerebral and coronary per-
fusion in the face of a poor cardiac output. In these desperate life-saving situa-
tions, the resultant intense peripheral vasoconstriction can compromise organ
system and peripheral perfusion, causing renal, mesenteric, and peripheral
ischemia, acidosis, and frequently death.
a. In the routine patient, SVR and blood pressure increase when myocardial

function improves, narcotic effects abate, and sedatives, such as propofol, are
discontinued. As the patient awakens and develops increased intrinsic sym-
pathetic tone, α-agents can be stopped.

b. When inamrinone/milrinone or the IABP is used to support myocardial
function, an α-agent is frequently required to counteract the excellent
unloading and decrease in SVR that is achieved. It may not be possible to
wean the α-agent before the patient has been weaned from the medication
or IABP because he or she may become hypotensive despite an excellent
cardiac output. It is usually necessary to wean the α-agent in conjunction
with weaning of the other modalities.

c. Occasionally, a patient who has sustained a small perioperative infarction
will have an excellent cardiac output but a low SVR. This requires tempo-
rary α support until the blood pressure improves spontaneously. Such
support may be required for several days.

2. The stronger positive inotropes with the most potential detrimental effects on
myocardial metabolism should be weaned next. Those that possess α properties
should be decreased to doses at which these effects do not occur. If an IABP is
present, it should not be removed until the patient is on a low dose of only one
inotrope, unless complications of the IABP develop. Otherwise, weaning of the
IABP should usually be deferred.
a. The catecholamines should be weaned first to low doses. If the patient is on

multiple drugs, epinephrine should be weaned to a low dose (2 µg/min or
less) to avoid any α effects. Then dobutamine (which lacks significant α
effects) and dopamine should be weaned to doses less than 10 µg/kg/min.
At this dosage, the α effects of dopamine should dissipate but the β effects
will be maintained.
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b. Inamrinone/milrinone are second-line drugs and are usually weaned off
with the patient still supported by low doses of catecholamines. These med-
ications have few deleterious effects on myocardial function but often
require the use of α-agents, which may have adverse effects on organ system
perfusion. Thus, concomitant weaning of these medications is generally
recommended before terminating the infusion of a catecholamine.

i. Because of their long half-lives, the PDE inhibitors should be stopped
several hours before the withdrawal of other major support modalities
(IABP). The dosage is halved and then discontinued a few hours later
if hemodynamics remains stable. The cardiac output must be moni-
tored to observe for potential deterioration in myocardial function that
may occur several hours after the infusion has been stopped. Not infre-
quently, the patient may require the reinstitution of inotropic support
at that point.

ii. Early discontinuation of inamrinone (or conversion to milrinone)
should also be considered if the patient develops progressive thrombo-
cytopenia. It is not always clear whether this is caused by this medica-
tion or other coexisting problems, such as heparin-induced thrombocy-
topenia or IABP-induced platelet destruction.

iii. If the patient has a significant tachycardia from a catecholamine, the
PDE inhibitor may be used exclusively (although often with an α-
agent), and thus would be the last medication discontinued.

c. IABP removal may be performed once the patient is on low doses of inotrop-
ic support, such as epinephrine at 1 µg/min or dobutamine or dopamine at 
5 µg/kg/min.

d. The use of vasoactive medications in patients on circulatory assist
devices depends on the extent of support provided and the function of
the unsupported ventricle. In patients receiving univentricular support,
inotropic medications may be necessary to improve the function of 
the unassisted ventricle. Patients with biventricular support are usually
given only α-agents to support systemic resistance. If the device is being
used for temporary support rather than as a bridge to transplantation,
inotropes may be given to assess ventricular function and reserve when
flows are transiently reduced. If ventricular function is recovering, an
inotrope, such as milrinone, may be given to provide support after
removal of the device.

3. Vasodilators are commonly used during the early phase of postoperative
recovery to reduce blood pressure when the patient is hypothermic, vasocon-
stricted, and hypertensive. They are weaned off as the patient vasodilates to
maintain a systolic blood pressure of 100–120 mm Hg. Vasodilators may also
be used alone or in conjunction with inotropic medications to improve
myocardial function by lowering the SVR. In this situation, they are weaned
concomitantly with the inotropes, depending on the cardiac output and the
blood pressure. Continued use of antihypertensive medications is usually
required in patients with a history of hypertension or those who have under-
gone aortic valve replacement for aortic stenosis. The most commonly used
medication is sodium nitroprusside, which is then converted to oral medica-
tions (see section VII).
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IV.  Intraaortic Balloon Counterpulsation
Intraaortic balloon counterpulsation provides hemodynamic support and/or control of
ischemia both before and after surgery.112,113 In contrast to most inotropic agents, the IABP
provides physiologic assistance to the failing heart by decreasing myocardial oxygen demand
and improving coronary perfusion. Although it is an invasive device with several potential
complications, it has proven invaluable in improving the results of surgery in high-risk
patients and allowing for the survival of many patients with postcardiotomy ventricular dys-
function. The survival rate of patients requiring intraoperative IABP support approximates
60–70%.

A. Indications
1. Ongoing ischemia refractory to medical therapy or hemodynamic compromise

prior to urgent surgery.
2. Prophylactic placement for high-risk patients with critical coronary disease

(usually left main disease) or severe LV dysfunction—usually preoperatively,
but occasionally at the beginning of an operation.114

3. High-risk patients undergoing off-pump surgery to maintain hemodynamic
stability during lateral wall or posterior wall grafting.115,116

4. Unloading for cardiogenic shock or mechanical complications of myocardial
infarction (MI), such as acute mitral regurgitation and ventricular septal rupture.

5. Postoperative low cardiac output syndrome unresponsive to moderate doses of
inotropic agents.

6. Postoperative myocardial ischemia.
7. Acute deterioration of myocardial function to provide temporary support or a

bridge to transplantation.
B. Contraindications

1. Aortic insufficiency
2. Aortic dissection
3. Severe aortic and peripheral vascular atherosclerosis (balloon can be inserted via

the ascending aorta during surgery)
C. Principles 

1. It reduces the impedance to LV ejection (“unloads the heart”) by rapid defla-
tion just before ventricular systole.

2. It increases diastolic coronary perfusion pressure by rapid inflation just after
aortic valve closure.

3. This sequence reduces the time-tension index (systolic wall tension) and
increases the diastolic pressure–time index, favorably altering the myocardial
oxygen supply-demand ratio.

4. The IABP may also improve LV diastolic function after surgery.117

D. Insertion techniques
1. The IABP is placed through the femoral artery with the balloon situated just

distal to the left subclavian artery so as not to impair flow to the left ITA
(Figure 11.1). Generally, a 40 cc balloon is selected for most patients, using the
30 cc balloon in smaller patients, usually women. The ACS Supracor IABP
(Abiomed, Danvers, MA) has been developed for positioning in the ascending
aorta. In an animal model it was found to improve myocardial blood flow more
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than the standard descending aortic balloon without any impairment in cere-
bral blood flow.118

2. Percutaneous insertion is performed by the Seldinger technique, placing the
balloon through a sheath and over a guidewire. The sheath can be left in place
or removed from the artery (especially if the femoral artery is small). Some
systems are sheathless to minimize occlusion of the femoral vessels, but these
can cause shearing of the balloon in patients with significant aortoiliac athero-
sclerosis. Percutaneous insertion is associated with a significant risk of limb
ischemia in patients with known peripheral vascular disease. Although insertion
of the IABP can be performed blindly in the operating room or at the bedside,
preoperative placement is usually performed in the cardiac cath lab using fluo-
roscopy to visualize the wire and the eventual location of the balloon. This may
allow for placement through a tortuous iliofemoral system that otherwise might
be fraught with danger.

3. Surgical insertion can be accomplished by exposing the femoral artery and
placing the balloon through a sidearm graft or directly into the vessel through
an arteriotomy or a percutaneous sheath. Transthoracic balloon placement via
the ascending aorta may be necessary if severe aortoiliac disease is present.

E. IABP timing is performed from the ECG or the arterial waveform.
1. ECG: input to the balloon console is provided from skin leads or the bedside

monitor. Inflation is set for the peak of the T wave at the end of systole with
deflation set just before or on the R wave. The use of bipolar pacing eliminates
the interpretation of pacing spikes as QRS complexes by the console.

2. Arterial waveform: inflation should occur at the dicrotic notch with deflation
just before the onset of the aortic upstroke. This method is especially useful in
the operating room where electrocautery may interfere with the ECG signal.

Figure 11.1 • The intraaortic balloon is positioned just distal to the left subclavian artery.
Balloon inflation occurs in early diastole and improves coronary perfusion pressure. Deflation
occurs just before systole to reduce the impedance to left ventricular ejection. (Reproduced
with permission from Maccioli GA, Lucas WJ, Norfleet EA. The intra-aortic balloon pump: a review.
J Cardiothorac Anesth 1988;2:365–73.)
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3. A typical arterial waveform during a 1:2 ratio of IABP inflation is demonstrat-
ed in Figure 11.2. This shows the systolic unloading (decrease in the balloon-
assisted systolic and diastolic pressures) and the diastolic augmentation that are
achieved with the IABP.

F. IABP problems and complications
1. Inability to balloon. Once the balloon is situated properly and has

unwrapped, satisfactory ballooning should be achieved by proper timing of
inflation and deflation. However, unsatisfactory ballooning can occur in the
following situations.
a. Unipolar atrial pacing. This produces a large atrial pacing spike that can be

interpreted by the console as a QRS complex leading to inappropriate infla-
tion. Use of bipolar pacing eliminates this problem. Most monitoring equip-
ment suppresses pacing signals.

b. Rapid rates. Some balloon consoles are incapable of inflating and deflating
fast enough to accommodate heart rates over 150 (usually when there is a
rapid ventricular response to AF). Augmentation can be performed with a
1:2 ratio.

c. Arrhythmias. Atrial and ventricular ectopy can disrupt normal inflation and
deflation patterns and must be managed.

d. Volume loss from the balloon detected by the console monitor alarms. This
indicates a leak in the system, either at the connectors or from the balloon
itself. Volume loss may also indicate that the balloon has not unwrapped
properly, preventing proper inflation.

e. Balloon rupture. When blood appears in the balloon tubing, the balloon has
perforated. Escape of gas (usually helium) from the balloon into the blood-
stream can occur. The balloon must be removed immediately. Difficulty
with removal (balloon entrapment) may be encountered if thrombus has
formed within the balloon. Most consoles have alarms that will call atten-
tion to this problem and will prevent the device from inflating.

Figure 11.2 • Intraaortic balloon tracing at 1:2 inflation ratio. Note that the balloon aortic
end-diastolic pressure (1) is lower than the patient’s aortic end-diastolic pressure (2) and that
the balloon-assisted peak systolic pressure (3) is lower than the systolic pressure that is gen-
erated without a preceding assisted beat (4). These changes reflect decreased impedance to
ejection during systole. Coronary perfusion pressure is increased by diastolic augmentation
achieved by balloon inflation (5).
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2. Vascular complications
a. Catastrophic complications, such as aortic dissection or rupture of the iliac

artery or aorta, are very uncommon. Paraplegia can result from development
of a periadventitial aortic hematoma or embolization of atherosclerotic
debris.119

b. Embolization to visceral vessels, especially the mesenteric and renal arteries,
can occur in the presence of significant aortic atherosclerosis.120,121 In fact,
cerebral embolization can occur if there are mobile atheroma in the proxi-
mal descending thoracic aorta.122 Renal ischemia may occur if the balloon is
situated too low and inflates below the level of the diaphragm.123 This
apparently does not affect mesenteric flow. 124

c. Distal ischemia is the most common complication of indwelling balloons,
occurring in about 5–10% of patients. It is more common with percutaneous
placement, although it has become less common with improvements in bal-
loon technology that have reduced the diameter of most balloon cables to
7.5–8F. Nonetheless, ischemia is more likely to occur in the patient with a
small body surface area and small femoral vessels or severe iliofemoral occlu-
sive disease. Thrombosis near the insertion site or distal thromboembolism
can also occur. Use of intravenous heparin (maintaining a partial thrombo-
plastin time of 1.5–2 times control) is advisable to minimize ischemic and
thromboembolic problems if the balloon remains in place for more than a few
days after surgery. Generally, patients have a low-grade coagulopathy imme-
diately after surgery and anticoagulation is not necessary for the first few days.

d. The presence of distal pulses or Doppler signals must be assessed in all
patients with an IABP. This should be compared with the peripheral pulse
examination that should have been documented prior to surgery. Not infre-
quently, cool extremities with weak signals are noted in the early postoper-
ative period from peripheral vasoconstriction that may be associated with a
low cardiac output state, hypothermia, or use of vasopressors. This should
resolve when the patient warms and myocardial function improves.
However, persistent ischemia jeopardizes the viability of the distal leg.
Options at this time include:

i. Removing the sheath from the femoral artery if the balloon has been
placed percutaneously.

ii. Removing the balloon if the patient appears to be hemodynamically
stable. If adequate distal perfusion cannot be obtained, femoral explo-
ration is indicated.

iii. Removing the balloon and placing it in the contralateral femoral artery
(if that leg has adequate perfusion) if the patient is IABP-dependent.
Using as small a caliber balloon as possible with sheath removal is
essential.

iv. Considering placement of a transthoracic balloon.
3. Thrombocytopenia. The mechanical action of persistent inflation and defla-

tion destroys circulating platelets. It is not always clear whether progressive
thrombocytopenia is caused by the IABP or medications that the patient may
be receiving, such as heparin or inamrinone. Platelet counts must be checked at
least on a daily basis.
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G. Weaning of the IABP
1. IABP support can be withdrawn when the cardiac output is satisfactory on

minimal inotropic support (usually less than 5 µg/kg/min of either dopamine
or dobutamine or 1 µg/min of epinephrine). However, earlier removal may be
indicated if complications develop, such as leg ischemia, balloon malfunction,
thrombocytopenia, or infection.

2. Weaning is initiated by decreasing the inflation ratio from 1:1 to 1:2 for about 
2–4 hours, and then to 1:3 or 1:4 (depending on which console device is used) for
1–2 more hours. Once it is determined that the patient can tolerate a low inflation
ratio, the IABP should be removed. If there is an anticipated delay in removal of
more than a few hours for manpower reasons or need to correct a coagulopathy,
the ratio should be increased to at least 1:2 to prevent thrombus formation.

3. Removal can be achieved if hemodynamics remain stable when the inflation ratio
is reduced. Serial measurements of filling pressures and cardiac outputs should be
evaluated. Remember that the IABP produces efficient unloading, and the blood
pressure noted on the monitor is lower during balloon assistance than with an
unassisted beat (actually the diastolic pressure is higher, but the true systolic pres-
sure is lower). Thus, visual improvement in blood pressure with weaning of the
IABP is not by itself a sensitive measure of the patient’s progress.

4. The operative mortality for patients receiving a prophylactic IABP is less than
5% but rises to about 30–40% for patients requiring an IABP for postcardiotomy
support.113,125 One study showed that the most significant correlate of oper-
ative mortality was a serum lactate level more than 10 mmol/L during the first
8 hours of support (100% mortality). Additional poor prognostic signs were a
metabolic acidosis (base deficit > 10 mmol/L), mean arterial pressure < 60 mm
Hg, urine output less than 30 mL/h for 2 hours, and the requirement for high
dosages of epinephrine or norepinephrine (> 10 µg/min) during the early post-
operative period.126

H. IABP removal techniques
1. Balloons inserted by the percutaneous technique can usually be removed

percutaneously. This is performed by compressing the groin distal to the inser-
tion site as the balloon is removed, allowing blood to flush out the skin wound
for several heartbeats, and then compressing just proximal to the skin hole
where the arterial puncture site is located (Figure 11.3). Pressure must be main-
tained for at least 45 minutes to ensure satisfactory thrombus formation at the
puncture site. Note: It is important to resist the temptation to remove manual
pressure and peek to see if hemostasis is achieved. This can be counterproduc-
tive and flush away immature clot that is sealing the vessel.

2. Note: Coagulation parameters must be checked and corrected before percuta-
neous removal or the patient may require groin exploration for persistent hem-
orrhage or a false aneurysm.

3. Surgical removal should be considered in patients with small or diseased ves-
sels and in those with very weak pulses or Doppler signals with the balloon in
place. The need for a thrombectomy and embolectomy may be anticipated in
these patients. If the IABP has been in place for more than 5 days, percuta-
neous removal can be performed, but there is a greater chance that surgical
repair of the femoral artery may be required.
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V.  Circulatory Assist Devices
A. If a patient cannot be weaned from CPB despite maximal pharmacologic support

and use of the IABP, consideration should be given to placement of a circulatory
assist device.127,128 These devices provide flow to support the systemic or pulmonary
circulation while resting the heart, allowing it to undergo metabolic and functional
recovery.
1. Some devices are used for short-term support, anticipating recovery of ventric-

ular function. These include the centrifugal pumps, the Abiomed BVS® 5000,
and extracorporeal membrane oxygenation (ECMO). If recovery does not occur,
these devices should be changed to those capable of providing long-term support
(Thoratec pneumatic LVAD, Thoratec HeartMate, Abiomed AB5000TM ven-
tricles, or Novacor LVAS) if cardiac transplantation is an option.

2. When chances for recovery are remote, often due to extensive perioperative
infarction or biventricular failure, one of the Thoratec devices should be consid-
ered from the outset. However, use of these devices is generally restricted to suit-
able candidates for cardiac transplantation, although destination therapy has
now become an option in patients who are not candidates for transplantation.129

Use of pulsatile pumps can usually improve multiorgan system function and
improve the clinical status of potential transplant recipients. Newer nonpulsatile
pumps (DeBakey Micromed and the Jarvik 2000) can also be used for bridging
and potentially for destination therapy. As of late 2004, there were more than 30
pumps in various stages of development to provide ventricular assist.

B. Left ventricular assist devices (LVADs)
1. LVADs provide systemic perfusion while decompressing the left ventricle. LV

wall stress is reduced by about 80% with a 40% decrease in myocardial oxygen
demand. LVAD flow is dependent on adequate intravascular volume and RV
function. Although volume unloading is superior with pulsatile pumps, LV pres-
sure unloading is comparable with pulsatile and nonpulsatile (centrifugal or axial
flow) pumps.130

2. Indications (Box 11.3). The general indications for LVAD insertion are the
presence of a cardiac index < 1.8 L/min/m2 with a systolic BP < 80 mm Hg and

Figure 11.3 • Technique of percutaneous balloon removal. Initial compression is held below
the level of the arterial puncture site to allow for flushing of blood. However, subsequent
pressure should be maintained over the arterial puncture site to prevent bleeding. Note that
the hole in the artery lies more cephalad than the hole in the skin.
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a PCWP or LAP > 20 mm Hg on maximal medical support.131 This may be
noted in the immediate postcardiotomy period or following an MI or other acute
or chronic cardiac condition producing a severe cardiomyopathy. Malignant ven-
tricular arrhythmias can also be managed by VAD insertion.

3. Contraindications. When the indications for LVAD placement are present, a
critical element of decision-making is whether the patient is a candidate for
transplantation and whether the patient’s cardiac and noncardiac comorbidities
contraindicate the placement of a VAD. A risk factor model predictive of poor
survival after LVAD insertion has been devised by the Columbia-Presbyterian
group. This includes, in decreasing order of significance, oliguria, CVP > 20 cm
H2O, mechanical ventilation, an elevated international normalized ratio (INR),
reoperative status, WBC > 15,000, and a fever > 101.5°C. Generally, one must
consider RV function, other cardiac disease (valve or coronary disease), noncar-
diac organ system function (neurologic, pulmonary, renal, hepatic), and other
medical issues (infectious, vascular disease, diabetes) when making this critical
decision.132,133

4. Technique. Drainage is provided from the left atrium or LV apex with return of
blood to the aorta (Figure 11.4). A left atrial catheter may be inserted for accu-
rate monitoring of left-sided filling pressures.

5. Management during LVAD support
a. LVAD flow is initiated to achieve a systemic flow of 2.2 L/min/m2 with an

LA pressure of 10–15 mm Hg. All approved devices have an automatic mode
that ejects a full stroke volume once the reservoir or bladder is full, although
other triggering modes are available. Inability to achieve satisfactory flow

Box 11.3  •  Indications for Circulatory Assist Devices

1. Complete and adequate cardiac surgical procedure

2. Correction of all metabolic problems (ABGs, acid-base, electrolytes)

3. Inability to wean from bypass despite maximal pharmacologic therapy and use of
the IABP

4. Cardiac index < 1.8–2 L/min/m2

LVAD RVAD BiVAD

Systolic BP < 80 mm Hg Mean RAP > 20 mm Hg LAP > 20 mm Hg 

LAP > 20 mm Hg LAP < 15 mm Hg RAP > 20–25 mm Hg

SVR > 2100 dynes-s/cm5 No TR No TR

Urine output < 20 mL/h Inability to maintain 
LVAD flow > 2.0
L/min/m2 with RAP >
20 mm Hg
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indicates either hypovolemia, improper position of the drainage catheter, or
RV failure. Adequacy of tissue perfusion can be assessed by mixed venous
oxygen saturations.

b. Inotropic support should be stopped to decrease myocardial oxygen demand,
but it may be required to support RV dysfunction. Use of α-agents may be nec-
essary to support systemic resistance, aiming to maintain a mean arterial pres-
sure > 75 mm Hg. Patients receiving LVADs commonly manifest “vasodilatory
shock” and require use of vasopressin to maintain systemic pressure.134

c. Heparinization to achieve an activated clotting time (ACT) of 175–200 sec-
onds is recommended for most assist devices (Abiomed BVS® 5000 and the
Thoratec pneumatic VAD system) once perioperative bleeding has ceased.
An infusion of 500 U/h of heparin usually suffices, although most patients
become heparin resistant. If pump flow is transiently decreased to less than
1.5 L/min, additional heparinization is recommended to achieve an ACT of
200–250 seconds. The Thoratec HeartMate VE LVAD does not require anti-
coagulation other than aspirin. Anticoagulation is mandatory, however, for
any patient with a mechanical prosthetic valve and for those with biologic
mitral or tricuspid valves to avoid thromboembolism, occlusion of the inflow
conduit, or valvular incompetence.135

d. For patients in whom temporary support is anticipated, LV function is
assessed by TEE during partial support after at least 48 hours of support. If

Figure 11.4 • Cannulation techniques for ventricular assist devices. (A) LVAD with left atrial
and aortic cannulation. (B) BiVAD setup. The RVAD consists of right atrial and pulmonary
artery cannulation. The LVAD cannulation sites are the left ventricular apex (the most
common site) and the aorta. (C) BiVAD setup with LVAD drainage from the roof of the left
atrium. The Thoratec device is demonstrated in this diagram, but the cannulation sites are
similar for nearly all assist devices. (Reprinted from Farrar DJ, Hill JD, Gray LA Jr, et al. Heterotopic
prosthetic ventricles as a bridge to cardiac transplantation. A multicenter study in 29 patients. N
Engl J Med 1988;318:333–40. Copyright © 1988 Massachusetts Medical Society. All rights reserved.)
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there is recovery of function, flow may be reduced to a minimal flow rate of
2 L/min (to minimize the risk of thromboembolism) with careful observa-
tion of hemodynamic parameters (cardiac output, filling pressures, and sys-
temic pressure). Low-dose inotropic support can be initiated during the
weaning process. Soon thereafter, the patient can be brought to the operat-
ing room and the heart observed for a short period of time at low flow. If the
heart can sustain adequate hemodynamics and appears by TEE to have
recovered adequate function, the device is removed. If an IABP was used (in
patients with nonpulsatile devices), it can generally be removed the day fol-
lowing LVAD removal.

6. Overall results. Weaning has been accomplished in about 50% of patients
receiving LVADs for postcardiotomy support with 25–30% of patients surviving
to be discharged from the hospital. Improved survival is noted in patients with
preserved RV function, no evidence of a perioperative MI, and recovery of LV
function within 48–72 hours. If ventricular function does not recover after a
week of support with a short-term device, a longer-term device should be placed
as a bridge to transplantation. In patients receiving the HeartMate device, more
commonly for clinical deterioration while awaiting a heart transplant, 65–75%
of patients survive to be successfully transplanted, with a transplant survival
greater than 60% at 5 years. This is similar to that noted in patients not requir-
ing mechanical assist.136

C. Right ventricular assist devices (RVADs)
1. RVADs provide pulmonary blood flow while decompressing the right ventricle.

RV failure may result from RV infarction, worsening of preexisting RV dysfunc-
tion caused by pulmonary hypertension, or poor intraoperative protection. One of
the main contributing factors to RV dysfunction is an elevation in PVR, which
can often be attributed to the proinflammatory cytokines and microembolization
from multiple blood product transfusions. Achieving satisfactory systemic flow
depends on adequate volume status and LV function. Although isolated RV
failure may occur, it more commonly is associated with LV failure in the postcar-
diotomy period and may be evident after an LVAD has been implanted.137

2. Indications. See Box 11.3.
3. Technique. Drainage is provided from the right atrium with return of desatu-

rated blood to the pulmonary artery (see Figure 11.4). The Abiomed BVS® 5000
and Thoratec pneumatic VAD are the only two devices approved to provide
temporary RV support, although the Jarvik 2000 may be adaptable to provide
biventricular support.138

4. Management during RVAD support 
a. RVAD flow is initiated to achieve a flow rate of 2.2 L/min/m2, increasing the

LA pressure to 15 mm Hg while maintaining a right atrial pressure of 5–10
mm Hg. Comparable to LVAD support, most devices function automatically,
ejecting the full stroke volume once the device reservoir is full. Inability to
achieve satisfactory flow rates may indicate hypovolemia, improper position
of the drainage catheter, or cardiac tamponade that compresses the right
atrium. If intravascular volume is adequate and tamponade is not present,
systemic hypotension may be the result of impaired LV function that may
require inotropic, IABP, or LVAD support. It may also result from systemic
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vasodilatation that requires use of an α-agent or vasopressin. TEE is helpful
in evaluating the status of LV function in patients on RVAD support.

b. Inhaled nitric oxide or prostacyclin is beneficial in reducing PA pressures and
RV afterload.47,61,139 They may allow for improved flow rates on the device
and for better RV function upon weaning of the device.

c. The requirement for heparinization is similar to that for LVADs.
d. Assessment of myocardial recovery by TEE and weaning from the device are

similar to LVADs. Thermodilution cardiac outputs can be used to determine
RV recovery when the flow rate is transiently reduced to low levels of support.

5. Overall results. Patients receiving RVADs for postcardiotomy support have a
poor prognosis. Weaning has been accomplished in about 35% of patients, with
25% of patients surviving to be discharged from the hospital.140

D. Biventricular assist devices (BiVADs)
1. Biventricular failure is noted in about 10% of patients who require assist devices

for postcardiotomy dysfunction. BiVADs provide support of both the pulmonary
and systemic circulations and can function during periods of ventricular fibrilla-
tion (VF). Although the need for biventricular assistance may not be evident from
the outset, LV decompression often unmasks RV dysfunction by increasing septal
shift and RV stroke work. Other factors that contribute to RV dysfunction
include an increase in PVR from blood transfusions or acid-base abnormalities,
LV dysfunction, vasopressors, and RV ischemia from systemic hypotension.
a. Several studies have examined predictors of RV dysfunction after LVAD

implantation. Reports from the Cleveland Clinic have shown that RVAD use
was more likely to be necessary in small women with nonischemic etiologies
and patients who required preoperative mechanical ventilation and circulatory
support before LVAD insertion.141,142 Although an initial study suggested
that a dilated RV with increased RV preload and afterload predisposed to RV
dysfunction after LVAD,143 subsequent studies showed that elevated PA
pressures and PVR were not risk factors; rather a low PA pressure and low
RV stroke work index, reflecting impaired RV contractility, were significant
risk factors for RVAD use after LVAD implantation.141,142

b. The Columbia-Presbyterian group also found that patients requiring an
RVAD had lower RV stroke work indices. In addition, they had worse hepatic
(increased bilirubin) and renal function (often requiring dialysis), and had
received more red cell and platelet transfusions.144

c. iNO is very beneficial in reducing RV afterload after LVAD implantation
and may obviate the need to place an RVAD.139

2. Indications. See Box 11.3.
3. Technique. BiVAD support incorporates the techniques noted above for LVAD

and RVAD connections (see Figure 11.4). Usually BiVAD support is provided
using either the Abiomed BVS® 5000 system, the Abiomed AB5000TM ventri-
cles, or the Thoratec VAD system. Occasionally, the HeartMate device is placed
anticipating the need for only LV assist, only to find that another device may be
needed subsequently for RV failure or intractable arrhythmias. A hybrid system
works well, although anticoagulation with heparin may prevent some of the
endothelialization considered essential in the HeartMate to minimize throm-
boembolism.
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4. Management during BiVAD support
a. Sequential manipulations of RVAD and LVAD flow are used to achieve a

systemic flow rate of 2.2 L/min/m2. The RVAD flow is increased to raise the
LA pressure to 15–20 mm Hg, and then the LVAD flow is increased to
reduce the LA pressure to 5–10 mm Hg. Once filling of the devices is accom-
plished, the devices function on a fill-to-empty mode. Inability to achieve
satisfactory flow rates usually indicates hypovolemia, tamponade, or catheter
malposition on either side. Left- and right-sided flow rates may differ
because of varying contributions of the native ventricles to pulmonary or sys-
temic flow.

b. Heparin requirements are similar to those noted above.
c. Assessment of recovery and weaning is similar to the methods described for

RVAD and LVAD devices.

5. Overall results. Weaning has been accomplished in about 35% of patients, with
only 20% of patients surviving to be discharged from the hospital. These poor
results reflect the adverse impact of biventricular failure on survival. In a report
from Cedars-Sinai Medical Center of 19 patients receiving Thoratec BiVADs
for cardiogenic shock, nearly 60% were successfully bridged to transplantation
with a 90% posttransplantation survival.145

E. Extracorporeal membrane oxygenation

1. ECMO is a form of extracorporeal life support (ECLS) that serves as an alter-
native to ventricular assist devices. The system employs a membrane oxygenator,
centrifugal pump, heat exchanger, oxygen blender, and a heparin-coated circuit.
The latter provides a more biocompatible surface that minimizes platelet activa-
tion and the systemic inflammatory response, and reduces or eliminates the heparin
requirement. This allows the ECMO circuit to be used for several days.146

2. Indications. ECMO is indicated for the short-term management of severe
postcardiotomy ventricular dysfunction with or without hypoxemia. Criteria for
use are similar to those of LVADs or biventricular assist. In many patients
requiring VAD support, the duration of CPB is quite long due to the delay in
deciding to proceed with VAD support, often resulting in both cardiogenic and
noncardiogenic pulmonary edema that impairs oxygenation. If the heart does
not recover after several days of ECMO support but the patient is otherwise
considered a candidate for transplantation, it can be used as a bridge to a longer-
term support device in anticipation of transplantation.147–150 It can also be used
emergently in patients sustaining cardiac arrest and in patients with severe
hypoxemic acute respiratory distress syndrome, while the lung recovers from the
inciting pathologic insult.151,152

3. Technique. At the conclusion of surgery, the same cannulation setup used for
CPB is maintained (right atrium, aorta). If ECMO is considered subsequently,
it may be established with venous drainage from the internal jugular vein or
femoral vein with return of blood to the femoral artery through a side graft to
allow for distal perfusion or to the carotid artery. An IABP is frequently insert-
ed as well to improve coronary perfusion since the ECMO circuit is providing
nonpulsatile flow.153 Percutaneous femorofemoral bypass may be used to resusci-
tate a patient from cardiac arrest.
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4. Management. Maximal medical support is essential to optimize the results of
ECMO. Some of the essential elements are:154

a. Optimizing preload to provide pulmonary perfusion and supporting SVR
with α-agents or vasopressin

b. Aggressive use of iNO for pulmonary hypertension
c. Early and aggressive use of continuous venovenous hemofiltration (CVVH)

for renal dysfunction
d. Avoidance of anticoagulation
e. Use of low tidal volume ventilation
If the patient has suffered a severe neurologic insult or is not considered a can-
didate for transplantation, ECMO is usually terminated after 48 hours.155

Otherwise, if there is recovery of organ system function within 5 days of implan-
tation, discontinuation of ECMO or conversion to a longer-term LVAD system
should be considered. Careful assessment of neurologic, pulmonary, hepatic, and
renal status is essential. It is sometimes difficult to ascertain whether the patient
has survivable or nonsurvivable organ system dysfunction that might con-
traindicate LVAD implantation.

5. Results. The results of ECMO depend on the indication for its use and the
degree of organ system failure at the time it is initiated. Patients in whom it is
implanted for a cardiac arrest fare poorly, although one report found a 31% sur-
vival in patients undergoing emergent ECMO for prolonged cardiac arrest.151

Patients who develop multiorgan system failure before ECMO is initiated or
who develop acute renal failure requiring dialysis have a very high mortality
rate.156,157 Of patients receiving ECMO for postcardiotomy cardiogenic shock,
approximately 40–50% will die on ECMO support. Although the rest may be
weanable from the device, only about half of these will survive the hospital stay.
If a strategy of using ECMO as a bridge to longer-term assist devices and trans-
plantation is employed, 30% of patients may survive to transplantation with
favorable results.147–150,157,158

F. Devices available to provide ventricular assist
1. Nonpulsatile pumps

a. Nonpulsatile centrifugal pumps (BioMedicus, Sarns) are the most readily
available and easy-to-use systems for uni- or biventricular support. They are
labor intensive in that they require fairly constant attention to flow rates.
They are usually used for short-term support (about 7–10 days) because of
concerns that hemolysis and end-organ damage may develop with longer
term use. However, further research into nonpulsatile pumps has shown that
end-organ changes do not necessarily occur with longer use of such pumps,
which has led to the development of several permanently implantable
centrifugal devices, such as the Cleveland Clinic CorAide pump.159,160

Nonetheless, if a patient cannot be weaned off support with the standard
centrifugal pumps after one week, the system should be converted to a
longer-term device. One report of 35 patients receiving the Sarns pump for
postcardiotomy support found that more than 70% of patients could be
weaned with a 52% hospital survival rate. Thus, even though these devices are
not approved for this indication, they are very effective, with results compet-
itive with the more sophisticated devices.161
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b. Several devices use axial flow technology with a nonpulsatile rotary pump
that withdraws blood from the left ventricle and pumps it into the aorta.
These devices provide systemic flow and can also improve blood supply to
ischemic zones and produce diastolic and systolic unloading. The original
system, now known as the Medtronic hemopump, consists of a transthoracic
catheter that is situated near the aortic valve that withdraws blood from the
left ventricle and expels it into the ascending aorta. Three of the newer
implantable devices include the DeBakey Micromed VAD and the
Heartmate II LVAS, which have an inflow cannula inserted into the apex of
the left ventricle with the pump sitting in an extracardiac position, and the
implantable Jarvik 2000 device, which is placed directly into the left ventri-
cle. Blood is then returned through an outflow graft to the ascending aorta.
These devices have been used successfully as bridges to transplantation and
might prove satisfactory when used for destination therapy.162–165

2. Pulsatile pumps
a. The Abiomed BVS® 5000 system is a pulsatile pneumatic device that is

located at the patient’s bedside (Figure 11.5). Specially designed catheters pro-
vide venous return to the pump, and a catheter with an integral graft is sewn
to the outflow vessel. These catheters drain the right atrium and perfuse the
pulmonary artery for RVAD support, or drain the left atrium/ventricle and
return flow to the aorta for LVAD support. This system is indicated primarily
for temporary support of patients with postinfarction or postbypass cardio-
genic shock, and its use should generally be restricted to about 2 weeks. If
continued VAD support is still required, the system should be converted to a
longer-term device. The Abiomed system functions in series with the heart,
with ejection occurring once the bladder has reached a designated volume. It
requires anticoagulation with an ACT of 150–200 seconds. One of its draw-
backs is the formation of fibrinous clot in the outflow chamber that may give
rise to thromboembolism.166

b. The Abiomed AB5000TM ventricle became available in 2004 (Figure 11.6).
This device resembles the Thoratec pneumatic VAD system (described below)
in providing a pneumatically driven device that lies on the abdominal wall.
The device includes an Angioflex membrane and proprietary trileaflet valves.
This system avoids the extensive tubing and bedside arrangement of the BVS
5000 device and should be less susceptible to thrombus formation within the
housings near the valves. It can be used for uni- or biventricular support.

c. The Thoratec VAD is a pulsatile pneumatic paracorporeal device that lies on
the abdominal wall. The patient is tethered only by the pneumatic driveline.
Cannulation is similar to that of the Abiomed systems with specially
designed catheters and grafts to provide drainage and blood return. These
cannulas can be attached to one or two separate units to provide uni- or
biventricular support. This device can provide long-term temporary support
and can be used as a bridge to transplantation. It also requires full anticoag-
ulation. Results in the Thoratec voluntary registry show that 38% of patients
could be weaned from the device, of whom 59% survived to be discharged
from the hospital. When placed as a bridge to transplantation, 40% died, but
60% were transplanted with an 86% survival.167,168



Figure 11.5 • The Abiomed BVS® 5000 System. (A) The devices are located at the patient’s
bedside and are connected to the drive console for pneumatic activation. (B) A cross-sectional
view of the heart pumps during systole and diastole. (Image courtesy of Abiomed, Inc.)

(A)

(B)



386 Cardiovascular Management

d. The Thoratec HeartMate VE is an implantable, pulsatile, electric device
that can provide only LV assist (Figure 11.7). Blood drains from the LV apex
through a porcine valve into the device, which then ejects a stroke volume
when the chamber is filled or at a fixed rate.

i. This device has a unique textured surface that decreases the risk of
thromboembolism. Most patients can be treated with aspirin alone.

ii. This device is used primarily as a bridge to transplantation. Its low com-
plication rate and efficacy in providing pulsatile flow allow for correction
of preexisting organ system dysfunction prior to transplantation.
Patients are fully ambulatory and can be discharged with a battery pack.
The system requires a driveline that exits the lower abdominal wall and
is often the site of infection. Nearly 70% of patients receiving the device
are successfully transplanted.136,169 If the patient is not a transplantation
candidate, the device may be utilized for destination therapy, although
the long-term results are somewhat discouraging.129

iii. Degeneration of the porcine valve may occur in patients receiving long-
term support. This should be suspected when the device output pro-
gressively rises, due to valvular regurgitation back into the left ventricle.
This results in very rapid filling of the device with an increase in ejec-
tion rate. The device has been modified to address this problem.

iv. If a patient receiving a HeartMate requires RVAD support, the Thoratec
system is usually selected. If BiVAD support is required from the outset,
usually two Thoratec pneumatic VAD or the Abiomed BV 5000 ventri-
cles are used to support both ventricles.

e. The Novacor LVAS (World Heart Corp, Oakland, CA) is an implantable,
pulsatile, electrical device that can provide only LV assist. It functions like
the HeartMate system, but has a higher incidence of thromboembolism

Figure 11.6 • The Abiomed AB5000TM ventricle attached to a pneumatic drive line. (Image
courtesy of Abiomed, Inc.)
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despite anticoagulation. This device is used nearly exclusively as a bridge 
to transplantation. It has been reported to be associated with a 20–35% 
risk of neurologic complications, which are usually thromboembolic in
nature.170,171 However, recent advancements in perioperative management
have reduced the incidence of this as well as other complications associat-
ed with this device, such as bleeding and infection. These advances include
preperitoneal implantation, use of newer generation vascular grafts, exten-
sive drainage of the insertion pockets, and a more restricted anticoagulation
protocol.172

f. A number of other devices are being investigated to provide destination ther-
apy. These include LVADs, such as the wireless Arrow LionHeart LVAS, and
total artificial hearts, such as the AbioCor TAH (Abiomed, Danvers
MA).173–175 The critical element in these devices is biocompatibility to reduce
the risk of thromboembolism and blood element damage and improved tran-
scutaneous energy transmission systems to reduce the risks of infection.

G. Complications. Continuing improvements in technology and perioperative care
have reduced, but not eliminated, some of the complications associated with the
long-term use of circulatory assist devices. These include the following:

Figure 11.7 • The Thoratec HeartMate vented electric LVAD system. The device rests in a
preperitoneal pocket in the left upper quadrant. Blood enters the device through an apical
cannulation site and is pumped through a graft sewn to the ascending aorta. This device
may run off battery power transmitted through a percutaneous driveline. (Reprinted with
permission from Thoratec Corporation.)
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1. Mediastinal bleeding. Use of aprotinin at the time of device implantation has
been successful in reducing transfusion requirements. Nonetheless, upward of
50% of patients require reexploration for evacuation of mediastinal clot that can
cause tamponade (manifested by inadequate drainage into the device).176

Contributing factors include the large amount of dead space around the
catheters in the mediastinum, coagulopathies present at the time of implanta-
tion, the requirement for anticoagulation for most devices, and the occurrence of
fibrinolysis and platelet activation due to the extracorporeal circuit.177 If apro-
tinin is used for LVAD insertion, the likelihood of an anaphylactic response
upon reexposure to aprotinin at the time of LVAD removal and transplantation
is increased and should always be kept in mind.178

2. Mediastinitis and sepsis. Nosocomial infections affect 40–50% of patients
receiving VADs, many of which are device related, and some of which are not.
They most commonly originate at the driveline exit site that is used for energy
transmission. Because long-term antibiotic usage is commonplace, resistant
organisms are often identified. In addition, many patients are debilitated and
malnourished and have numerous intravascular and other invasive catheters that
can become colonized. Although the infection risk is lowest with implantable
devices with primary wound closure, bacteremia is still very common, being
noted in almost 50% of patients in a study at the Cleveland Clinic.179 The most
common organisms are Staphylococcus aureus and coagulase-negative, Candida,
and Pseudomonas aeruginosa. Infection is associated with a significantly increased
mortality, especially so in the case of fungal endocarditis, which occurs in about
20% of patients. If this develops, antifungal therapy with either device removal
and replacement or urgent transplantation may lead to a successful result.179–181

In general, driveline site infections are controllable and do not influence the
results of transplantation.182

3. Thromboembolism resulting in stroke has been noted in about 20% or more in
patients receiving the Novacor device, but in only 3% of patients with the
HeartMate device, even in the absence of anticoagulation. Clot formation with-
in other devices occurs despite careful attention to anticoagulation. Very careful
attention to anticoagulation protocols may reduce the incidence of stroke, which
is related to device design and the thrombogenic potential of the blood-contact-
ing surfaces.170–172

4. Malignant ventricular arrhythmias may develop as a result of myocardial
ischemia, infarction, or the use of catecholamines. They may also originate from
an arrhythmogenic focus in a dilated myopathic ventricle. BiVADs function dur-
ing ventricular fibrillation, as can LVADs as long as the PVR is not high. If
LVAD flow cannot be maintained, the patient may require placement of an
RVAD. Fibrillation may foster thrombus formation in the ventricles and should
be treated aggressively. Early cardioversion should be considered to reduce
thrombus formation and prevent RV injury from prolonged fibrillation.183

5. Renal failure is less common with pulsatile devices and is usually caused by pro-
longed episodes of hypotension or low cardiac output prior to insertion of the
devices. It generally returns to the patient’s baseline after VAD implantation,
except when there is evidence of other organ system failure (especially hepatic) or
infection. Early aggressive treatment with CVVH should be considered. The mor-
tality rate for patients with persistent renal failure on VAD support is very high.
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6. Respiratory failure is usually attributable to a prolonged duration of CPB,
sepsis, use of multiple blood products, and perhaps a long period of nonpulsatile
flow with certain devices.

7. Vasodilatory shock due to inappropriately low levels of vasopressin is not
uncommon in patients requiring placement of LVADs. In fact, vasopressin
hypersensitivity may be noted. Use of arginine vasopressin 0.1 U/min effective-
ly increases mean arterial pressure in these patients.134

8. Patients receiving LVADs become immunologically sensitized and have a
reduced rate of transplantation due to crossmatch issues. Furthermore, they
have a higher risk of rejection. However, after transplantation, survival appears
to be similar to that in nonbridged recipients who are not sensitized.
Immunomodulatory treatment with intravenous immunoglobulins and
cyclophosphamide may be beneficial in offsetting the problems associated with
sensitization.184

VI.  Systemic Hypertension
A. General comments

1. Systemic hypertension is fairly common after open-heart surgery. In the imme-
diate postoperative period, it usually results from vasoconstriction due to sys-
temic hypothermia and from enhanced sympathetic nervous system activity
associated with elevated levels of various hormones caused by the use of extra-
corporeal circulation. Hypertension is more common in patients with preserved
ventricular function, preoperative hypertension, and those undergoing surgery
for aortic valve disease.

2. Hypertension may result from elevated SVR or hyperdynamic myocardial
performance, or both. Therefore, it is imperative that cardiac hemodynamics be
assessed before therapeutic interventions are initiated. One should never
assume that hypertension is the result of hyperdynamic cardiac performance.
Withdrawal of inotropic support when hypertension is due to intense vasocon-
striction may precipitate rapid hemodynamic deterioration if the cardiac output
is marginal.

3. Treatment is indicated to maintain the systolic blood pressure below 140 mm
Hg or the mean arterial pressure below 100 mm Hg. Aggressive treatment is
warranted to minimize the potential adverse effects of hypertension. These
include an increase in afterload, which can precipitate myocardial ischemia,
dysrhythmias, or myocardial failure, mediastinal bleeding, suture line disrup-
tion, aortic dissection, and stroke.

B. Etiology
1. The hormonal milieu of CPB, including elevated levels of norepinephrine,

renin-angiotensin, and vasopressin
2. Vasoconstriction from hypothermia, vasopressors, or a low cardiac output state
3. Fever, anxiety, pain, agitation and awakening when sedatives wear off
4. Abnormal arterial blood gases (ABGs) (hypoxia, hypercarbia, acidosis) 
5. Pharyngeal manipulation (readjusting an endotracheal tube, placing a nasogas-

tric tube or echo probe)
6. Hyperdynamic ventricles, especially those with LVH
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7. Altered baroreceptor function: following combined CABG-carotid endarterec-
tomy

8. Severe acute hypoglycemia
C. Assessment

1. Careful patient examination, especially for breath sounds and peripheral perfusion
2. Assessment of cardiac hemodynamics
3. Measurement of ABGs, serum potassium, hematocrit
4. Review of chest x-ray and 12-lead ECG
5. Note: Don’t forget to check the chest drainage unit for the amount of medi-

astinal bleeding!
D. Treatment. Systolic pressure should be maintained between 100 and 140 mm Hg

(mean arterial pressure around 90 mm Hg). The objective is to reduce the SVR
sufficiently enough to reduce myocardial oxygen demand without compromising
coronary perfusion pressure. A secondary benefit is frequently an improvement in
myocardial function. Ideally, an antihypertensive agent should prevent myocardial
ischemia without adversely affecting heart rate, AV conduction, or myocardial
contractility.
1. Ensure satisfactory oxygenation and ventilation.
2. Use vasodilator medications if the cardiac output is satisfactory (see next section).
3. Provide inotropic support along with vasodilators if the cardiac output is

marginal (cardiac index < 2.0–2.2 L/min/m2)
4. Sedate with propofol 25–50 (µg/kg/min (2–6 mg/kg/h), midazolam 2.5–5.0

mg IV, or morphine 2.5–5.0 mg IV. Sedation usually should be minimized to
allow for early extubation unless hypertension is labile and difficult to control
with antihypertensive medications. However, in the fully ventilated patient in
whom delayed extubation is anticipated, sedation is an appropriate first step in
the control of hypertension.

5. Control shivering with meperidine 25–50 mg IV or pharmacologic paralysis
(always with sedation).

VII.  Vasodilators and Antihypertensive Medications
A. General comments

1. A variety of medications can be used to control systemic hypertension 
(Table 11.5). Their hemodynamic effects depend on the patient’s intravascu-
lar volume status and myocardial function, and the site at which they exert their
antihypertensive action. Vasodilators may reduce blood pressure by increasing
venous capacitance (reducing preload) or decreasing arterial resistance (which
reduces afterload and usually preload as well). Other antihypertensive med-
ications reduce blood pressure by inhibiting central adrenergic discharge or
exerting a negative inotropic effect, a property also shared by several of the
vasodilators. Thus, a careful cardiac assessment is required to ensure that the
appropriate medication is selected.

2. Antihypertensive medications are most commonly used during the early phase
of postoperative recovery when the patient is hypothermic, vasoconstricted,
and hypertensive. They are tapered as the patient vasodilates in order to main-
tain a systolic blood pressure of 100–140 mm Hg. Vasodilators may also be
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used alone or in conjunction with inotropic medications to improve myocar-
dial function by lowering SVR.

3. The most commonly used medication in the ICU is sodium nitroprusside
(SNP), although other intravenous medications, such as NTG, calcium chan-
nel blockers (nicardipine or diltiazem), fenoldopam, enalaprilat, β-blockers
(continuous infusion of esmolol or labetalol, or intermittent metoprolol) can
also be considered in selected situations.

4. Most patients who were not hypertensive before surgery exhibit only transient
hypertension after surgery and usually do not require further antihypertensive
therapy. For those with a history of hypertension, oral medications must be
initiated before transfer from the ICU. The appropriate choice depends on the
patient’s hemodynamic and renal function (see page 399).

Medication Mix Dosage Range

Nitroprusside 50 mg/250 mL 0.1–8 µg/kg/min

Nitroglycerin 50 mg/250 mL 0.1–10 µg/kg/min

Calcium channel blockers
Nicardipine 25 mg/250 mL 5 mg/h; increase by 2.5 mg/h

in 5–15 minute intervals to a
maximum of 15 mg/h; usual
maintenance dose is 2–3 mg/h

Diltiazem 250 mg/250 mL 0.25 mg/kg over 2 min, then 
0.35 mg/kg over 2 min, 
then 5–15 mg/h

Verapamil 120 mg/250 mL 0.1 mg/kg bolus over 2 min, 
then 2–5 µg/kg/min

β-blockers
Esmolol 2.5 g/250 mL 0.25–0.5 mg/kg/min bolus 

then 50–200 µg/kg/min
Labetalol 200 mg/200 mL 0.25 mg/kg over 2 min, then

0.5 mg every 15 min
1–4 mg/min

Enalaprilat 2.5 mg/100 mL 0.625–1.25 mg IV over 
5 minutes; an infusion 
of 0.2 mg/h can be used

Fenoldopam 10 mg/250 mL 0.05–0.1 µg/kg/min initial
infusion, up to 0.8 µg/kg/min

Table 11.5  •  Mixes and Dosage Ranges for Intravenous
Antihypertensive Medications
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B. Sodium nitroprusside (SNP)
1. Hemodynamic effects

a. SNP primarily relaxes arterial smooth muscle and reduces SVR and PVR.
It has a lesser effect on venous capacitance, which also reduces preload. The
overall effect is a reduction in systemic blood pressure and filling pressures,
often resulting in an improvement in LV function. Maintenance or
improvement in cardiac output usually requires a modest volume infusion
to restore filling pressures to an optimal level. The theory is to “optimize
preload → reduce afterload → restore preload.” The development of a
reflex tachycardia during SNP infusion usually reflects hypovolemia and
may increase myocardial oxygen demand.

b. SNP should theoretically be avoided in the ischemic heart. It dilates resist-
ance vessels in the coronary circulation and can produce a coronary steal
syndrome by shunting blood away from ischemic zones. In addition, if fill-
ing pressures do not decrease when systemic perfusion pressure falls, the
diastolic transmyocardial gradient for coronary blood flow will be reduced,
potentially producing myocardial ischemia.

c. SNP is a very dangerous drug that always requires close monitoring with
an indwelling arterial cannula. It has a very rapid onset of action (within
seconds) and can lower the blood pressure precipitously. Fortunately, its
effects dissipate within a few minutes.

2. Indications 
a. To control systemic hypertension caused by an increase in SVR. SNP is

the best antihypertensive drug to use if cardiac function is marginal, filling
pressures are elevated, and SVR is high.

b. To improve myocardial function when the SVR is elevated, whether
systemic hypertension is present or not. The best results are often obtained
with concomitant inotropic support.

3. The usual starting dose is 0.1 µg/kg/min with a mix of 50 mg/250 mL. The
bottle must be wrapped in aluminum foil to prevent metabolic breakdown
from light. The dosage is gradually increased to a maximum of 8 µg/kg/min.

4. Adverse effects
a. Potentiation of myocardial ischemia from a reduction in diastolic perfusion

pressure, shunting of blood from ischemic zones, or reflex tachycardia.
b. Reflex increase in contractility and dp/dt that must be managed with β-

blockers in a patient with an aortic dissection.
c. Inhibition of hypoxic vasoconstriction, which produces ventilation-perfu-

sion mismatch and hypoxia.
d. Tachyphylaxis due to its vasodilating effects.
e. Cyanide toxicity. SNP is metabolized to cyanide, which is then converted

to thiocyanate in the liver. Cyanide toxicity, manifested by metabolic
acidosis and an elevated mixed venous PO2, may occur when large doses 
(> 8 µg/kg/min) are given for several days (cumulative dose > 1 mg/kg over
12–24 hours) or if hepatic dysfunction is present. Moderate cyanide
toxicity is treated by converting the cyanide to thiocyanate for its excretion
by the kidneys.
i. Sodium bicarbonate for metabolic acidosis in doses of 1 mEq/kg.



Vasodilators and Antihypertensive Medications 393

ii. Sodium thiosulfate 150 mg/kg IV (approximately 12.5 g in a 50-mL
D5W solution given over 10 minutes)

f. Thiocyanate toxicity (level > 5 mg/dL) may develop from chronic use of
SNP, especially when there is impaired renal excretion of this metabolite. It
is manifested by dyspnea, vomiting, and mental status changes with dizzi-
ness, headache, and loss of consciousness. Management of both severe
cyanide and thiocyanate toxicity involves use of nitrite preparations to
induce metHb formation. The metHb combines with cyanide to form
cyanmethemoglobin, which is nontoxic.

i. Amyl nitrite inhalation of 1 ampule over 15 seconds
ii. Sodium nitrite 5 mg/kg IV slow push. This is usually given at a rate of

2.5 mL/min of a 3% solution to a total of 10–15 mL. One-half of this
dose can be used subsequently if toxicity recurs.

iii. Sodium thiosulfate in the dose noted above can then be administered
to convert the cyanide that is gradually dissociated from cyanmethe-
moglobin into thiocyanate for excretion.

C. Nitroglycerin (NTG)
1. Hemodynamic effects

a. NTG is primarily a venodilator that lowers blood pressure by reducing
preload, filling pressures, stroke volume, and cardiac output. If filling pres-
sures are satisfactory, NTG will maintain aortic diastolic perfusion pres-
sure, although at high doses some arterial vasodilatation does occur. In the
presence of hypovolemia or a marginal cardiac output, NTG should be
avoided because it lowers cardiac output further and produces a reflex
tachycardia.

b. NTG dilates coronary conductance vessels and improves blood flow to
ischemic zones.185

2. Indications
a. Hypertension in association with myocardial ischemia or high filling

pressures 
b. ECG changes of myocardial ischemia
c. Coronary spasm or prevention of radial artery spasm
d. Pulmonary hypertension, to reduce RV afterload and improve RV function
e. Preoperative ischemia. NTG is useful before revascularization to reduce

preload while phenylephrine is used to maintain coronary perfusion pressure.
3. Starting dose is 0.1 µg/kg/min with a mix of 50 mg/250 mL. The dose can

be titrated up to 10 µg/kg/min. It must be administered through nonpoly-
vinylchloride tubing because polyvinylchloride tubing absorbs up to 80% of
the NTG.

4. Adverse effects. NTG is metabolized by the liver to nitrites, which oxidize
Hb to metHb. Methemoglobinemia and impaired oxygen transport can occur
if the patient receives excessive doses of IV NTG (over 10 µg/kg/min for
several days) or has renal or hepatic dysfunction. The diagnosis is suggested by
the presence of chocolate-brown blood and a lower oxygen saturation measured
by oximetry than one would expect from the Pao2. It can be confirmed by an
elevated metHb level (> 1% of total hemoglobin). Symptoms (cyanosis, pro-
gressive weakness, and acidosis) are usually not noted until the metHb level
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exceeds 15–20%. The treatment is intravenous methylene blue 1 mg/kg of a
1% solution.186

D. a-blockers
1. Hemodynamic effects

a. In contrast to the vasodilating drugs, β-blockers reduce blood pressure
primarily by their negative inotropic and chronotropic effects. They reduce
contractility, lowering the stroke volume and cardiac output, and also slow
the heart rate by depressing the sinoatrial (SA) node. Their antihyperten-
sive activity may also be attributable to a decrease in central sympathetic
outflow and suppression of renin activity.

b. β-blockers slow AV conduction and can precipitate heart block. Pacemaker
backup should be available when IV β-blockers are given. This electro-
physiologic effect is beneficial in reducing the ventricular rate response to
atrial tachyarrhythmias.

2. Indication. β-blockers can be used to control postoperative systolic hyper-
tension associated with a satisfactory cardiac output. They are especially ben-
eficial in the hyperdynamic, tachycardic heart that is often noted in patients
with normal preoperative LV function and/or LVH. Note: Intravenous 
β-blockers should be avoided in hypertensive patients with compromised
cardiac output.

3. Esmolol is a cardioselective, ultrafast, short-acting β-blocker with an onset of
action of 2 minutes, reaching a steady-state level in 5 minutes, and with rever-
sal of effect in 10–20 minutes.187 Because of its very short duration of action,
esmolol is the β-blocker of choice in the ICU for transient hypertension con-
trol in the patient with a satisfactory cardiac output.
a. Esmolol must be used with extreme caution when the patient is hyperten-

sive but has a marginal cardiac output. Frequently, blood pressure and
cardiac output are maintained by fast heart rates at low stroke volumes. Use
of esmolol in this circumstance will often reduce blood pressure and cardiac
output by a negative inotropic effect with little reduction in heart rate.
Even in patients with an excellent cardiac output, the reduction is blood
pressure is generally more pronounced than the decrease in heart rate.

b. Esmolol can be used safely in the patient with a history of bronchospasm
because of its cardioselectivity.

c. The recommended initial dosage is a 0.25–0.5 mg/kg load over 1 minute,
followed by 50 µg/kg/min over 4 minutes. Because patients tend to be very
sensitive to esmolol in the immediate postoperative period, a smaller test
dose should be considered to determine its effect on heart rate and blood
pressure. If an adequate antihypertensive effect is not achieved, a repeat
loading dose is given and a maintenance infusion of 100 µg/kg/min is
given. Two more reloading doses can be given with additional 50
µg/kg/min increases in the maintenance infusion rate. Little additional
effect is gained at doses over 200 µg/kg/min.

d. The mix for continuous infusion is 2.5 g/250 mL.
4. Labetalol has both α- and β-blocking properties as well as a direct vasodila-

tory effect. The ratio of β to α effects is 3:1 for the oral form and 7:1 for the
intravenous form. In the postoperative cardiac surgical patient, IV labetalol
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reduces blood pressure primarily by its negative inotropic and chronotropic
effects. The α-blocking effect prevents reflex vasoconstriction.188 

a. The onset of action for IV labetalol is rapid, with a maximal blood pressure
response at 5 minutes for a bolus injection and 10–15 minutes for a
continuous infusion. Since the approximate duration of action is 6 hours,
labetalol is useful when a longer-acting antihypertensive drug is desired.
It is a very useful medication for the patient with an aortic dissection, both
pre- and postoperatively.

b. Labetalol is given as a 0.25 mg/kg bolus over 2 minutes with subsequent
doses of 0.5 mg/kg every 15 minutes until effect is achieved (to a total dose
of 300 mg).

c. Alternatively, a continuous IV infusion can be given at a rate of 1–4 mg/min,
mixing 40 mL of the 5 mg/mL solution in 160 mL (200 mg/200 mL).

5. Metoprolol is a cardioselective β-blocker that can be used for control of
hypertension after surgery, but is usually given in oral form (25–50 mg PO
bid) starting about 8 hours after surgery for AF prophylaxis. The primary
indications for its intravenous use are control of ischemia and slowing of the
ventricular response to AF. It is given in 5-mg increments every 5 minutes for
up to three doses until effect is achieved. The onset of action is 2–3 minutes
with a peak effect in 20 minutes, and a duration of action of up to 5 hours.

E. Calcium channel blockers
1. Hemodynamic effects

a. The calcium channel blockers are very effective for control of hypertension
after surgery, primarily by relaxing vascular smooth muscle and producing
peripheral vasodilatation. A variety of medications are available that have
differing effects on cardiovascular hemodynamics and electrophysiology
(Table 11.6). Use of these medications during the perioperative period 
has been shown to reduce the incidence of MI, ischemia, and supraven-
tricular arrhythmias and may also improve survival.189,190 However, they are
usually used as adjuncts to other antihypertensive medications for selected
indications.

b. Other effects may include coronary vasodilatation, negative inotropy, a
reduction in SA nodal automaticity (slowing the sinus mechanism), and
slowing of AV nodal conduction (decreasing the ventricular rate response
to atrial tachyarrhythmias).

2. Indications
a. Control of hypertension when the cardiac output is satisfactory or if

there is evidence of myocardial ischemia. Nicardipine may be used if there
is evidence of compromised ventricular function because it lacks a negative
inotropic effect, but diltiazem and verapamil should be avoided in this
situation because of their negative inotropic properties.

b. Coronary vasospasm191

c. Slowing the ventricular response to AF/atrial flutter (diltiazem, verapamil)
3. Nicardipine

a. Nicardipine reduces blood pressure by reducing the SVR. It lacks a nega-
tive inotropic effect, produces a minimal increase in heart rate, and has no
effect on AV conduction.
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b. Indications
i. It is very effective and safe in controlling postoperative hypertension

and may provide more stable BP control than SNP.192 An advantage
over other calcium channel blockers is that it has no negative inotrop-
ic effect and has been shown to decrease the extent and duration of
myocardial ischemia after CABG in comparison with NTG.193

ii. Nicardipine has been used to prevent radial artery spasm in a dosage of
0.25 µg/kg/min.194 However, one study of preexisting vasospasm in
coronary artery conduits found that nicardipine added to NTG caused
no more dilatation than NTG alone.191

c. Advantages over SNP195

i. Nicardipine improves cardiac output with less reduction in filling
pressures than SNP (which also causes venodilatation), thus necessi-
tating less volume infusion.

ii. It avoids the reflex tachycardia and coronary steal that could lead to
myocardial ischemia.

iii. It is a potent coronary vasodilator that may improve the distribution
of blood flow to ischemic zones.

d. Disadvantages
i. Nicardipine has a rapid onset of action (1–2 minutes) but a longer

duration of action than SNP, with only a 50% offset of action within
30 minutes after the infusion has been discontinued. Although it can
be titrated for optimal control of hypertension, the longer half-life
could be problematic in the hemodynamically unstable patient.

ii. It increases ventilation/perfusion mismatch and can produce hypoxemia.
e. The dosage is initiated as a 5 mg/h infusion, with subsequent increases in

the infusion rate of 2.5 mg/h every 5–15 minutes to a maximum infusion
of 15 mg/h. The maintenance infusion  is usually 2–3 mg/h of a 25 mg/
250 mL mix.

Nicardipine Diltiazem Verapamil Nifedipine Amlodipine

Inotropy 0 ↓ ↓↓ 0↑ 0

Heart rate 0↑ ↓ ↓ ↑ 0↑

AV conduction 0 ↓↓ ↓↓ 0 0

Systemic resistance ↓↓ ↓↓ ↓↓ ↓↓ ↓↓

Coronary vascular ↓↓ ↓↓ ↓↓ ↓↓ ↓↓
resistance

0, no effect.

Table 11.6  •  Effects of Calcium Channel Blockers
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4. Diltiazem
a. Diltiazem reduces systemic blood pressure by lowering the SVR. However,

it also depresses systolic function by exerting a negative inotropic effect and
slows the heart rate. Thus, it should be avoided if the cardiac output is
marginal. Nonetheless, the slowing of a tachycardia in a patient with a
satisfactory cardiac output may be beneficial in improving myocardial
oxygen metabolism.196

b. Indications
i. Slowing the ventricular response to AF. Diltiazem slows AV con-

duction and can produce heart block; therefore, pacemaker backup
must be available when it is administered intravenously. Note: The
patient’s blood pressure and cardiac output are often marginal when
AF develops, and there is often reluctance to use diltiazem for rate
control. However, a reduction in ventricular response usually improves
stroke volume and blood pressure. If the blood pressure is marginal, a
pure α-agent may be given. If the blood pressure is unacceptably low,
then cardioversion should be performed.

ii. Prevention of arterial graft spasm (specifically, the radial artery)
iii. Management of coronary artery spasm (diltiazem is a potent coro-

nary vasodilator)
iv. Systemic hypertension, especially if being used primarily to prevent

spasm (radial artery conduits) or manage AF. It may be used as an
adjunct to other antihypertensive medications if blood pressure
remains elevated.

c. IV dosage is a 0.25 mg/kg bolus over 2 minutes, which may be followed by
a repeat bolus of 0.35 mg/kg 15 minutes later. A continuous infusion is
then given at a rate of 5–15 mg/h with a 250 mg/250 mL mix.

5. Verapamil
a. Verapamil reduces systemic blood pressure by lowering SVR, but it also has

moderate negative inotropic, chronotropic, and dromotropic effects that
depress contractility, slow the heart rate, and depress AV conduction. In the
early postoperative period, indications for its use are similar to those of dil-
tiazem.

b. IV dosage is a 0.1 mg/kg IV bolus followed by 2–5 µg/kg/min continuous
infusion of a 120 mg/250 mL mix.

6. Nifedipine is a potent arterial vasodilator that lowers blood pressure by reduc-
ing SVR. This is frequently accompanied by a baroreceptor-mediated reflex
tachycardia and a slight reflex increase in cardiac inotropy and AV conduction.
In comparison with SNP, an IV infusion of nifedipine produces a more sig-
nificant increase in cardiac output and a greater decrease in SVR, and does not
lower preload due to the absence of venodilator effects.197 Nifedipine is also a
potent coronary vasodilator and thus is beneficial in managing coronary
spasm.191 It also reduces PVR and PA pressures. Although there are a few
reports of its use in intravenous form for control of postoperative hypertension,
this is not a common practice. It is primarily given sublingually or orally in a
dosage of 10–30 mg q4h.

7. Amlodipine reduces SVR and blood pressure and may improve cardiac out-
put due to a decrease in afterload. It has no negative inotropic effects and no
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effect on the SA node or AV nodal conduction. It produces a gradual decrease
in blood pressure that persists for 24 hours after an oral dose. Thus, it is indi-
cated for the long-term control of hypertension in the stable patient. It is given
in doses of 2.5–10 mg qd.

F. Enalaprilat is an intravenous ACE inhibitor. It inhibits activation of the renin-
angiotensin system and blunts the increase in other vasoactive substances that normally
rise with CPB (catecholamines, endothelin, and atrial natriuretic peptide).198,199

1. Enalaprilat reduces blood pressure by producing balanced arterial and venous
vasodilatation without a reflex increase in heart rate. It thus reduces preload
and afterload and reduces myocardial oxygen demand. It also does not produce
hypoxic vasoconstriction and has no effect on gas exchange and oxygen deliv-
ery. This drug can be considered in the hemodynamically stable patient with
hypertension and depressed ventricular function who is unable to tolerate oral
medications. It has been shown to improve cardiac and renal function in
patients with LV dysfunction even when hypertension is not present. It can
subsequently be converted to the oral form of enalapril 5 mg qd (half this dose
if creatinine clearance is < 30 mL/min) or other oral ACE inhibitors.

2. Dosage: Enalaprilat is usually given in a bolus dose of 0.625–1.25 mg IV over
5 minutes q6h, which produces an initial clinical response in 15 minutes with
a peak effect in 4 hours. A continuous infusion of 0.2 mg/h can also be con-
sidered. Some studies have used higher bolus dosages (0.06 mg/kg) or a con-
tinuous infusion of 1 mg/h with a doubling of the dose every 30 minutes until
effect is achieved (to a total dose of 10 mg).198-200

G. Hydralazine
1. Hydralazine is a direct arteriolar vasodilator that decreases SVR and systemic

blood pressure. The reduction in afterload may improve myocardial function
but is usually accompanied by a compensatory tachycardia.

2. Indication: Hydralazine is most commonly used as a substitute for potent IV
antihypertensive medications if the patient is hemodynamically stable but
remains hypertensive several days after surgery. It is beneficial when the
patient cannot take or absorb oral medications or if toxicity from or resis-
tance to other IV antihypertensive medications develops.

3. The usual dosage is 20–40 mg IM q4h or 5 mg IV q15 minutes until effect.
The onset of action after IV injection is about 5–10 minutes with a peak effect
at 20 minutes and a duration of action of 3–4 hours. Thus, it is difficult to
titrate and should not be used if the patient is hemodynamically unstable.
However, a continuous infusion of 1.5 µg/kg/min has been used in postoper-
ative cardiac patients with excellent reduction in afterload.201

H. Fenoldopam mesylate
1. Fenoldopam is a dopamine (DA1) receptor agonist that is a rapid-acting

peripheral and renal vasodilator. Its antihypertensive effect is accompanied by
a reflex tachycardia, an increase in stroke volume index, and an increase in car-
diac index.202 It also lowers PVR, with potential theoretical benefits in
patients with preexisting RV dysfunction. Its beneficial effect on renal func-
tion occurs because it dilates renal afferent arterioles, resulting in an increase
in renal blood flow. It also produces hypokalemia, either through a direct drug
effect or enhanced K+-Na+ exchange.
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2. Indication: Severe hypertension when rapid onset of effect is necessary
(although the duration of action is longer than that of SNP).203 Limited studies
suggest that it is an effective drug for use in post–cardiac surgical hypertension.

3. Dosage: Fenoldopam is given as a continuous infusion starting at 0.05–0.1
µg/kg/min using a 10 mg/250 mL mix. The dose may be increased in 0.05–0.1
µg/kg/min increments every 15 minutes until effect is achieved to a maximum
of 0.8 µg/kg/min. The dosage used to provide a renoprotective effect (0.1
µg/kg/min) generally does not produce systemic hypotension. If a patient is
receiving fenoldopam during surgery for this reason, it could be used as the
primary antihypertensive drug after surgery but is probably not cost-effective.

I. Nesiritide is a balanced arterial and venous vasodilator that is used primarily in
patients with decompensated heart failure. In cardiac surgery patients, it may
improve RV or LV function in patients with elevated PA pressures by virtue of its
vasodilator effects. It is not primarily indicated for the treatment of systemic
hypertension.

J. Selection of the appropriate antihypertensive medication in the postoperative
cardiac surgical patient
1. When filling pressures are normal or slightly elevated and the cardiac output

is marginal, an arterial vasodilator, such as nitroprusside, should be selected.
It reduces preload and afterload by producing arterial (and some venous)
dilatation and often improves cardiac output. Consideration should be given
to using inotropic agents and vasodilators together to optimally augment car-
diac function. Nicardipine reduces SVR without any negative inotropic or
chronotropic effects and can be used effectively in this situation. Its longer
duration of action may prove detrimental if used during a period of hemody-
namic instability.

2. When filling pressures are high and the cardiac output is satisfactory, a ven-
odilator, such as nitroglycerin, may be beneficial. This reduces venous return,
filling pressures, stroke volume, cardiac output, and blood pressure. It may be
beneficial if there is evidence of myocardial ischemia. However, NTG is best
avoided when hypovolemia or a marginal cardiac output is present.

3. When the heart is hyperdynamic with adequate filling pressures, a high
cardiac output, and frequently a tachycardia, medications with negative
inotropic and chronotropic properties, such as esmolol or the calcium chan-
nel blockers (diltiazem, verapamil), should be selected. These medications are
beneficial in improving myocardial oxygen metabolism, especially when there
is evidence of ischemia.

4. Once the patient is able to tolerate oral medications, the IV medications
should be tapered while the blood pressure is monitored for response to PO
medications. It is most appropriate to restart the medications the patient was
taking before surgery, but others should be considered under certain circum-
stances.
a. β-blockers (metoprolol 25–75 mg PO bid) are initiated in virtually all

patients to reduce the incidence of AF and to control blood pressure. Their
use may be limited by slow heart rates.

b. The next choice is usually an ACE inhibitor, such as lisinopril 5–10 mg
PO qd. This should be considered for all patients with poor ventricular
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function (ejection fraction < 35%) but must be used cautiously in patients
with renal dysfunction.

c. The third choice is usually a calcium channel blocker, which is often used
routinely for patients receiving radial artery grafts.

d. In patients with bradycardia, clonidine or an angiotensin receptor blocker
can be chosen.

e. Long-acting nitrates are alternative coronary vasodilators that can be used
in patients receiving radial artery grafts and may also provide an antihy-
pertensive benefit.

VIII.  Cardiac Arrest
A. Cardiac arrest is a serious and dreaded complication of any cardiac operation that

occurs with an incidence of approximately 2%. It can occur unexpectedly at the
conclusion of surgery, during transport from the operating room, in the ICU, or
later during convalescence on the floor. It must be managed immediately by stan-
dard advanced cardiac life support (ACLS) protocols and, if not immediately
successful, by open-chest massage. Prompt and aggressive cardiopulmonary resus-
citation (CPR) is essential to restore satisfactory cardiac function and hopefully
prevent severe neurologic sequelae from compromising the results of a successful
CPR.204 The mortality rate for patients sustaining a cardiac arrest after cardiac sur-
gery is approximately 30%. Survival is most likely when an arrhythmia or bleeding
is the predisposing cause; patients arresting from pump failure rarely survive.205

B. Basic and ACLS recommendations should be followed:

A: Establish an airway
B: Provide breathing with positive-pressure ventilation (15–20/min)
C: Provide circulation by chest compressions (100/min); place intravenous

lines if not present
D: Defibrillate for VF/pulseless ventricular tachycardia (VT)

C. Etiology and assessment (Table 11.7). An evaluation to determine the possible
cause of a cardiac arrest should be undertaken as the resuscitation is underway.
1. Listen to the chest, check the ventilator function, ABGs, acid-base, and elec-

trolyte status. If the patient is not intubated, secure an airway first, adminis-
ter oxygen, and then intubate. Do not try to intubate before delivering oxygen
by face mask because this may prolong the period of hypoxemia.
•  Severe ventilatory or oxygenation disturbance (hypoxia, hypercarbia from

pneumothorax, endotracheal tube displacement, acute pulmonary embolism)
•  Severe acid-base and electrolyte disturbances (acidosis, hypo- or hyper-

kalemia)
2. Check the chest tube drainage and review the chest x-ray.

•  Acute impairment of venous return (tension pneumothorax, cardiac tam-
ponade, occasionally with sudden cessation of massive bleeding)

•  Acute hypovolemia (massive mediastinal bleeding)
3. Assess whether inotropes, vasopressors, and vasodilators are being adminis-

tered at the correct rate.
•  Inadvertent cessation of inotropic support
•  Profound vasodilatation from bolusing of nitroprusside
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4. Examine the cardiac monitor and ECG.
•  Third-degree heart block (may occur spontaneously or if AV pacing fails in

a patient with complete heart block)
•  Acute ischemia (graft thrombosis, coronary spasm)
•  Ventricular tachyarrhythmias (VT or VF)

C. Treatment
1. Hand ventilate with 100% oxygen at a rate of 15–20/min; listen for bilater-

al breath sounds. Intubate after establishing an adequate airway if the patient
is no longer intubated.

2. Assess current rhythm from monitor:
a. VT or VF necessitates immediate defibrillation with 200 joules; if unsuc-

cessful, increase to 300 and then 360 joules.
b. Asystole: turn on the atrial and/or ventricular pacing wires.

Table 11.7  •  Most Common Causes of Postoperative Cardiac Arrest

Cause Treatment

Hypovolemia Volume infusions

Hypoxia Hand ventilation with 100% O2

Hydrogen ion acidosis Sodium bicarbonate

Hyperkalemia Calcium chloride, glucose/insulin/
bicarbonate drip

Hypokalemia KCl infusion

Hypothermia Warming blankets

Tamponade Pericardiocentesis, subxiphoid exploration, or
emergency sternotomy

Tension pneumothorax Needle decompression, chest tube

Thrombosis (myocardial infarction) IABP, emergency cardiac catheterization

Thrombosis (pulmonary embolism) Anticoagulation, embolectomy, IVC umbrella

Tablets:  
Drug overdose   Gastric lavage, activated charcoal 
Digoxin  Digibind 
β-blockers, calcium Inotropic support, pacing

channel blockers
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3. Initiate external cardiac massage at a rate of 100/min if unable to defibril-
late or establish pacing within 30 seconds. Efficient massage can provide
about 25% of the normal cardiac output. Massage can result in disruption of
the sternal closure, injury to bypass grafts, or damage to the ventricular
myocardium from prosthetic valves. This potential damage can be mini-
mized if compressions are delayed for a very short time to prepare and use
the defibrillator or attach the pacing wires to a pacemaker.

4. Ventricular fibrillation and pulseless ventricular tachycardia

a. Defibrillation is essential for VF or pulseless VT and should be repeat-
ed with increasing energy levels (200, 300, 360 joules, if necessary).

b. Initial medications (Table 11.8)
•  Vasopressin 40 units IV as a single dose provides comparable or supe-

rior efficacy to epinephrine in promoting return of spontaneous circu-
lation.206

•  Epinephrine 1 mg IV push (10 mL of 1:10,000 solution) should be
given if VT/VF persists or recurs after three attempts at defibrillation.
It may be repeated every 3–5 minutes.

c. Antiarrhythmic drugs may improve the success of defibrillation and
should be used for persistent/recurrent VT/VF or malignant ven-
tricular ectopy. Defibrillation should be repeated after each dose of
medication.
•  Amiodarone should be given first in a bolus dose of 300 mg; a

dose of 150 mg may be repeated every 3–5 minutes to a maximum of 
2.2 g IV/24 h. It is then given as an infusion of 1 mg/min for 
6 hours, then 0.5 mg/min for 18 hours with conversion to oral dos-
ing if necessary.207

•  Lidocaine may be given for refractory VT/VF as a 1–1.5 mg/kg bolus
followed by 0.5–0.75 mg/kg boluses every 5–10 minutes to a total dose
of 3 mg/kg.

•  Magnesium sulfate 1–2 g in 10 mL of D5W IV may be helpful for
refractory VF or torsades de pointes, especially if hypomagnesemia is
suspected.

Vasopressin 40 units IV push × 1 dose

Epinephrine 1-mg IV push, repeat doses q3–5 min

Amiodarone 300-mg IV push; can give 150 mg q5 min to total 2.2 g/24 h

Lidocaine 1–1.5 mg/kg bolus, followed by 0.5–0.75 mg/kg boluses
every 5–10 min to total dose of 3 mg/kg

Magnesium sulfate 1–2 g in 10 mL D5W

Procainamide 20 mg/min up to total dose of 17 mg/kg

Table 11.8  •  Drug Doses Used During Cardiac Arrest
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•  Procainamide may also be given for refractory VF. Give 20 mg/min IV
until the arrhythmia is suppressed, hypotension occurs, the QRS com-
plex widens to 50% of its original width, or a total dose of 17 mg/kg is
given.

d. Note: If cardiac arrest occurs away from the ICU setting and intravenous
access is not immediately available, lidocaine and epinephrine are very
effective when given down an endotracheal tube. Two to 2.5 times the
usual IV dose should be diluted in 10 mL of normal saline.208

5. Asystole that is unresponsive to epicardial pacing.
• Attempt transcutaneous pacing.
• Epinephrine bolus 1 mg IV (10 mL of a 1:10,000 solution) every 3–5

minutes; an infusion of 2–10 µg/min can be used for bradycardia.
• Atropine 1 mg IV with repeat doses of 1.0 mg every 3–5 minutes to a

total dose of 0.04 mg/kg.
6. Bradycardia that is unresponsive to epicardial pacing

• Atropine 1 mg IV with repeat doses of 0.5–1.0 mg every 3–5 minutes to
a total dose of 0.04 mg/kg

• Attempt transcutaneous pacing.
• Dopamine 5–20 µg/kg/min (200 mg/250 mL mix)
• Epinephrine 2–10 µg/min (1 mg/250 mL mix)
• Isoproterenol infusion 2–10 µg/min (2 µg = 30 drops/min of a 1 mg/250

mL mix)
7. Pulseless electrical activity refers to a variety of rhythms that are associat-

ed with no detectable blood pressure (including electromechanical dissocia-
tion). It is therefore important to palpate for a pulse and not to be deceived
by pacing spikes or the patient’s QRS complex on the monitor, which may
represent isolated electrical activity without any effective myocardial con-
traction. Epinephrine 1 mg IV (10 mL of a 1:10,000 solution) should be
given. Common contributing factors are listed in Table 11.7.

8. Persistent hypotension. Reestablishment of satisfactory myocardial blood
flow is the most important element in a successful resuscitation. Because
coronary perfusion occurs during compression “diastole” (i.e., when the aor-
tic pressure exceeds the right atrial pressure), elevation of SVR and coronary
perfusion pressure is critical. This is best achieved with medications that
have predominantly α effects (epinephrine, norepinephrine) or strong vaso-
constrictor properties (vasopressin).

9. If the patient cannot be resuscitated within 5–10 minutes of cardiac
arrest, open-chest massage should be strongly considered (see pages
284–285). Internal cardiac massage is nearly twice as effective as closed-
chest compressions in increasing forward blood flow.

10. Controversial medications during cardiac arrest
a. Sodium bicarbonate should not be given routinely for the attended

arrest during which excellent ventilation and cardiac compressions are
achieved. Administration of sodium bicarbonate can depress cerebral and
myocardial function, reduce SVR, exacerbate central venous acidosis,
inactivate catecholamines administered simultaneously, and impair oxy-
gen release to tissues. Its use should be guided by the results of ABGs



drawn every 10 minutes during the arrest. It is given in doses of 1
mEq/kg, with half the dose readministered 10 minutes later if ABGs are
not available.

b. Calcium chloride 2 mL of a 10% solution (about 2–4 mg/kg) can be given
for hypocalcemia, hyperkalemia, or persistent calcium channel blockade.
Calcium may otherwise contribute to intracellular damage during periods
of ischemia, and it is not routinely recommended during a cardiac arrest.

IX.  Perioperative Myocardial Infarction
A. Although the current surgical population is older, has more left main and diffuse

multivessel coronary disease, and has more urgent indications for surgery, the risk
of developing a perioperative myocardial infarction (PMI) is less than 5%. This
can be attributed to improvements in myocardial protection, use of off-pump sur-
gery, and refinements in surgical technique. Depending on its extent, a PMI may
be of little consequence to the patient or it may result in a low output state or
malignant arrhythmias. Generally, a hemodynamically significant infarction results
in increased perioperative mortality and reduced long-term survival, whereas one
that is diagnosed enzymatically does not.209–212

B. Predisposing factors213

1. Left main or diffuse three-vessel disease
2. Preoperative ischemia or infarction. This includes acute coronary syndromes,

including a non–ST-segment MI diagnosed by positive troponin levels, or evi-
dence of ongoing ischemia, often following a failed percutaneous coronary
intervention.

3. Poor LV systolic and diastolic function (low ejection fraction, CHF, LVEDP >
15 mm Hg, LVH)

4. Reoperations, which predispose to atheroembolism of debris or to graft throm-
bosis

5. Coronary endarterectomy 
6. Long aortic cross-clamp period

C. Mechanisms
1. Prolonged ischemia during anesthetic induction or before the establishment of

coronary reperfusion. This is usually caused by tachycardia, hypertension/
hypotension, or ventricular distention, but may occasionally result from acute
thrombosis of a critically narrowed artery or stenotic vein graft at reoperation.

2. Ischemia/reperfusion injury following cardioplegic arrest or inadequate myocar-
dial protection. Research into the biochemical mechanism of PMI suggests
that this insult is caused by activation of the Na+-H+ exchanger that leads to
intracellular calcium accumulation, cell contracture, and cell death. Prophylactic
use of a Na+-H+ exchange inhibitor, such as cariporide, in the perioperative
period has been shown to reduce the incidence of PMI.214

3. Incomplete revascularization, including graft flow problems from anastomotic
stenosis or graft thrombosis

4. Coronary vasospasm
5. Coronary air or particulate embolization (usually from patent but atheroscle-

rotic vein grafts during reoperations)

404 Cardiovascular Management
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D. Diagnosis. The diagnosis of a PMI is usually entertained by the combination of
new ECG changes (new Q waves or ST changes), evidence of new regional or
global wall motion abnormalities by echocardiography, and elevation of cardiac
specific markers. However, several factors must be considered before concluding
that myocardial necrosis has occurred.
1. Severe postcardiotomy ventricular dysfunction may suggest the development

of a PMI but often represents a prolonged period of reversible myocardial
depression (“stunning”) that can recover after several days of pharmacologic or
mechanical support. However, the persistence of new regional wall motion
abnormalities on serial evaluations is more consistent with the occurrence of a
PMI.

2. New Q waves on the ECG are noted in about 5–8% of patients after sur-
gery. Up to 25% of these may be false positives, representing areas of
altered depolarization or unmasking of old infarcts. In these patients, the
new Q wave is not associated with elevation in enzyme markers to levels
consistent with myocardial necrosis and is not associated with an adverse
outcome.215 The presence of ST-segment depression, deep T wave inver-
sions, ventricular tachyarrhythmias, or a new bundle-branch block that per-
sists for over 48 hours suggests some degree of myocardial injury, but each is
a nonspecific indicator of PMI. T wave inversions, in particular, are occasionally
noted several weeks after surgery when there has been no other evidence of 
PMI.

3. Creatine kinase myocardial band (CK-MB) levels are elevated in more than
90% of patients undergoing CABG. They can be elevated by atriotomy or ven-
triculotomy incisions, myocardial trauma, reperfusion VF, reperfusion of
severely ischemic zones, and, in fact, by autotransfusion of shed mediastinal
blood.216 

a. A PMI is generally diagnosed by a CK-MB level that exceeds 10 times the
upper limit of normal (ULN) or when it exceeds 5 times the ULN in asso-
ciation with new Q waves.209,217 CK-MB isoforms (elevated CK-MB2) and
the MB2/MB1 ratio can also be used to provide an earlier and more precise
diagnosis of PMI, but are not readily measured.218

b. It should be noted that the 2004 STS database specifications define a PMI
as a CK-MB that exceeds 5 times the ULN with or without new Q waves.
It also defines a PMI occurring more than 24 hours postoperatively by at
least one of the following criteria:

i. Evolutionary ST-segment elevation
ii. New Q waves in two or more contiguous leads

iii. New left bundle-branch block (LBBB) on ECG
iv. CK-MB greater than 3 times the ULN

4. Troponin I (TnI) is a myofibrillar protein that is a very sensitive and specific
biochemical marker of myocardial cell injury. Levels in patients undergoing
non-CABG open-heart surgery and those undergoing CABG without MI do
not exceed 15 µg/L, peak at 12 hours, and return to normal after 5 days.
However, TnI levels > 15–20 µg/L within 12 hours and > 35 µg/L at 24 hours
are consistent with a PMI.219–222 It should be noted that there is some increase
in TnT levels after defibrillation of VF but minimal increase after cardioversion
for AF.223 
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E. Presentation and treatment
1. Intraoperative ischemia. Identification of new regional wall motion abnor-

malities by TEE is a sensitive means of assessing intraoperative myocardial
ischemia. These changes precede evidence of ischemia noted with Swan-Ganz
monitoring (elevation of PA pressures) or the ECG (ST-segment elevation).
Aggressive treatment to reduce myocardial oxygen demand and maintain
perfusion pressure is essential to lower the risk of PMI. In patients undergoing
reoperative surgery, avoiding manipulation of patent but diseased grafts is
essential to prevent atheroembolism.

2. Postcardiotomy low cardiac output syndrome with/without ECG evidence
of ischemia. Although the duration of aortic clamping correlates with the level
of detected cardiac markers,224 fastidious attention to myocardial protection
should offset the adverse effects of prolonged cross-clamping. The occurrence
of severe postcardiotomy ventricular dysfunction, whether caused by ischemia,
“stunning,” or an infarction, requires careful evaluation and management.
a. If myocardial dysfunction or ischemia is noted in the operating room at the

conclusion of CPB, the adequacy of the operative procedure should be
assessed. Supplemental grafts or graft revision may be necessary. IABP or
circulatory assist devices may be indicated.

b. The incidence of asymptomatic postoperative ischemia has been reported to
be as high as 50% and should draw attention to means for optimizing post-
operative cardiac function while minimizing the increase in oxygen
demand.30

c. If ECG changes are detected upon arrival in the ICU, intravenous NTG or
calcium channel blockers (if spasm is suspected) should be given. Placement
of an IABP and emergency coronary angiography with possible percuta-
neous coronary intervention or surgical graft revision should be strongly
considered.

d. Management of a hemodynamically significant MI involves supportive care
until arrhythmias and hemodynamic instability resolve. Cardiac output
should be optimized in standard fashion, but care must be taken to avoid
excessive volume infusions and tachycardia that may increase myocardial
oxygen demand and worsen an ischemic insult. Use of inamrinone/milri-
none or placement of an IABP will minimize oxygen consumption. It is
difficult to manage the sinus tachycardia that is frequently present in low
cardiac output states because it usually represents a compensatory mecha-
nism to maintain cardiac output. Sinus tachycardia is frequently a sign of an
“injured heart” and can perpetuate myocardial ischemia and damage.

3. Good cardiac output but low SVR. The patient sustaining a small PMI may
have a normal cardiac output accompanied by systemic hypotension. This
syndrome usually requires use of an α-agent for several days to maintain an
adequate systemic blood pressure until SVR returns to normal.

4. Persistent ventricular ectopy may reflect ischemia, infarction, or reperfusion
of previously ischemic muscle. It should be managed with lidocaine and standard
oral antiarrhythmic medications. β-blockers are generally used for their
antiarrhythmic effect in patients with preserved ventricular function. However,
nonsustained or sustained VT occurring in patients with impaired ventricular
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function often requires electrophysiologic testing, use of an antiarrhythmic (e.g.,
amiodarone), and placement of an implantable cardioverter-defibrillator (ICD).

5. Some patients have an infarction diagnosed by electrocardiographic, enzymatic,
or functional criteria but have no clinical or hemodynamic sequelae. These
patients do not require special treatment.

F. Prognosis
1. An uncomplicated infarction does not influence operative mortality or long-

term survival. Despite a return of ventricular function to baseline, the heart may
fail to demonstrate functional improvement during exercise.

2. In contrast, a hemodynamically significant MI (one presenting as a low cardiac
output syndrome or malignant arrhythmias) increases operative mortality and
decreases long-term survival.209–212

3. The prognosis following a perioperative infarction is determined primarily by
the adequacy of revascularization and the residual ejection fraction. One study
reported that the prognosis for patients sustaining an MI with an ejection frac-
tion > 40% and with complete revascularization was comparable to patients not
developing a perioperative infarction.225

X.  Coronary Vasospasm
A. Vasospasm has become increasingly recognized as a cause of postoperative morbid-

ity and mortality following coronary artery bypass grafting. It can affect normal
coronary arteries, bypassed vessels, saphenous vein grafts, or arterial grafts (ITA,
radial, gastroepiploic artery).226,227

B. Etiology is speculative, possibly related to increased α-adrenergic tone, release of
platelet thromboxane A2, hypothermia, hypomagnesemia, calcium infusions, or
rebound from withdrawal of calcium channel blockers used preoperatively. It is
more commonly noted in young women with small coronary arteries.

C. Diagnosis of spasm can be extremely difficult to make. It is generally manifested by:
1. ST elevation in multiple leads
2. Hemodynamic collapse (low cardiac output, hypotension)
3. Ventricular arrhythmias 
4. Heart block

D. The differential diagnosis of the scenario of cardiovascular instability, arrhythmias,
and ECG changes must include other potential problems, such as preexisting
myocardial dysfunction or ventricular arrhythmias, myocardial ischemia or infarc-
tion, reperfusion injury, or graft stenosis or occlusion subsequent to an operation.
Any of these is more likely to be present than vasospasm. Coronary angiography
may be necessary to make the appropriate diagnosis if there is no response to ther-
apy. Angiography will usually demonstrate sluggish flow through grafts, diffuse
spasm, and poor flow into distal native vessels. Resolution of spasm with intracoro-
nary NTG or a calcium channel blocker confirms the diagnosis. Differentiation
from technical problems at the anastomosis can be difficult due to poor flow. If there
is little response to pharmacologic manipulation, reexploration may be indicated.

E. Treatment involves hemodynamic support and initiation of medications that can
reverse the vasospasm. If the patient does not improve and/or ECG changes persist,
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emergency cardiac catheterization is indicated to identify and often correct the
problem.
1. Optimize oxygenation and correct acidosis.
2. Optimize hemodynamic parameters. If an inotrope is indicated, a PDE inhibitor

is the best choice because it is a potent vasodilator of the ITA and perhaps of
native vessels as well.91,111

3. Start IV NTG at 0.5 µg/kg/min and raise as tolerated.
4. Select a calcium channel blocker:

a. Nifedipine 10 mg SL, then 30 mg per NG q6h.
b. IV diltiazem drip: 0.25 mg/kg IV bolus over 2 minutes, followed by a repeat

bolus of 0.35 mg/kg 15 minutes later. A continuous infusion is then given at
a rate of 5–15 mg/h using a 250 mg/250 mL mix.

c. IV verapamil drip: 0.1 mg/kg bolus, followed by a 2–5 µg/kg/min infusion
of a 120 mg/250 mL mix.

d. When taking PO: Imdur 30 mg qd, Isordil 20 mg q8h, nifedipine 30 mg
q6h, or diltiazem CD 180 mg qd.

XI.  Pacing Wires and Pacemakers
Two temporary right atrial and two right ventricular epicardial pacing wire electrodes are
usually placed at the conclusion of all open-heart procedures. These pacing wires have both
diagnostic and therapeutic utility.

A. Diagnostic uses. Atrial pacing wires can be used to record atrial activity in both
unipolar and bipolar modes. With suitably equipped monitors, these recordings
can be obtained simultaneously with standard limb leads to distinguish among
atrial and junctional arrhythmias and differentiate them from more life-threaten-
ing ventricular arrhythmias. Simultaneous ECGs and atrial electrogram (AEG)
tracings for each of the most commonly encountered postoperative arrhythmias
are provided in the next section. The technique for obtaining atrial wire tracings is
either of the following:
1. A multichannel recorder can be used to print simultaneous monitor ECGs and

AEGs. Most current monitoring systems have cartridges with three leads for
recording the AEG: two of them represent the arm leads and are connected
with alligator clips to the atrial pacing wires; the third represents a left leg lead
and is attached to an electrode pad over the patient’s flank. When the monitor
channel for the AEG is set on lead I, a bipolar AEG is obtained (Figure 11.8).
This shows a large atrial complex and a very small or undetectable ventricular
complex. When the AEG monitor channel is set on lead II or III, a unipolar
AEG is obtained. This demonstrates a large atrial and slightly smaller ventric-
ular complex.

2. When a standard ECG machine is used, the two arm leads are connected to
the atrial wires with alligator clips, and the leg leads are attached to the right
and left legs. A bipolar AEG will be recorded in lead I and a unipolar AEG in
lead II or III. Alternatively, the atrial wires can be connected to the V leads.
Bipolar AEGs give a better assessment of atrial activity than do unipolar AEGs
and can distinguish between sinus tachycardia and atrial arrhythmias. However,
because the AEG and standard ECG tracings are not obtained simultaneously,
a unipolar tracing is required to differentiate sinus from junctional tachycardia
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because it can demonstrate the relationship between the larger atrial and small-
er ventricular complexes.

B. Therapeutic uses
1. Optimal hemodynamics are achieved at a heart rate of around 90/min in the

immediate postoperative period. Use of temporary pacing wires attached to an
external pulse generator (Figure 11.9) to increase the heart rate is preferable to
the use of positive chronotropic agents that have other effects on myocardial
function. Atrial or AV pacing will nearly always demonstrate superior hemo-
dynamics to ventricular pacing. Since AV delay is often prolonged after bypass,
shortening it artificially using AV pacing can improve hemodynamics, espe-
cially in patients with impaired ventricular function.228

2. Reentrant rhythms can be terminated by rapid pacing. Rapid atrial pacing can
terminate type I atrial flutter (flutter rate less than 350) and other paroxysmal
supraventricular tachycardias. Rapid ventricular pacing can terminate VT.

C. Pacing nomenclature
1. The sophistication and reprogrammability of permanent pacemaker systems

led to the establishment of a joint nomenclature by the North American
Society of Pacing and Electrophysiology (NASPE) and the British Pacing 

Figure 11.8 • Sinus rhythm in simultaneous monitor leads and AEGs. In the upper tracing,
note that the bipolar AEG (lead I) produces predominantly an atrial complex with essentially
no visible ventricular complex. In contrast, the unipolar tracing (leads II and III) on the
bottom shows both a large atrial wave and a smaller ventricular complex.
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Figure 11.9 • The Medtronic model 5388 external pacemaker. This device can be used to
provide pacing in a variety of modes, including AAI, DVI, DDD, and VVI pacing. It also has
rapid atrial pacing capabilities. (Image courtesy of Medtronic.)

and Electrophysiology Group (BPEG). This nomenclature, referred to as 
the NBG code, classifies pacemakers by their exact mode of function (see
Table 11.9).

2. Use of the first three letters is helpful in understanding the temporary pace-
maker systems that are used after cardiac surgical procedures (Table 11.10).
The most common modes are AOO (asynchronous atrial pacing), VVI (ven-
tricular demand pacing), DVI (AV sequential pacing with ventricular demand),
and DDD (AV sequential pacing with dual chamber sensing).

D. Atrial pacing
1. Atrial bipolar pacing is achieved by connecting both atrial electrodes to the

pacemaker. This produces a smaller pacing stimulus artifact on a monitor than
unipolar pacing and can often be difficult to detect even in multiple leads



Code Positions

I II III IV V

Chamber paced Chamber sensed Response to sensing Programmable functions Antitachyarrhythmia functions

V-ventricle V-ventricle T-triggers pacing P-programmable rate P-antitachyarrhythmia
and/or output

A-atrium A-atrium I-inhibits pacing M-multiprogrammable S-shock

D-double D-double D-triggers and inhibits C-communicating functions D-dual (pacer & shock)
pacing (telemetry)

0-none 0-none 0-none R-rate modulation 0-none

S-single chamber S-single chamber 0-none

Table 11.9  •  NBG Pacemaker Identification Codes
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(Figure 11.10). It does, however, prevent IABP consoles from misinterpreting
large pacing spikes as QRS complexes.

2. Atrial pacing can also be achieved using transesophageal electrodes or a pacing
catheter placed through “paceport” Swan-Ganz catheters. These are particular-
ly beneficial during minimally invasive surgery.229

3. Pacing is usually accomplished in the AOO or AAI mode (Tables 11.9 and
11.10). The usual settings include a pulse amplitude of 10–20 mA in the
asynchronous mode (insensitive to the ECG signal), set at a rate faster than the
intrinsic heart rate. With the Medtronic Model 5388 external pacemaker, AAI
demand pacing may be accomplished if atrial sensing is satisfactory.

Code positions Description

I II III

A O O Asynchronous atrial pacing

A A I Atrial demand pacing

V V I Ventricular demand pacing

D V I AV sequential pacing (ventricular demand)

D D D AV sequential pacing (both chambers sense)

A = atrium; V = ventricle; D = both chambers; O = does not apply

Table 11.10  •  Temporary Pacing Modes Used After Heart Surgery

Figure 11.10 • Atrial pacing at a rate of 95/min. The atrial pacing stimulus artifact (Sa) is
well seen in this tracing but is frequently difficult to identify on the monitor. The height of
the atrial pacing spike may be increased on the monitor for better visualization, or it may be
decreased to prevent problems with ECG interpretation or intraaortic balloon tracking.
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4. Indications. Atrial pacing requires the ability to capture the atrium as well as
normal conduction though the AV node. It is ineffective during AF/atrial flutter.
a. Sinus bradycardia or desire to increase the sinus rate to a higher level
b. Suppression of premature ventricular contractions: set at a rate slightly

faster than the sinus mechanism
c. Suppression of premature atrial complexes or prevention of AF (with dual-

site atrial pacing)
d. Slow junctional rhythm
e. Overdriving supraventricular tachycardias (atrial flutter, paroxysmal atrial or

AV junctional reentrant tachycardia). Rapid atrial pacing can interrupt a
reentrant circuit and convert it to sinus rhythm or a nonsustained rhythm,
such as AF, which may terminate spontaneously.

5. Technique of overdrive pacing
a. Overdrive pacing is accomplished using pacemakers that can produce rates

as high as 800 beats/min (see Figure 11.9). When attaching pacemaker
wires to the generator, be absolutely certain that the atrial wires, not the
ventricular wires, are being attached. Pacing initially 10–15 beats/min above
the ventricular rate will confirm that the ventricle is not being paced, which
can occur when atrial pacing wires are placed close to the ventricle.

b. The patient must be attached to an ECG monitor during rapid atrial pac-
ing. Bipolar pacing should be used to minimize distortion of the atrial com-
plex. Pacing spikes are often best identified by evaluation of lead II.

c. Turn the pacer to full current (20 mA) and to a rate about 10 beats faster
than the tachycardia or flutter rate. When the atrium has been captured,
increase the rate slowly until the morphology of the flutter waves changes
(atrial complexes become positive). This is usually about 20–30% above the
atrial flutter rate. Pacing for up to one minute may be required.

d. The pacer should be turned off abruptly. Sinus rhythm, a pause followed by
sinus rhythm, AF, or recurrent flutter may be noted (Figure 11.11). If severe
bradycardia develops, the pacemaker may be turned on at a rate of around
60 until the sinus mechanism recovers.

E. Atrioventricular pacing
1. AV pacing is achieved by connecting both atrial wires to the atrial inlets and

both ventricular wires to the ventricular inlets of an AV pacer (Figure 11.12).
If two ventricular wires are not available or functioning, an atrial or skin lead
can be used as a ground (the positive electrode) for ventricular pacing. The atri-
al and ventricular outputs are both set at 10–20 mA with a PR interval of 150
ms. Cardiac output can often be improved by increasing or decreasing the PR
interval to alter ventricular filling time. The ECG will demonstrate both pacing
spikes, although the atrial spike is often difficult to detect.

2. Current external pacemakers, such as the Medtronic model 5388, can pace in a
variety of modes. The DDD mode senses atrial activity, following which the
ventricle contracts at a preset time interval after the atrial contraction. This
mode reduces the risk of triggering atrial, junctional, and pacemaker-induced
arrhythmias. Careful monitoring is necessary in the event that the pacemaker
tracks the atrial signal in AF/atrial flutter, resulting in a very fast ventricular
response. However, setting an appropriate upper rate limit on these pacemakers



414 Cardiovascular Management

usually prevents this complication. Occasionally, a pacemaker-mediated tachy-
cardia can develop from repetitive retrograde conduction from premature ven-
tricular complexes (PVCs) that produces atrial deflections that are sensed and
tracked.

3. If atrial activity is absent, either the DDD or DVI mode can be used. The DVI
mode senses only the ventricle, so if a ventricular beat does not occur, both
chambers are paced. This may lead to competitive atrial activity if the atrium is
beating at a faster rate.

Figure 11.12 • Atrioventricular pacing at a rate of 100/min with a PR interval of about 160
ms. The P wave is often very poorly seen between the pacing stimulus artifacts. Sa = atrial;
Sv = ventricular.

Figure 11.11 • Rapid atrial bipolar pacing of atrial flutter in sequential ECGs. The upper
tracing confirms the rhythm as type I atrial flutter (rate 300/min) with variable AV block. In
the lower tracing, rapid atrial pacing at a slightly faster rate entrains the atrium; the pacer is
turned off and sinus rhythm resumes after a brief pause. The arrows indicate the atrial pacing
stimulus artifact.
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4. Indications
a. Complete heart block
b. Second-degree heart block to achieve 1:1 conduction
c. First-degree heart block if 1:1 conduction cannot be achieved at a faster rate

because of a long PR interval.
5. Additional comments

a. Sequential AV pacing is ineffective during AF/atrial flutter.
b. AV pacing is always preferable to ventricular pacing because of the atrial con-

tribution to ventricular filling. This is especially important in noncompliant
ventricles in which atrial contraction contributes up to 20–30% of the car-
diac output.

c. If sudden hemodynamic deterioration occurs during AV pacing, consid-
er the possibility that AF has occurred with loss of atrial contraction. If
AV conduction is slow, the ECG will demonstrate two pacing spikes with
a QRS complex suggesting AV sequential pacing, although only ventric-
ular pacing is occurring. This may be noted in the DDD mode with
undersensing of AF or in the DVI mode in which the atrium is not
sensed.

F. Ventricular pacing
1. Ventricular pacing is achieved by connecting the two ventricular wires to the

pulse generator for bipolar pacing or connecting one ventricular wire to the neg-
ative pole and an indifferent electrode (skin wire or an atrial wire) to the positive
pole for unipolar pacing.

2. The pacemaker is used in the VVI mode. The ventricular output is set at 10–20
mA in the synchronous (demand) mode. The rate selected depends on whether
the pacemaker is being used for bradycardia backup, pacing at a therapeutic
rate, or overdrive pacing (Figure 11.13). Ventricular pacing in the VOO or VVI
mode with undersensing of native R waves may result in the delivery of an
inappropriate spike on the T wave at a time when the ventricle is vulnerable,
inducing ventricular tachyarrhythmias.

3. Indications
a. A slow ventricular response to AF or atrial flutter
b. Failure of atrial pacing to maintain heart rate
c. VT (overdrive pacing)

Figure 11.13 • Ventricular pacing at a rate of 80/min, demonstrating the wide ventricular
complex. Since the patient’s own mechanism is slower, the pacemaker produces all of the
ventricular complexes. Sv = ventricular pacing stimulus artifact.
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4. If a patient is dependent on AV or ventricular pacing, the pacing threshold
must be tested. Gradually lower the mA until there is no capture. If the current
necessary to generate electrical activity is rising or exceeds 10 mA, considera-
tion should be given to placement of a transvenous pacing system (temporary
or permanent).

5. If the pacemaker is in the demand mode, the sensing threshold should be
checked. This determines the amplitude of the signal being measured in the
chamber being sensed. Demand pacing relies on the native rhythm to deter-
mine when to pace. Undersensing results in inappropriate pacing, while over-
sensing inhibits pacing. To determine the sensing threshold, decrease the
pacing rate to below the native rate and slowly decrease the sensitivity of the
channel by increasing the sensing threshold (i.e., the amplitude below which
the channel will not respond to a native signal). When an inappropriate pacing
spike appears on the monitor or the “pacing” light begins to flash on the pace-
maker when pacing should not be occurring, the sensing threshold will have
been reached. VT can be triggered by inappropriately sensing ventricular
pacing wires.

G. Potential problems with epicardial pacing wires electrodes
1. Failure to function may result from:

a. Faulty connections of the connecting cord to the pacing wires or the pulse
generator or a defective pacing cord

b. Faulty pulse generator function (low battery)
c. Undetected development of AF causing failure of atrial capture
d. Electrodes located in areas of poor electrical contact and high threshold
e. Undetected detachment of the wire electrode from the atrial or ventricular

epicardium
2. Options to restore pacemaker function and reestablish a rhythm include:

a. Checking all connections; changing the connecting cord
b. Increasing the output of the pulse generator to maximal current (20 mA).
c. Using a different wire electrode as the negative (conducting) electrode

(reversing polarity)
d. Unipolarizing the pacemaker by attaching the positive lead to a surface

ECG electrode or skin pacing wire
e. Converting to ventricular pacing if the atrial stimulus fails to produce

capture
f. Using a chronotrope (any of the catecholamines) to increase the intrinsic

rate or possibly increase atrial sensitivity to the pacing stimulus
g. Placing a transvenous pacing wire if the patient has heart block or severe

bradycardia and is pacer-dependent
3. Change in threshold. The pacing threshold rises from the time of implanta-

tion because of edema, inflammation, or the formation of scar tissue near the
electrodes. If an advanced degree of heart block persists for more than a few
days, consideration should be given to the placement of a permanent transve-
nous pacemaker system.

4. Oversensing problems. If the atrial activity of AF/atrial flutter is sensed
during DDD pacing, a very fast ventricular response will be noted. The upper
rate limit should be programmed (i.e., lowered) to prevent this. If this is not
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possible, the pacemaker should be converted to the VVI mode. Oversensing of
T waves may lead to inhibition of VVI pacing.

5. Competition with the patient’s own rhythm. When atrial or ventricular
ectopy occurs during asynchronous pacing, suspect that the pacemaker is set at
a rate similar to the patient’s intrinsic mechanism. Turning off the pacemaker
will eliminate the problem.

6. Inadvertent triggering of VT or VF. Use of ventricular pacing in the asyn-
chronous mode can potentially trigger ventricular ectopy by competing with
the patient’s own mechanism. Appropriate sensing should always be con-
firmed if the pacemaker generator is left attached to the patient and is
turned on. Ventricular pacing must always be accomplished in a demand
mode (DVI, VVI, DDD). Pacing wires that are not being used should be
electrically isolated to prevent stray AC or DC current near the wires from
triggering VF. Wires should be placed in needle caps and left in accessible
locations.

7. Mediastinal bleeding can occur if the pacing wires or the plastic carrier wire
beyond the electrode (on Medtronic 6500 pacing wires) are placed close to
bypass grafts, shearing them by intermittent contact during ventricular con-
tractions. Bleeding from atrial or ventricular surfaces can occur if the wires are
sewn too securely to the heart and excessive traction is applied for their
removal. Pacing wires should generally be removed with the patient off heparin
and before a therapeutic INR is achieved in patients receiving warfarin. The
patient should be observed carefully for signs of tamponade for several hours
after removal of epicardial wires.

8. Inability to remove the wire electrodes from the heart. The wire can be
caught beneath a tight suture on the heart or, more likely, under a sternal wire
or subcutaneous suture. Constant gentle traction, allowing the heart to “beat
the wire loose” should be applied. A lateral chest x-ray may reveal where the
wires are entrapped. If the wires cannot be removed, they should be pulled out
as far as possible, cut off at the skin level, and allowed to retract. Infection can
occur in pacing wire tracts, but it is unusual.

H. Other temporary pacing modes
1. Current defibrillator/monitors can provide transcutaneous pacing through gel

pads attached to the patient’s chest and back. This is most useful in emergency
situations when epicardial pacing wires fail to function. This should not be
relied on for more than a few hours because ventricular capture frequently dete-
riorates over time.

2. Placement of a 4–5F temporary transvenous ventricular pacing wire is indicat-
ed if the patient is pacemaker-dependent and the threshold of the epicardial
wires is high or the wires fail to function. These wires are usually placed
through an introducer in the internal jugular or subclavian vein. Several brands
have balloon tips that assist in floating the pacing wire into the apex of the right
ventricle, although fluoroscopy may occasionally be required.

3. Some Swan-Ganz catheters have extra channels that open into the right atrium
and ventricle (“paceport catheters”) through which pacing catheters can be placed.
This is convenient during and following minimally invasive cardiac operations. It
is also helpful in emergency situations since central venous access has already been
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achieved. These pacing leads should not be relied on for chronic pacing in the
pacemaker-dependent patient.

4. Transesophageal atrial pacing is valuable during minimally invasive proce-
dures and can be used in the ICU on a temporary basis if AV conduction is
preserved.229

I. Indications for permanent pacemakers
1. Although the temporary use of epicardial pacing is very common immediately

after surgery, the vast majority of patients with preoperative normal sinus
rhythm will achieve a satisfactory sinus rate within a few days. Permanent pac-
ing is more likely in patients who are elderly, have preoperative bundle branch
blocks, or undergo surgery requiring long durations of CPB or aortic cross-
clamping, especially with suboptimal myocardial protection. It is more com-
mon following surgery during which there may be trauma to the conduction
system such as valve operations, especially for endocarditis or reoperations, or
ablative arrhythmia operations.230,231

2. If a permanent pacemaker is being strongly considered, oral anticoagulation,
most commonly used for recurrent atrial fibrillation or a valve prosthesis,
should be withheld. Intravenous heparin should be used for thromboembolism
prophylaxis and stopped for several hours before and after the pacemaker has
been implanted.

3. Patients in whom pacemaker placement is indicated following surgery include
those with the following conditions:
a. Complete heart block (usually following aortic valve surgery)
b. Symptomatic or significant sinus node dysfunction, slow nodal mechanism,

or slow ventricular response to atrial fibrillation (usually rates less than
50/min). The slow rate should be persistent after the discontinuation of med-
ications, such as β-blockers, sotalol, calcium channel blockers, amiodarone, and
digoxin, that are commonly used for either AF prophylaxis or treatment.

c. Tachycardia-bradycardia syndrome (usually a fast response to paroxysmal
atrial fibrillation but upon conversion to sinus rhythm with medications, a
slow sinus mechanism)

d. Advanced second-degree heart block with a slow ventricular response
4. The optimal timing of the placement of a permanent pacemaker system has

not been determined. In some patients, the indication may be transient and a
delay in pacemaker implantation may obviate its need. However, this frequently
prolongs the length of stay. Because of the low morbidity of pacemaker
implantation, it may be more cost-effective to place the pacemaker after about
4–5 days to expedite the patient’s discharge. A study from the Mayo Clinic
showed that 40% of patients were not pacer-dependent at follow-up, although
about 85% of patients requiring implantation for complete heart block became
pacer-dependent.230

XII.  Cardiac Arrhythmias
The development of cardiac arrhythmias following open-heart surgery is fairly common. A
supraventricular arrhythmia, especially atrial fibrillation (AF), is noted in about 25% of patients.
Ventricular arrhythmias are less common and usually reflect some degree of myocardial injury.



Whereas AF is usually benign, ventricular arrhythmias may warrant further evaluation and
treatment because of their potentially life-threatening nature.

The mechanisms underlying the development of most arrhythmias are those of altered
automaticity (impulse formation) and conductivity (impulse conduction). An understanding
of these mechanisms and the electrophysiologic effects of the antiarrhythmic drugs has pro-
vided a rational basis for their use (see page 444). The management of arrhythmias com-
monly noted after open-heart surgery is summarized in Table 11.11.

A. Etiology. Although the factors that contribute to the development of various
cardiac arrhythmias may differ, there are several common causes that should be
considered.
1. Cardiac problems

a. Underlying heart disease 
b. Preexisting arrhythmias 
c. Myocardial ischemia or infarction
d. Poor intraoperative myocardial protection
e. Pericardial inflammation

2. Respiratory problems
a. Endotracheal tube irritation or misplacement
b. Hypoxia, hypercarbia, acidosis 
c. Pneumothorax

3. Electrolyte imbalance (hypo- or hyperkalemia, hypomagnesemia) 
4. Intracardiac monitoring lines (PA catheter)
5. Surgical trauma (atriotomy, ventriculotomy, dissection near the conduction

system)
6. Drugs (digoxin, vasoactive medications, proarrhythmic effects of antiarrhyth-

mic medications)
7. Hypothermia
8. Fever, anxiety, pain 
9. Gastric dilatation

B. Assessment
1. Check the ABGs, ventilator function, position of the endotracheal tube, and

chest x-ray for mechanical problems.
2. Check serum electrolytes (especially potassium).
3. Review a 12-lead ECG for ischemia and a more detailed examination of the

arrhythmia. If the diagnosis is not clearcut, obtain an atrial electrogram (AEG).
This is frequently beneficial in differentiating among some of the more com-
mon arrhythmias by providing an amplified tracing of atrial activity.

C. Sinus bradycardia
1. Sinus bradycardia is present when the sinus rate is less than 60/min. It is fre-

quently caused by persistent β-blockade and the use of narcotics, and may
result in atrial, junctional, or ventricular escape rhythms.

2. Because sinus bradycardia reduces cardiac output, the heart rate should be
maintained around 90/min following the termination of CPB to optimize
hemodynamics. An increase in heart rate can improve myocardial contractility
and cardiac output.

Cardiac Arrhythmias 419



Arrhythmia Treatment

Sinus bradycardia Pacing: atrial or AV > ventricular
Chronotropic medication

Third-degree heart block Pacing: AV > ventricular
Isoproterenol

Sinus tachycardia Address cause
β-blocker

Premature atrial complexes No treatment 
Atrial pacing (preferably dual-site)
Digoxin 
Procainamide 
β-blocker or sotalol
Verapamil 
Magnesium sulfate

Atrial fibrillation Cardioversion if hemodynamically compromised
Rate control: 

Diltiazem
β-blocker or sotalol
Digoxin

Convert: 
Amiodarone or procainamide
Sotalol
Propafenone/ibutilide
Electrical cardioversion

V-pace if slow response

Atrial flutter Cardioversion if compromised
Rapid atrial pacing
See atrial fibrillation

Slow junctional rhythm Pacing (atrial > AV > ventricular)
Chronotropic medication

Paroxysmal supraventricular Atrial overdrive pacing
tachycardias (PAT or AVNRT) Cardioversion

Adenosine
Verapamil/diltiazem
β-blocker
Digoxin

Nonparoxysmal AV junctional On digoxin: stop digoxin 
tachycardia potassium 

phenytoin
Not on digoxin: digoxin

Premature ventricular complexes Treat hypokalemia
Atrial overdrive pacing
Lidocaine
Procainamide

Ventricular tachycardia/fibrillation Defibrillation
Amiodarone
Lidocaine
Procainamide

Table 11.11 •  Treatment of Common Arrhythmias
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3. Diagnosis. See Figure 11.14.
4. Treatment

a. Atrial pacing should be used to take advantage of the 20–30% increase in
stroke volume that results from the contribution of atrial filling. This is
particularly important in the early postoperative period when reperfusion
and myocardial edema impair ventricular compliance and cause diastolic
dysfunction. Atrial contraction is especially important in patients with
LVH, such as those with aortic valve disease or systemic hypertension.

b. AV pacing should be used if abnormal AV conduction is present with a
slow ventricular rate (second- or third-degree AV block).

c. If pacing wires were not placed at the conclusion of surgery or if they fail
to function, atropine 0.01 mg/kg IV (usually 0.5–1 mg IV) or one of the
catecholamines can be used to stimulate the sinus mechanism. Either
epinephrine 1–2 µg/min or isoproterenol 0.3–4 µg/min (starting at 5
microdrops/min of a 1 mg/250 mL mix) is often useful. However, these
medications (as well as dopamine and dobutamine) not only increase the
heart rate but have other hemodynamic effects as well.

d. Ventricular pacing can be used if the atrium fails to capture or there is lit-
tle response to pharmacologic management. It will nearly always produce
less effective hemodynamics than a supraventricular mechanism. If the
ventricular pacing wires fail to function, the other pacing modes listed on
page 417 can be considered.

e. Patients with known sick sinus or tachycardia-bradycardia syndrome often
have problems with slow heart rates postoperatively and may require place-
ment of a permanent pacemaker.

D. Conduction abnormalities and heart block 
1. Transient disturbances of AV conduction are noted in about 25% of patients

following coronary bypass surgery. They are more frequent when cold cardio-
plegic arrest is used for myocardial protection, especially when calcium chan-
nel blockers are used as additives.
a. Conduction abnormalities are more common in patients with compromised

LV function, hypertension, severe coronary disease (especially involving the

Figure 11.14 • Sinus bradycardia at a rate of 54/min recorded simultaneously in lead I and
a unipolar AEG. The AEG demonstrates the larger atrial complex, a PR interval of 0.18 ms,
and the smaller ventricular complex.



422 Cardiovascular Management

right coronary artery in a right-dominant system), long aortic cross-clamp
periods, and extremely low myocardial temperatures. These findings suggest
that ischemic or cold injury to the conduction system may be responsible for
these problems. Although most resolve within 24–48 hours, the persistence
of a new left bundle-branch block (LBBB) suggests the possible occur-
rence of a perioperative infarction.232–234 

b. Conduction abnormalities occurring after aortic valve replacement (AVR)
may be caused by hemorrhage, edema, suturing, or debridement near the
AV node and His bundle. Although persistent conduction abnormalities
do not appear to influence the long-term prognosis after CABG,234 LBBB
is an ominous prognostic sign after AVR.235

c. Exposure of the mitral valve by the biatrial transseptal approach involves
division of the sinus node artery and anterior internodal pathways. Although
some studies have not documented a higher incidence of postoperative
rhythm disturbances, others have shown a high incidence of ectopic atrial
rhythms, junctional rhythms, and varying degrees of heart block. Nearly
20% of patients may require a permanent pacer for bradycardia or com-
plete heart block when this approach is used.236,237

2. Diagnosis. See Figures 11.15–11.19.
3. Treatment

a. Use of both temporary atrial and ventricular pacing wires are invaluable in
the management of heart block in the immediate postoperative period.
Atrial wires alone would not be expected to be beneficial when AV con-
duction is impaired.

b. First-degree AV block usually does not require treatment. If the PR inter-
val is markedly prolonged, attempts to achieve faster atrial pacing will not
achieve 1:1 conduction because the AV node will remain refractory when
the next impulse arrives. This will produce functional second-degree heart
block. AV pacing in the DDD or DVI mode can be used in this situation.
Shortening a prolonged AV interval can significantly improve hemody-
namics, especially in patients with impaired LV function.228

c. Second-degree AV block
i. Mobitz type I (Wenckebach) is characterized by progressive PR inter-

val prolongation culminating in a nonconducted P wave (Figure 11.16).

Figure 11.15 • First-degree AV block recorded simultaneously in lead II and a bipolar AEG.
The PR interval is approximately 0.26 ms.
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This usually does not require treatment unless the ventricular rate is
slow. In this situation, it can be treated by AV pacing (DVI) at a slightly
faster rate; if the atrial rate is too fast to overdrive, it can be treated by
DDD pacing.

ii. Mobitz type II is characterized by intermittent nonconducted P waves
without progressive PR elongation. If the ventricular rate is too slow,
AV pacing in the DVI or DDD mode should be used.

iii. High-grade second-degree heart block is characterized by a constant
PR interval with dropped QRS complexes in a mathematical relation-
ship (2:1, 3:1) (Figure 1.17). It is treated in a similar fashion to Mobitz
type II block.

d. Complete heart block requires AV pacing in the DDD or DVI mode if
there is atrial inactivity or a slow atrial rate (Figures 11.18 and 11.19). The
DVI mode may increase the risk of developing AF if frequent PACs are
present. The DDD mode is most beneficial in tracking a faster atrial rate
and then providing a sequential ventricular contraction. Ventricular pacing

Figure 11.16 • Mobitz type I (Wenckebach) second-degree block. The unipolar AEG
demonstrates a constant atrial rate of 120 with progressive lengthening of the A-V (PR)
intervals until the ventricular complex is dropped. In the AEG, the atrial activity is
represented by the larger of the two complexes. A = atrial complex; V = ventricular complex.

Figure 11.17 • High-grade second-degree block. Atrial activity is present at a rate of
100/min with 2:1 block, producing a ventricular rate of 50/min. 
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should be used if AF/atrial flutter is present. Pacing is usually not neces-
sary when there is AV dissociation with an adequate junctional or idioven-
tricular rate. However, it can be accomplished in the DDD mode if the
atrial rate is not too fast.

e. If heart block persists, the patient’s medications should be reviewed. β-
blockers, calcium channel blockers, and digoxin should be withheld to
assess the patent’s intrinsic rate and conduction. If complete heart block
persists for more than a few days with the patient off these medications, a
permanent pacemaker system should be placed. Nonetheless, about 40% of
patients in whom permanent pacemakers are placed are not dependent on
their system at follow-up. The most significant predictor of pacemaker
dependency is its insertion for complete heart block.230

E. Sinus tachycardia
1. Sinus tachycardia is present when the sinus rate exceeds 100 beats/min. It

generally occurs at rates less than 130. A faster and regular ventricular rate

Figure 11.19 • Complete AV block with AV dissociation. The unipolar AEG demonstrates an
atrial rate of 140 (large spikes) with no clear-cut relationship to the QRS complex, which
represents a junctional mechanism at a rate of 100/min.

Figure 11.18 • Complete AV block. The AEG demonstrates type I atrial flutter, but the
monitor ECG shows no ventricular complex until ventricular pacing is initiated.
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suggests the presence of paroxysmal supraventricular (atrial or junctional)
tachycardia or atrial flutter with 2:1 block.

2. Fast heart rates are detrimental to myocardial metabolism. They can exacer-
bate myocardial ischemia by increasing oxygen demand and decreasing the
time for diastolic coronary perfusion. They also reduce the time for ventricu-
lar filling and can reduce stroke volume, especially in patients with LVH and
diastolic dysfunction.

3. Etiology
a. Benign hyperdynamic reflex response related to sympathetic overactivity:

•  Pain, anxiety, fever
•  Adrenergic rebound (patient on β-blockers preoperatively)
•  Drugs (catecholamines, pancuronium)
•  Gastric dilatation
•  Anemia
•  Hypermetabolic states (sepsis)

b. Compensatory response to myocardial injury or impaired cardiorespiratory
status:
•  Hypoxia, hypercarbia, acidosis
•  Hypovolemia or low stroke volumes noted with small, stiff left ventri-

cles with LVH and diastolic dysfunction
•  Myocardial ischemia or infarction
•  Cardiac tamponade
•  Tension pneumothorax

4. Diagnosis. See Figure 11.20.
5. Treatment

a. Correction of the underlying cause
b. Sedation and analgesia
c. β-blockers can be used if the heart is hyperdynamic with an excellent

cardiac output. They must be used cautiously, however, when cardiac func-
tion is marginal. Tachycardia is a compensatory mechanism to maintain
cardiac output when the stroke volume is low, and attempts to slow the

Figure 11.20 • Sinus tachycardia at a rate of 130/min on simultaneous recordings of
monitor lead II and a unipolar AEG. Note the larger atrial and smaller ventricular complex in
the unipolar AEG tracing, which demonstrates the 1:1 AV conduction.
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heart rate may prove detrimental. Even when the cardiac output is satis-
factory, β-blockers often lower the blood pressure significantly more than
they reduce the heart rate.
i. Esmolol 0.25–0.5 mg/kg IV over 1 minute followed by a continuous

infusion of 50–200 µg/kg/min. A trial bolus of 0.125 mg/kg is fre-
quently beneficial in determining whether the patient can tolerate
esmolol.

ii. Metoprolol 5 mg IV increments every 5 minutes for 3 doses
d. Calcium channel blockers have mild negative chronotropic effects on the

SA node, but they do not play a major role in the treatment of sinus tachy-
cardia.

e. Note: Both β-blockers and calcium channel blockers individually are safe
to administer intravenously, but their simultaneous use should only be
considered if functional pacing wires are present.

F. Premature atrial complexes
1. Premature atrial complexes (PACs) are premature beats arising in the atrium

that generally have a different configuration than the normal P wave and pro-
duce a PR interval that exceeds 120 ms. Although benign, they often herald
the development of AF or atrial flutter, and this occurrence can be very diffi-
cult to prevent.

2. Magnesium sulfate may be beneficial in reducing the incidence of PACs in
the immediate postoperative period. The dose is 2 g in 100 mL solution.

3. Diagnosis. See Figure 11.21.
4. Treatment

a. Patients with PACs generally do not need treatment, but because PACs
frequently precede the development of AF, medications that can alter atri-
al automaticity and conduction or slow the ventricular response to AF can
be considered. These include β-blockers, digoxin, and calcium channel
blockers. Use of type IA antiarrhythmics (procainamide) slows atrial con-
duction but can accelerate AV conduction if atrial flutter develops.

Figure 11.21 • Premature atrial complexes (PACs) in monitor lead II and a unipolar AEG.
Note the slightly different morphology of the normal (A) and premature (A') atrial complexes
and the slightly shorter PR interval following the PACs that indicates a focus different from
the sinus node. The PR interval exceeds 120 ms, thus differentiating these beats from
premature junctional complexes.
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b. Digoxin is useful in decreasing the frequency of PACs and slows conduc-
tion through the AV node if AF does develop. However, by increasing
conduction velocity in the atrium, digoxin can theoretically increase the
risk of developing AF if PACs are present.

c. Temporary right atrial pacing at a faster rate (“overdrive pacing”) may
suppress PACs, but it may also trigger atrial arrhythmias and induce AF.
This may occur even in the AAI mode when there is difficulty sensing
atrial activity leading to inappropriate pacing. This problem generally does
not occur with permanent dual-chamber pacemakers. If PACs occur
during atrial pacing, one should suspect competition with the patient’s
own rhythm.238 Dual-site atrial pacing may suppress PACs and also
prevent AF.

G. Atrial fibrillation or flutter
1. Atrial fibrillation (atrial rate > 380) and atrial flutter (atrial rate generally 

< 380) are the most common arrhythmias noted after open-heart surgery.
Despite various prophylactic measures to decrease their incidence, they still
occur in about 25–30% of patients. The underlying mechanism is probably
increased dispersion of repolarization, but predisposing factors have not been
well identified. It has been proposed that there is a reversible trigger that
causes AF in postoperative patients when there is an underlying electrophys-
iologic substrate for its development.239

2. The incidence of AF is greater in older patients, those with a history of atri-
al arrhythmias, lung disease (especially when requiring prolonged postopera-
tive ventilation), right coronary artery stenosis, valve surgery, elevated preop-
erative BNP levels, increased P wave duration, and patients not receiving 
β-blockers after surgery. Technical considerations that may predispose to AF
include venting through the right superior pulmonary vein, long cross-clamp
times, more systemic hypothermia, division of the aortic anterior epicardial
fat pad, and postoperative right atrial pacing.240–243 The efficacy of off-pump
coronary surgery in reducing the incidence of AF is controversial.244,245

3. The potential adverse effects of these rhythms are a compromise in cardiac
hemodynamics and systemic thromboembolism from left atrial thrombus.246

Because of the resources required to manage AF once it occurs, it has a sub-
stantial impact on hospital costs.

4. These arrhythmias occur most commonly on the second and third postoper-
ative day. By that time, myocardial function has recovered to baseline and few
adverse hemodynamic effects are noted. However, when atrial tachyarrhyth-
mias occur during the first 24 hours, when the patient is hemodynamically
unstable, or in patients with noncompliant hypertrophied ventricles, a rapid
ventricular response can precipitate ischemia and lower cardiac output by
eliminating the atrial contribution to ventricular filling.

5. After the initial 24 hours, AF is frequently an incidental finding on the ECG
monitor. Symptoms such as palpitations, nausea, fatigue, or light-headedness
may be noted, especially in patients with LVH or poor ventricular function.

6. Etiology
a. Enhanced sympathetic activity (“hyperadrenergic state”) or adrenergic

rebound in patients taking β-blockers preoperatively
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b. Atrial ischemia from poor myocardial preservation during aortic cross-
clamping

c. Atrial distention from fluid shifts
d. Surgical trauma or pericardial inflammation
e. Metabolic derangements (hypoxia, hypokalemia, hypomagnesemia)

7. Diagnosis. See Figures 11.22 and 11.23.
8. Prevention

a. Initiation of low-dose a-blockers starting within 12–24 hours of surgery
is effective in lowering the incidence of AF.247–253 Metoprolol 25–50 mg
bid or atenolol 25 mg qd is most commonly used. The addition of digox-
in to one of the β-blockers may increase efficacy, although digoxin alone is
not effective because early postoperative AF is usually caused by a hyper-
adrenergic state.254 In fact, digoxin may render the atrium more suscepti-
ble to the development of AF because it increases atrial excitability and
conduction velocity, reduces the atrial refractory period, and increases the
number of fibrillatory wavelets.

b. Sotalol is a β-blocker with class III antiarrhythmic properties that, at a dose
of 80 mg bid, is more effective than standard β-blockers in preventing

Figure 11.22 • Atrial fibrillation with a ventricular response of 130/min. The AEG demonstrates
the chaotic atrial activity that is characteristic of atrial fibrillation.

Figure 11.23 • Atrial flutter with 4:1 AV block. The unipolar AEG demonstrates an atrial 
rate of about 300 with a ventricular response of about 75/min.
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supraventricular tachyarrhythmias.255,256 However, it is a negative inotrope
and is not tolerated in about 20% of patients, in whom hypotension,
bradycardia, or AV block may develop. Sotalol may also cause QT prolon-
gation and polymorphic ventricular arrhythmias, including torsades de
pointes. It is excreted by the kidneys and should probably be avoided in
patients with renal dysfunction.

c. Amiodarone is a class III antiarrhythmic with some class I, II, and IV
properties. It is effective in reducing the incidence of AF, either when
given alone (if β-blockers are contraindicated) or in conjunction with 
β-blockers.257–264 It is as effective as sotalol but more effective than
propranolol.257,258 The timing (pre-, intra-, or postoperative), route (IV vs.
PO), and dosage of amiodarone that provide the best prophylaxis are
unknown because different regimens have been used in virtually all studies.
The most cost-effective approach is probably one that starts amiodarone
the day of surgery and continues it for several days postoperatively. An
acceptable dosing regimen for amiodarone is similar to that recommend-
ed for other indications: a 150-mg IV load over 15 minutes, followed by a
60 mg/h infusion × 8 hours, then 30 mg/h × 16 hours, then 400 mg po bid
for 1 week. The drug is stopped at the time of hospital discharge if
effective for prophylaxis. If the patient develops intermittent AF and
converts, the drug may be continued for several weeks, with the dosage
being weaned down to 200 mg qd, and stopped after 4–6 weeks.
Amiodarone may be particularly beneficial in patients with COPD, in
whom the incidence and morbidity of AF are greater.265 However, the
potential for acute amiodarone toxicity that can produce hypoxemia must
be kept in mind.266

d. Magnesium sulfate (2 g in 100-mL doses) is arguably effective in
decreasing the number of episodes of postoperative AF.267–271 It appears to
be most effective when given with a β-blocker, such as sotalol, and when
the serum magnesium level is low.271–273 Since its administration is benign
and of potential benefit, it is worthwhile administering to all patients dur-
ing surgery and on postoperative day 1 in addition to β-blockers.

e. Dual-site atrial pacing has been shown in numerous studies to reduce the
incidence of AF.274–276 In one study that showed no overall benefit, the inci-
dence of AF was reduced in patients receiving concomitant β-blockers.277

It is theorized that intraatrial conduction delays may contribute to AF.
Dual-site pacing alters the atrial activation sequence and may achieve
more uniform electrical activation of the atria. It may also overdrive sup-
press PACs, eliminate compensatory pauses after PACs, and reduce the
dispersion of refractoriness that may contribute to AF.239

f. The efficacy of numerous other medications in preventing AF has been
studied. Propafenone (300 mg bid) was found to be as effective as atenolol.278

Procainamide was also found to be effective.279 Triiodothyronine 0.8 µg/kg
(about 50–80 µg) at the time of removal of the cross-clamp with a 6-hour
infusion of 0.113 µg/kg/h (8–11 µg/h) has been shown to halve the rate of
AF, but it is very expensive and rarely used.105 Other medications, includ-
ing digoxin alone, verapamil, and diltiazem have not been uniformly
efficacious.253



9. Management of the unstable patient initially involves cardioversion, whereas
for the stable patient, the plan involves rate control, anticoagulation if AF
persists, and attempts to achieve conversion to sinus rhythm (Box 11.4). An
attempt should be made to achieve conversion because most patients will sub-
sequently remain in sinus rhythm and not require long-term use of medica-
tions. This is in contradistinction to patients not undergoing cardiac surgery
in whom a rate-controlled strategy has similar survival results but potentially
fewer adverse effects than attempts to achieve rhythm control.280

a. Electric cardioversion with 50–100 joules can be used in a variety of
circumstances.

i. Cardioversion should always be considered first if there is evidence of
significant hemodynamic compromise. This is more common in the
early postoperative period when a very rapid ventricular response may
be present and myocardial function is moderately depressed from sur-
gery. It is also more likely to have adverse effects in patients with sig-
nificant LVH. Note: There is an increased risk of precipitating malig-
nant ventricular arrhythmias if cardioversion is attempted when the
digoxin level is significantly elevated, especially if hypokalemia or
hypercalcemia is also present.

ii. If a patient fails to convert to normal sinus rhythm (NSR) with med-
ications after 24–36 hours, cardioversion can be performed so that
anticoagulation can be avoided. If more than 36 hours has elapsed and
anticoagulation has not been given, preliminary TEE should be con-
sidered to rule out left atrial thrombus before performing cardiover-
sion.281–283 The decision to continue warfarin for one month after
delayed cardioversion must be considered because de novo thrombus
may form due to mechanical atrial inactivity after electrical cardiover-
sion.284

iii. If a patient cannot be converted pharmacologically or electrically,
warfarin should be given for 3 weeks and then elective cardioversion
attempted. If successful, warfarin should be continued for an addi-
tional 4 weeks.

b. Rapid atrial pacing should be attempted to convert atrial flutter (see
Figure 11.11 and page 413 for technique of rapid atrial pacing). It is usu-
ally successful in converting only type I flutter (atrial rate less than 350).
A variety of type IA, IC, and III antiarrhythmics (procainamide,
propafenone, and ibutilide) increase the efficacy of rapid atrial pacing by
prolonging the atrial flutter cycle length.285–287 The type IA drugs do not
alter or may increase the duration of the excitable gap in the reentrant cir-
cuit, whereas the type III agents shorten the excitable gap. Although the
latter may limit the ability of pacing to capture tissue in the reentrant cir-
cuit, equivalent efficacy has been noted.

c. Rate control can be achieved most readily with one of the rapid-acting
intravenous medications and more chronically with digoxin. Once the rate
has been controlled, the IV medications can be converted to oral ones.

i. a-blockers are very effective in achieving rate control and have the
advantage of converting about 50% of patients to sinus rhythm. If an
oral β-blocker has already been given, it can be supplemented by an
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Box 11.4  •  Management Protocols for Atrial Fibrillation/Flutter

1. Prophylaxis

a. Magnesium sulfate 2 g IV after CPB and on first postoperative morning

b. Metoprolol 25–50 mg PO (or per nasogastric tube) starting 8 hours after surgery

c. Alternatives

i.  Dual-site atrial pacing

ii.  Sotalol 80 mg bid

iii.  Amiodarone started either PO preoperatively or IV the day of surgery

2. Treatment

a. Cardioversion with 50–100 joules if unstable

b. Rapid atrial pace if atrial flutter

c. Increase prophylactic β-blocker dose if hemodynamically stable

d. Rate control: 

∗ IV diltiazem 0.25 mg/kg IV over 2 minutes, followed 15 minutes later by 
0.35 mg/kg over 2 minutes, followed by a continuous infusion of 10–15 mg/h,
if necessary

∗ IV metoprolol 5 mg IV q5 min × 3 doses

e. Conversion to sinus rhythm and anticoagulation

∗ Magnesium sulfate 2 g IV

∗ Option #1: heparin/warfarin after 24–36 hours of AF; await spontaneous
conversion on β-blockers and discharge home in either sinus rhythm or atrial
fibrillation

∗ Option #2: early cardioversion within 24–36 hours following use of one of the
following:

• β-blockers or calcium channel blockers

• Amiodarone 150 mg over 30 minutes, followed by an infusion of 
1 mg/min × 6 hours, then 0.5 mg/min × 12 hours 

• Procainamide given either IV (10 mg/kg) or after 4 doses of Procan SR
500 mg q6h 

If unsuccessful, heparinize and give warfarin; discharge home in AF off
medications.

If successful, continue PO Procan or amiodarone for 4 weeks

If cardioversion is performed after 36–48 hours, preliminary TEE is essential to
rule out left atrial thrombus

∗ Option #3: pharmacologic management alone, with anticoagulation after 
36 hours if AF persists:

• Amiodarone in IV dose listed above, then an oral dose of 400 mg tid
reduced to 200 mg PO qd over 4 weeks; discontinue at discharge if unsuc-
cessful (except after Maze procedures) or after 4 weeks if converts to NSR

• Procan SR 500–1000 mg q6h with same plan for continuation

• Sotalol 80 mg q4h × 4 doses, then 80 mg bid and stop other β-blockers

• Propafenone 1 mg/kg IV over 2 minutes, followed 10 minutes later by
another 1 mg/kg dose; if IV not available, give one oral dose of 600 mg

• Ibutilide 1 mg infusion over 10 minutes (0.01 mg/kg if < 60 kg) with a
second infusion 10 minutes later

• Dofetilide 500 µg PO bid
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IV dose. If the patient has a relatively slow heart rate (whether already
receiving a β-blocker or not) and then develops AF, diltiazem is a bet-
ter selection to avoid the bradycardia that may occur after conversion.
• Metoprolol is the preferred β-blocker because it can be given in the

ICU or on the postoperative floor. It is a negative inotrope, so it
must be used cautiously in patients with significantly compromised
LV function or hypotension. It is given in 5-mg IV increments
every 5 minutes up to a total dose of 15 mg. The onset of action is
2–3 minutes with a peak effect noted at 20 minutes. The duration
of action is approximately 5 hours.

• Esmolol can be used in the ICU setting with arterial line monitor-
ing, but it is a very dangerous drug due to its tendency to produce
hypotension. It has an onset of action of 2 minutes and a rapid
reversal of effect in 10–20 minutes. Thus, it may prove safer than
longer acting β-blockers if adverse effects develop, such as bron-
chospasm, conduction disturbances, excessive bradycardia, or LV
dysfunction. However, if the patient does not convert to NSR, a
continuous infusion may be needed until an oral β-blocker can be
started. The dose is 0.125–0.5 mg/kg IV over 1 minute, followed by
an infusion of 50–200 µg/kg/min.

ii. Diltiazem is preferred in patients with a slow sinus mechanism prior
to the development of AF. Although it is effective in slowing the ven-
tricular response, it is not as effective as the β-blockers in converting
the patient to sinus rhythm.288–290 It is given in a dose of 0.25 mg/kg
IV over 2 minutes, followed 15 minutes later by 0.35 mg/kg over 2
minutes, followed by a continuous infusion of 10–15 mg/h, if neces-
sary. Heart rate response is noted in about 3 minutes, with a peak
effect within 7 minutes. The reduction in heart rate lasts 1–3 hours
after a bolus dose. The median duration of action is 7 hours after a 24-
hour continuous infusion. Diltiazem is more effective in slowing the
ventricular response to AF than flutter.
• Because diltiazem is a vasodilator and a negative inotrope, hypoten-

sion is the most common side effect. Thus, it must be used cau-
tiously in patients with compromised ventricular function. If the
patient is hypotensive with a rapid ventricular rate, an α-agent can
be used to support SVR during diltiazem dosing (unless cardiover-
sion is felt to be indicated).

• Note: Extreme caution must be used when administering any IV
calcium channel blocker concomitantly with an IV β-blocker
because of the risk of inducing complete AV block. Availability of
functional pacing wires is essential.

iii. Concomitant with the selection of one of the preceding medications,
use of digoxin might also be considered because of its efficacy in
chronically slowing the ventricular response. Digoxin alone is less
effective than the β-blockers and calcium channel blockers in slowing
the ventricular response to AF in the early postoperative period
because its vagotonic effect on the AV node is offset by the increased
sympathetic tone that contributes to the rapid ventricular response.
However, one study comparing diltiazem and digoxin found that the
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conversion rate to NSR after 24 hours was slightly better with
digoxin.291 Furthermore, the combination of these medications has
been shown to be more effective than diltiazem alone in achieving
faster and more stable rate control.292

• The initial dose is 0.5 mg IV, followed by 0.25 mg IV q4–6h × 3
doses (up to a total dose of 1.25 mg within 24 hours; less in elderly
patients), and then 0.125–0.25 mg qd. The serum potassium level
should be > 4.0 mEq/L when digoxin is given because hypokalemia
can precipitate digoxin-toxic rhythms.

• The onset of action of IV digoxin is about 30 minutes with a peak
effect in 2–3 hours.

iv. Amiodarone is effective in reducing the ventricular response to AF
due to its multiple mechanisms of action (β-blockade, class III
effects). It is especially useful in the patient with borderline hemody-
namics. However, the rapidity and degree of slowing of the ventricu-
lar response is less than that of the β-blockers and calcium channel
blockers, which may have to be given after an amiodarone load if a
fast rate persists.293

d. Anticoagulation. Heparinization should be considered for patients with
recurrent or persistent AF to minimize the risk of stroke from emboliza-
tion of left atrial thrombus. In one study, it was noted that 14% of patients
developed thrombus and 39% had spontaneous echo contrast in the left
atrium within 3 days of the development of AF.294 Generally, heparin
should be started within 24–36 hours of the development of AF to mini-
mize the risk of thrombus formation while awaiting a beneficial response
to medications. A strategy of early cardioversion may avert the need for
anticoagulation. However, anticoagulation is essential before later car-
dioversion to reduce the risk of thromboembolism.

e. Conversion to sinus rhythm. “Spontaneous” conversion to sinus rhythm
is fairly common with the use of β-blockers or calcium channel blockers.
One study found that 80% of patients converted to NSR within 24 hours
without the use of class I or III medications, and conversion was more
likely in patients receiving β-blockers postoperatively, especially in the
absence of severe LV dysfunction and diabetes.295 The conversion rate
noted in this study seems quite high when compared with other studies
that have evaluated the effectiveness of a variety of medications in con-
verting AF to NSR. These studies have shown that most of the medica-
tions listed below have an approximate conversion rate of 50–60%.296 If a
patient cannot be converted pharmacologically, a strategy of anticoagula-
tion, rate control, and subsequent cardioversion is a viable and cost-effec-
tive alternative strategy.

i. Magnesium sulfate 2 g IV over 15 minutes is a benign and relative-
ly effective means of converting patients back to sinus rhythm, with a
conversion rate of 60% within 4 hours in one study.297

ii. a-blockers, in addition to being used for prophylaxis, are effective for
both rate control and conversion.The prophylactic dose can be increased
if the patient’s blood pressure and heart rate are acceptable. Substitu-
tion of sotalol (80 mg bid) for the selective β-blockers may be con-
sidered because it is slightly more successful in producing conversion.
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Many patients cannot tolerate sotalol because of bradycardia or
hypotension.

iii. Amiodarone has seen increasing usage for the treatment of AF and is
considered by many to be the treatment of choice due to its efficacy and
safety profile. Acute administration is associated with modest hypoten-
sion, more so than noted with the type IC drugs.298 Although it does
produce QT prolongation, this is not accompanied by a significant
proarrhythmic effect. It is safer than procainamide in patients with
renal or LV dysfunction. Conversion occurs with a similar frequency to
the type IC drugs listed below but usually takes longer.296 It may be
given with the standard IV load (150 mg over 15 minutes, followed by
a 60 mg/h infusion × 6 hours, then 30 mg/h × 18 hours) followed by an
oral taper (400 mg bid for 1 week, 400 mg qd for 1 week, 200 mg qd
for 2 weeks. Alternatively, it may be given as an oral load of 400 mg tid
for 1 week, followed by the same wean. One study found that a load of
30 mg/kg PO was safe and effective in converting patients to NSR.299

iv. Procainamide is a type IA medication that has traditionally been the
drug of choice for conversion. It is as effective as amiodarone, but it is
more proarrhythmic, a mild negative inotrope, and is renally excreted,
and thus must be used with caution in patients with renal dysfunction.
It is also associated with more short-term side effects (GI upset, hal-
lucinations). Because of its vagolytic effects, it can accelerate AV con-
duction in AF/atrial flutter, so it should be given only after the ven-
tricular rate has been brought under control.
• One option is to administer a brief course of IV procainamide (10

mg/kg over 60 minutes, followed by a 2 mg/min infusion), with an
attempt at electric cardioversion within 24 hours if conversion does
not occur pharmacologically. Alternatively, oral dosing of 500–1000
mg Procan SR q6h with or without a 10 mg/kg IV load can be used
prior to electric cardioversion.

• Another option is to use either regimen (more commonly the oral
load) in an attempt to achieve pharmacologic conversion. If this does
not occur after therapeutic levels are achieved, the drug is stopped
and a rate-control/anticoagulation protocol is used. If conversion
does occur, the procainamide is continued arbitrarily for 4 weeks.

v. The type IC and III antiarrhythmics have been successful in convert-
ing 50–70% of patients with recent-onset AF back to sinus rhythm.
They generally cause less hypotension than drugs mentioned above
and produce more rapid conversion.
• Propafenone (class IC) is effective in slowing the ventricular

response and in rapidly converting patients to sinus rhythm within
a few hours. The intravenous dose is 1–2 mg/kg IV over 15 minutes,
followed 10 minutes later by another 1 mg/kg dose. The IV form of
propafenone was not available in the United States in 2004, but one
oral dose of 600 mg achieves a similar conversion rate, although it
may take longer.300–302 IV propafenone has been found to be equiv-
alent to amiodarone but better than procainamide in achieving con-
version, and it achieves conversion more rapidly.303,304
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• Ibutilide (class III) is given as a 1-mg infusion over 10 minutes
(0.01 mg/kg if < 60 kg) with a second infusion 10 minutes later, if
necessary. It is more successful in converting atrial flutter than AF.305

Mean time to conversion is about 30 minutes. Because of the proar-
rhythmic risk, the infusion should be stopped as soon as the arrhyth-
mia has terminated, VT occurs, or there is marked prolongation of
the QT interval. Ibutilide is particularly useful in patients with poor
ventricular function or chronic lung disease. In comparative studies,
ibutilide was found to be more effective than procainamide and
sotalol, and just as effective as amiodarone, in converting AF/atrial
flutter to sinus rhythm.306,307

• Dofetilide (class III) has no negative inotropic effects and is bene-
ficial when there are contraindications to class I drugs (LV dysfunction)
or β-blockers (bradycardia, chronic obstructive pulmonary disease). It
is usually given in a dosage of 500 µg PO bid. One study using IV
dofetilide (up to 8 µg/kg over 15 minutes) found that it was more suc-
cessful in converting atrial flutter (70%) than fibrillation (30%) within
1 hour.308 It also causes QT prolongation and is proarrhythmic. The
dosage must be adjusted by creatinine clearance and the baseline QTc.

vi. Low-energy internal cardioversion using epicardial defibrillation
wires sewn to the left and right atria at the time of surgery is 90% suc-
cessful in restoring sinus rhythm.309,310

H. Other supraventricular tachycardias
1. This designation refers to a tachycardia of sudden onset that arises either in

the atrium (paroxysmal atrial tachycardia, or PAT) or in the AV nodal region
(atrioventricular nodal reentrant tachycardia, or AVNRT), or uses the AV
node as an integral part of the reentrant circuit (AVRT). These rhythms usu-
ally occur at a rate of 150–250/min and are uncommon after cardiac surgery.
PAT with AV block may be associated with ischemic heart disease and com-
monly results from digoxin toxicity. As with any arrhythmia causing a rapid
ventricular response, immediate treatment is indicated because of potential
adverse effects on myocardial metabolism and function.

2. Diagnosis. Differentiation among sinus tachycardia, PAT, AVNRT, AVRT,
and atrial flutter with 2:1 block may require examination of an AEG 
(Figure 11.24). Carotid sinus massage is often recommended as a diagnostic
modality to differentiate among various arrhythmias by slowing the ventricu-
lar response to atrial tachyarrhythmias. However, it must be used with caution
in patients with coronary artery disease, not only because it may precipitate
asystole but because it may produce an embolic stroke in patients with coex-
istent carotid artery disease.

3. Treatment
a. Rapid atrial overdrive pacing may capture the atrium and cause reversion

to sinus rhythm.
b. Cardioversion should be considered if there is evidence of hemodynamic

compromise.
c. Vagal stimulation often breaks a reentrant rhythm involving the AV node.

Carotid sinus massage must be used cautiously as noted above.
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d. Adenosine produces transient high-grade AV block and is successful in
terminating supraventricular tachycardia caused by AVNRT.311 It is given
as a 6-mg rapid IV injection via a central line followed by a saline flush. A
repeat dose of 12 mg may be given 2 minutes later. The half-life of adeno-
sine is only 10 seconds. Adenosine can help distinguish AVRT and
AVNRT (in which it terminates the circuit) from atrial flutter or fibrilla-
tion, in which it may produce transient slowing of the ventricular rate.

e. Calcium channel blockers are effective in converting AVNRT to sinus
rhythm in about 90% of patients.

i. Diltiazem 0.25 mg/kg IV over 2 minutes, followed 15 minutes later
by 0.35 mg/kg, if necessary.312

ii. Verapamil 2.5–10 mg IV over 5–10 minutes 
f. Additional measures that can be used for AVNRT if the above fail include:

i. Digoxin 0.5 mg IV in a patient not previously on digoxin
ii. Metoprolol 5 mg q5 minutes to a total dose of 15 mg

iii. Edrophonium 5-mg slow IV push, followed by a 10-mg dose
g. PAT with block is usually associated with digoxin toxicity, and treatment

should be provided accordingly:
i. Digoxin should be withheld and a digoxin level obtained

ii. Administration of potassium chloride
iii. Digibind (digoxin immune Fab [ovine]) starting at a dose of 400 mg

(10 vials) over 30 minutes if severe digoxin toxicity
iv. Phenytoin (Dilantin) 250 mg IV over 5 minutes 

I. AV junctional rhythm and nonparoxysmal AV junctional tachycardia
1. An AV junctional rhythm occurs when junctional tissue has a faster intrinsic

rate than the sinus node. When it occurs at a rate less than 60 beats/min, it is
termed a junctional escape rhythm.

2. Nonparoxysmal AV junctional tachycardia occurs at a rate of 70–130 beats/
min. In the postoperative patient, this rhythm may reflect digitalis toxicity,
pericarditis, or an inferior infarction. Its presence may be suggested by a reg-
ularized ventricular rate with underlying AF and can be confirmed with an
AEG.

Figure 11.24 • AV junctional tachycardia at a rate of about 140/min recorded in simultane-
ous monitor and bipolar AEGs. Note the nearly simultaneous occurrence of retrograde atrial
activation in the AEG and the antegrade ventricular activation in the monitor lead.
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3. As with any nonatrial rhythm, cardiac output is diminished by lack of syn-
chronous atrial and ventricular contractions.

4. Diagnosis. See Figures 11.24 and 11.25. The focus may be localized by the
relationship of the P wave to the QRS on a surface ECG (short PR interval
if high nodal, invisible P wave if midnodal, and P wave following the QRS if
low nodal). The P-QRS relationship is more evident on an AEG.

5. Treatment
a. Slow junctional rhythm

i. Atrial pacing if AV conduction is normal.
ii. AV pacing if AV conduction is depressed.

iii. Use of a vasoactive drug with chronotropic β1 action to stimulate the
sinus mechanism; any drug the patient is receiving that might slow
the sinus mechanism should be stopped.

b. Nonparoxysmal junctional tachycardia 
i. If the patient is receiving digoxin, it should be stopped. Severe digox-

in toxicity may be treated with digibind. Use of potassium, lidocaine,
phenytoin, or a β-blocker may be helpful.

ii. Overdrive pacing at a faster rate may establish AV synchrony.
iii. If the patient is not on digoxin, it should be started. If the rhythm is

not well tolerated, use of a β-blocker or calcium channel blocker can
be considered to slow the junctional focus with use of atrial or AV
pacing to establish AV synchrony.

J. Premature ventricular complexes
1. PVCs are fairly uncommon when complete revascularization has been

accomplished with good myocardial protection. When they develop de novo,
they may reflect transient perioperative phenomena, such as augmented sym-
pathetic tone or increased levels of catecholamines (endogenous or exoge-
nous), irritation from a Swan-Ganz catheter or endotracheal tube, abnormal
acid-base status, hypoxemia, etc. Thus, most PVCs are self-limited, benign,
and not predictive of more serious, life-threatening arrhythmias. Ventricular
ectopy is also fairly common in patients following an MI and may persist after
surgery, although ischemia-induced ectopy may be improved.

Figure 11.25 • Slow junctional rhythm at a rate of 54/min. Note the simultaneous
occurrence of atrial and ventricular activation.
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2. Nonetheless, PVCs developing de novo may also reflect poor intraoperative
myocardial protection, myocardial ischemia or infarction, and may herald
malignant ventricular arrhythmias. Therefore, some surgical groups believe
that even occasional PVCs should never be ignored in the early postoperative
period. During the first 24 hours after surgery, when a multitude of cardiac
and noncardiac precipitating factors may be present, it is of potential benefit
and little risk to treat any ventricular ectopy. Persistent complex ventricular
ectopy in patients with depressed LV function (ejection fraction < 40%) may
require further evaluation and treatment.

3. Diagnosis. See Figure 11.26.
4. Treatment

a. Correct the serum potassium with an intravenous KCl infusion at a rate up
to 10–20 mEq/h through a central line. Some patients require potassium
levels between 4.5 and 5.0 mEq/L to eliminate ventricular ectopy.

b. Atrial pace at a rate exceeding the current sinus rate (“overdrive pacing”)
unless tachycardia is present.

Figure 11.26 • Premature ventricular complexes (ventricular bigeminy) recorded simultane-
ously from monitor lead II and bipolar (upper) and unipolar (upper) AEGs. Note the wide
QRS complex of unifocal morphology representing the PVC on the ECG. The bipolar AEG
shows that the interval between atrial complexes is maintained despite the PVCs. The
unipolar tracing shows that the PVC directly follows the sinus beat but leaves the ventricle
refractory to the following beat, producing a full compensatory pause. V = premature
ventricular complex.
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c. Lidocaine 1 mg/kg with 1–2 repeat doses of 0.5 mg/kg 10 minutes apart.
A continuous infusion of 1–2 mg/min of a 1 g/250 mL mix should be
started. Do not exceed 4 mg/min to avoid seizure activity. Consider the
patient’s weight, hepatic function, and any underlying CHF when calcu-
lating a maximal dose.313

d. Magnesium sulfate (2 g in 100 mL IV) administered at the termination of
bypass has been shown to reduce the incidence of ventricular ectopy.314

K. Ventricular tachycardia and ventricular fibrillation
1. Etiology

a. VT/VF occur postoperatively in about 1–3% of patients undergoing open-
heart surgery and carry a mortality rate of 20–25%.315, 316

b. Ventricular tachyarrhythmias result from disorders of impulse formation
or propagation. When they are present preoperatively on the basis of
ischemia, resolution may be anticipated with revascularization of the
ischemic zones. However, if they occur preoperatively as a consequence of
a prior MI, they may be exacerbated by reperfusion.

c. Reperfusion of zones of ischemia or infarction can also trigger de novo
malignant ventricular arrhythmias. They develop commonly in patients
with prior infarction, unstable angina, an ejection fraction < 40%,
NYHA class III–IV CHF, and when bypass grafts are placed to noncol-
lateralized occluded vessels, especially the left anterior descending artery.
Potential triggers include residual ischemia or development of a PMI
secondary to incomplete revascularization, anastomotic problems, or
acute graft closure.315-319

i. Nonsustained ventricular tachycardia (NSVT) (VT lasting less than
30 seconds) may be encountered for reasons similar to those of PVCs
and may occur in patients with normal or abnormal ventricular
function.

ii. Sustained monomorphic VT (VT lasting over 30 seconds) is usually
noted in patients with a previous myocardial infarction and depressed
LV function, often with formation of an LV aneurysm. The border
zone between scar and viable tissue provides the electrophysiologic
substrate for a reentry mechanism that passes through myocyte bands
surviving within the infarct.

iii. Sustained polymorphic VT with a normal QT interval is usually
caused by increased dispersion of repolarization in areas of reperfused
ischemia or infarction. Triggered activity in the form of delayed after-
depolarizations and occasionally enhanced automaticity are the
mechanisms involved. Polymorphic VT may be facilitated by periop-
erative phenomena such as ischemia, hemodynamic instability, use of
catecholamines or intrinsic sympathetic activity, withdrawal of β-
blockers, and other metabolic problems. Similarly, VF may be trig-
gered by an acute ischemic insult.

iv. Polymorphic VT with QT prolongation is called torsades de pointes.
The mechanism involves early afterdepolarizations, a form of triggered
activity. It usually complicates the use of type IA and III antiarrhyth-
mic medications, especially if hypokalemia is present. Other medica-
tions that can contribute to torsades de pointes are metoclopramide,
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droperidol (for nausea), and high-dose haloperidol (> 35 mg/day)
used for agitation in the ICU.320

d. If the patient has a VVI or DDD pacemaker, the use of electrocautery
during surgery can inactivate the sensing circuit, converting it to the VOO
mode. This may result in bizarre-appearing arrhythmias and may trigger
VF. These pacemakers must be evaluated upon arrival in the ICU and
reprogrammed if necessary.321

2. Diagnosis. See Figures 11.27–11.30. A common arrhythmia commonly con-
fused with VT is AF with a rate-dependent conduction block (aberrancy) that
produces a wide QRS complex. This should be distinguished by its irregular-
ity, although this may be difficult to detect at fast heart rates.

3. Evaluation and treatment depend on the status of LV function, the nature of
the arrhythmia (nonsustained vs. sustained, monomorphic or polymorphic
VT), and whether the VT is inducible.
a. Any potential triggering factors should be identified and managed. These

include acid-base and electrolyte abnormalities, intracardiac catheters,
myocardial ischemia or infarction, CHF, and potentially proarrhythmic
medications.

Figure 11.27 • Ventricular tachycardia recorded simultaneously in lead II and a bipolar AEG.
There is dissociation between the sinus rhythm at a rate of 72/min noted in the AEG and the
wide complex ventricular tachycardia occurring at a rate of 210/min noted in the monitor lead.

Figure 11.28 • Nonsustained ventricular tachycardia at a rate around 130/min that sponta-
neously reverted to a sinus mechanism at a rate of 75/min.



Cardiac Arrhythmias 441

b. The prognosis of symptomatic PVCs or NSVT with preserved LV func-
tion is favorable. Lidocaine and magnesium may be used perioperatively
to decrease the incidence of NSVT, and β-blockers and perhaps amio-
darone should be utilized subsequently.313,322 One follow-up study of
patients who developed postoperative VT/VF, 85% of whom had an ejec-
tion fraction greater than 30%, reported an equivalent prognosis of
patients who survived 30 days after surgery with use of medications alone
to that of control patients who did not develop VT/VF.316

c. NSVT in patients with depressed LV function may be associated with a
poor prognosis without treatment. Extrapolating from the MADIT I and
MUSTT trials (see p. 41), an electrophysiologic study and ICD placement
should be considered if NSVT develops after surgery in these patients.323

d. Any patient developing VF or sustained VT that is pulseless or associated
with hemodynamic instability requires immediate defibrillation per ACLS
protocol.204 If unsuccessful, emergency thoracotomy and open-chest mas-
sage are indicated.

e. Sustained VT occurring without hemodynamic compromise can be
managed by:

i. Ventricular overdrive pacing to terminate the reentry circuit.
ii. Cardioversion if VT persists or hemodynamic compromise develops.

iii. Amiodarone 150 mg over 15 minutes, then 1 mg/min (60 mg/h) for
6 hours, then 0.5 mg/min (30 mg/h) for 18 hours.

f. Electrophysiologic testing is essential for patients with sustained VT and
impaired ventricular function in whom the prognosis is not favorable.

i. Monomorphic VT is inducible in 80% of patients with spontaneous
VT and is usually associated with a remote infarct and an arrhythmo-
genic substrate causing a reentry mechanism. This usually requires
antiarrhythmic therapy (usually amiodarone) and virtually always
requires the placement of an ICD.323

ii. Polymorphic VT is usually associated with myocardial infarction,
ischemia, or reperfusion, and should prompt further evaluation for
ongoing ischemia. This may involve coronary arteriography to identi-
fy potential graft occlusion or an anastomotic stenosis, which may be
a correctable problem. It is often transient, and therapy must be indi-
vidualized.

g. Torsades de pointes324

i. Cardiovert immediately for hemodynamic compromise or prolonged
episodes (usually because VF is suspected).

ii. Administer potassium chloride, unless hyperkalemia is present, to
shorten the QT interval.

Figure 11.29 • Ventricular fibrillation on monitor lead.



442 Cardiovascular Management

iii. Ventricular pace at 90–100/min or start an isoproterenol infusion at
1–4 µg/min.325 This will shorten the action potential to prevent early
afterdepolarization.

iv. Magnesium 1–2 g and β-blockers may eliminate triggered activity to
prevent recurrence but do not shorten the QT interval.

XIII.  Antiarrhythmic Medications
A variety of medications are available for the control of supraventricular and ventricular
arrhythmias (Table 11.12). A basic understanding of their mechanism of action is critical to
the appropriate selection of these drugs for the management of various arrhythmias as noted
in the preceding sections.326–328 In this section, a more detailed discussion of drugs most com-
monly used in patients undergoing cardiac surgery will be presented.

A. Vaughn-Williams classification of antiarrhythmic medications 

Class I Sodium channel blockers
Class IA Quinidine

Procainamide
Disopyramide

Class IB Lidocaine
Mexiletine
Phenytoin

Class IC Propafenone
Class II a-adrenergic blockers
Class III Potassium channel blockers

Amiodarone
Sotalol
Ibutilide
Dofetilide

Class IV Calcium channel blockers

B. Table 11.13 shows the effects of the various classes of antiarrhythmic drugs on
automaticity, conduction velocity, and the effective refractory period (ERP). The
appropriate class of antiarrhythmic drug that can be selected for the manage-
ment of the common arrhythmias is as follows:

Figure 11.30 • Torsades de pointes on monitor lead. Note how the QRS complex appears
to “twist” around the isoelectric baseline. Torsades usually has a pause-dependent onset initi-
ated by a premature ventricular complex discharging at the end of a T wave, usually associ-
ated with a long QT interval.
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1. Alterations in automaticity
a. Sinus tachycardia (sinus node): class II, IV
b. Ventricular ectopy (Purkinje and ventricular fibers): class IA, IB, IC, II,

III
c. Digoxin-toxic ectopy (delayed afterdepolarizations: IB (phenytoin)

Drug IV PO Therapeutic Levels

IA

Procainamide Load: 10 mg/kg Procan SR Procan: 4–10 µg/mL
Drip: 1–4 mg/min 500–1000 mg NAPA: 2–8 µg/mL

q6h

IB

Lidocaine Load: 1 mg/kg → 1–5 µg/mL
0.5 mg/kg, 1–2 times
10 min apart

Drip: 2–4 mg/min
(1 g/250 mL)

IC

Propafenone 1 mg/kg IV over 2 min, 600 mg PO load, 0.2–3.0 µg/mL
followed 10 min then 150–300 mg
later by another q8h
1 mg/kg dose

III

Amiodarone 150 mg over 15 min, 400 mg tid, 1–2.5 µg/mL
then 1 mg/min × 6h, reduced weekly
0.5 mg/min × 18 hours, to 200 mg qd
then convert to PO

Sotalol 80–160 mg bid

Ibutilide 1 mg infusion over 
10 min (0.01 mg/kg 
if < 60 kg) with a 
second infusion 
10 min later

Dofetilide 500 µg PO bid

Table 11.12  •  Doses and Therapeutic Levels of Common
Antiarrhythmic Drugs
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2. Alterations in conduction velocity and ERP
a. Conversion of AF (atrium): class IA, IC, II, III 
b. To slow the response to AF (AV node): class II, III, IV, digoxin
c. Conversion of AVNRT or AVRT: class II, IV, digoxin
d. VT (interrupt reentrant circuits in His-Purkinje fibers or ventricle): class

IA, IB, III 
C. Note: The clinical indications listed below for each of the antiarrhythmic med-

ications are those for which there is documented efficacy. FDA approval has not
necessarily been provided for each of these indications.

D. Procainamide
1. Clinical indications

a. Prevention/conversion of AF
b. Suppression of premature supraventricular and ventricular complexes and

sustained ventricular tachyarrhythmias

Table 11.13  •  Electrophysiologic Properties of Antiarrhythmic Drugs

Property Class Class Class Class Class Class
IA IB IC II III IV

Automaticity

SA node — — — ↓ — ↓

Vent ectopic foci ↓ ↓ ↓ ↓ — —
(Purkinje) 

Delayed — ↓ ↓ ↓ — ↓
afterdepolarizationsa

Conduction

Atria CV ↓ — ↓ — — —
ERP ↑ — ↑ — — —

AV node CV — — ↓ ↓ — ↓
ERP — — ↑ ↑ — ↑

His-Purkinje CV ↓ ↓ ↓ — — —
ERP ↓ ↑ ↑ ↑ — —

Ventricle CV ↓ ↓ ↓ — — —
ERP ↑ ↓ ↑ — ↑

a Mechanism of digoxin-induced ventricular ectopy.

CV = conduction velocity; ERP = effective refractory period.
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c. Wolff-Parkinson-White (WPW) syndrome (slows conduction over
accessory pathways)

2. Dosage
a. IV: 100 mg q5 min up to 1000 mg (never more than 50 mg/min), then a

2–4 mg/min drip (1 g/250 mL mix).
b. PO: 500–1000 mg load, then Procan SR 500–1000 mg q6h or Procanbid

1–2.5 g q12h = 50 mg/kg/day.
c. Conversion of IV to PO: Give one-fourth of the total daily IV dose as

Procan SR q6h or one-half as Procanbid; stop the IV infusion immedi-
ately after the first oral dose.

3. Metabolism: hepatic to active metabolite N-acetylprocainamide (NAPA) and
then excreted by the kidneys

4. Therapeutic level: 4–10 µg/mL of procainamide and 2–8 µg/mL of
NAPA

5. Hemodynamic effects: decreases SVR, negative inotrope in high doses
6. Special electrophysiologic concerns

a. Slowing of the atrial rate in atrial flutter and vagolytic effects on AV
conduction may increase the ventricular response to AF/atrial flutter.
Medications that prevent accelerated AV conduction must be given first.

b. Evidence of toxicity:
i. QT prolongation and polymorphic VT

ii. Myocardial depression
iii. NAPA has different electrophysiologic properties than procainamide.

It may accumulate in patients with CHF and renal failure. It has a
longer half-life than procainamide (7 hours vs. 4 hours) and can lead
to cardiac toxicity, including early afterdepolarizations, triggered
activity, and ventricular arrhythmias, including torsades de pointes,
especially in the ischemic heart.

7. Noncardiac side effects: GI (nausea, anorexia), CNS (insomnia, hallucinations,
psychosis, depression), rash, drug fever, agranulocytosis, lupus-like syndrome
with long-term use

E. Disopyramide (Norpace)
1. Clinical indications

a. Suppression of ventricular and supraventricular arrhythmias
b. Termination and prevention of recurrence of AVNRT
c. Prevention/conversion of AF
d. WPW syndrome (slows conduction over accessory pathways)

2. Dosage: 100–200 mg PO q6h 
3. Metabolism: 65% renal, 35% hepatic
4. Hemodynamic effects: strong negative inotrope (thus useful in patients with

hypertrophic obstructive cardiomyopathy)
5. Therapeutic level: 2–5 µg/mL
6. Special electrophysiologic concerns

a. Slowing of the atrial rate in atrial flutter and vagolytic effects on AV con-
duction require prior use of medications (digoxin) to prevent accelerated
AV conduction.
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b. May cause torsades de pointes or other ventricular tachyarrhythmias asso-
ciated with QT prolongation.

7. Noncardiac side effects: anticholinergic (urinary retention, constipation,
blurred vision), nausea, dizziness, insomnia

F. Lidocaine
1. Clinical indications: PVCs and ventricular tachyarrhythmias
2. Dosage 

a. 1 mg/kg IV followed by a continuous infusion of 2–4 mg/min (1 g/250
mL mix); a dose of 0.5 mg/kg may be given 20 minutes later to achieve a
stable plasma concentration.

b. A rebolus of 0.5 mg/kg should be given to increase plasma levels if the
infusion rate is increased.

3. Metabolism: hepatic; half-life is 15 minutes after one dose and 2 hours with
constant infusion (often longer with hepatic impairment)

4. Therapeutic level: 1–5 µg/mL
5. Hemodynamic effects: none in the absence of severe LV dysfunction
6. Noncardiac side effects: CNS (dizziness, delirium, tremors, seizures), GI

(nausea)
G. Propafenone

1. Clinical indication: conversion of AF
2. Dosage

a. PO: 600 mg load, then 150–300 mg q8h
b. IV: 1 mg/kg IV over 2 minutes, followed 10 minutes later by another 

1 mg/kg dose (used for conversion of AF) (not available in United States)
3. Metabolism: hepatic
4. Therapeutic level: 0.2–3.0 µg/mL
5. Hemodynamic effects: negative inotrope in patients with compromised

ventricular function
6. Special electrophysiologic concerns

a. Proarrhythmic effects are noted in 5% of patients.
b. Has some β-blocker activity and can produce AV block and sinus node

depression.
c. It doubles the digoxin level.

7. Noncardiac side effects are noted in 15% of patients: CNS (dizziness, diplopia),
GI upset

H. a-adrenergic blockers
1. Clinical indications

a. Prevention/treatment of postoperative AF/atrial flutter
b. Sinus tachycardia 
c. Ventricular arrhythmias associated with digoxin toxicity, myocardial

ischemia, or QT prolongation
d. AVNRT and reciprocating tachycardias in WPW syndrome

2. Dosages 
a. Metoprolol (relative potency is 2.5:1 for IV/PO)
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i. IV: 5 mg q5 minutes for 3 doses
ii. PO: 25–100 mg q12h 

b. Atenolol: 25–50 mg PO qd
c. Esmolol: IV: 500 µg/kg load, then 50–200 µg/kg/min drip 

3. Metabolism: hepatic (metoprolol), renal (atenolol), blood (esmolol)
4. Hemodynamic and electrophysiologic effects: negative inotropes; can pro-

duce hypotension, bradycardia, and heart block
5. Noncardiac side effects: bronchospasm (less with the cardioselective β-block-

ers atenolol and metoprolol), diarrhea, impotence, depression, intermittent
claudication

I. Amiodarone
1. Clinical indications

a. Prevention/conversion of postoperative AF
b. Pulseless VT/VF (first choice)
c. Sustained ventricular tachyarrhythmias

2. Dosage
a. PO: 400 mg tid, tapered to 200 mg qd over several weeks
b. IV: 150 mg over 15 min, then 1 mg/min × 6 h, 0.5 mg/min × 18 hours,

then 1 g/day
3. Metabolism: hepatic (half-life of 50 days) 
4. Therapeutic level: 1.0–2.5 µg/mL
5. Hemodynamic effects: β-blocker; coronary and peripheral vasodilator 

(α-adrenergic effect)
6. Special electrophysiologic concerns

a. May produce bradycardia and heart block.
b. Prolongs the QT interval but rarely causes ventricular arrhythmias.
c. Reduces clearance (and therefore increases serum levels) of drugs

metabolized by the liver. These include digoxin, warfarin, and pro-
cainamide. Doses of these medications should be reduced by about one-
half.

7. Noncardiac side effects are noted in more than 50% of patients, especially
during chronic therapy. These include pulmonary toxicity, hepatic dysfunc-
tion, corneal microdeposits (in nearly all patients), photosensitivity, GI upset,
CNS symptoms (tremor, ataxia, paresthesias), and neuropathy. Acute pul-
monary toxicity has been reported but is rare.266

J. Sotalol
1. Clinical indications

a. Prevention/treatment of postoperative AF
b. Suppression of ventricular tachyarrhythmias

2. Dosage: 80–160 mg PO bid
3. Metabolism: excreted unchanged in the urine
4. Hemodynamic effects: causes a decrease in heart rate with some negative

inotropic effect, hypotension
5. Special electrophysiologic effects
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a. Exhibits β-blocker and class III effects.
b. Produces torsades de pointes or proarrhythmic effects in about 4% of

patients. Torsades de pointes is dose-related and predictable from the QT
interval.

6. Side effects: fatigue, dyspnea, dizziness, heart failure, nausea and vomiting
K. Ibutilide

1. Clinical indication: conversion of recent-onset AF and atrial flutter
2. Dosage: 1 mg IV over 10 minutes (0.01 mg/kg if less than 60 kg) with a

second dose if no response
3. Metabolism: hepatic 
4. Therapeutic level: unknown
5. Hemodynamic effects: no significant hemodynamic effects
6. Special electrophysiologic concerns

a. Dose-related prolongation of the QT interval (avoid if the QT interval
exceeds 440 ms). QT prolongation may contribute to torsades de pointes,
but sustained polymorphic VT may occur even in the absence of a pro-
longed QT interval.

b. Monomorphic or polymorphic VT (sustained or nonsustained) is noted
in about 10% of patients; careful monitoring in the ICU is essential for 
4 hours after an administered dose (half-life is 6 hours) or until the QT
interval has returned to baseline.

7. Noncardiac side effects: headache, nausea
L. Dofetilide

1. Clinical indication: conversion of AF/atrial flutter
2. Dosage: 500 µg PO bid (based on renal function and QT prolongation)
3. Metabolism: renal
4. Therapeutic level: unknown
5. Hemodynamic effects: no negative inotropic effects
6. Special electrophysiologic concerns:

a. Slightly decreases the sinus rate but has no effect on AV conduction
b. Proarrhythmic effect from QT prolongation, so contraindicated if QTc >

440 ms (or if creatinine clearance is < 20 mL/min)
c. Has drug interaction with verapamil, which contraindicates its use
d. All class I or III antiarrhythmic medications should be stopped for 3 half-

lives before dofetilide is given.
e. Amiodarone must be stopped for 3 months (or a level < 0.3 mg/L) before

dofetilide is given.
M. Calcium channel blockers (verapamil and diltiazem)

1. Clinical indications
a. Control rapid ventricular response to AF/atrial flutter 
b. Prevent AVNRT and reciprocating tachycardias of WPW syndrome

(AVRT); contraindicated for AF in WPW syndrome
c. Ischemic ventricular ectopy
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2. Dosages
a. Diltiazem

i. IV: 0.25 mg/kg IV bolus over 2 minutes, with a repeat bolus of 0.35
mg/kg 15 minutes later; then a continuous infusion of 10–15 mg/h
(250 mg/250 mL mix).

ii. PO: 30–90 mg q8h (or 180–360 mg qd of long-acting preparation)
b. Verapamil

i. IV: 2.5–10 mg bolus over 1 minute with repeat dose in 30 minutes;
then a continuous infusion of 2–5 µg/kg/min (120 mg/250 mL mix).

ii. PO: 80–160 mg q8h 
3. Metabolism: hepatic
4. Therapeutic level: 0.1–0.15 µg/mL (verapamil)
5. Hemodynamic effects: mild negative inotropes, hypotension from decreased

SVR 
6. Special electrophysiologic effects

a. Can precipitate asystole, bradycardia, or heart block when used concomi-
tantly with IV β-blockers.

b. Verapamil reduces clearance of digoxin and increases the digoxin level by
about 35%.

c. Noncardiac side effects: GI (constipation, nausea), headache, dizziness,
elevation in liver function tests.

N. Adenosine
1. Clinical indication: paroxysmal supraventricular tachycardias with AV nodal

reentry (AVNRT or AVRT).
2. Dosage: 6 mg rapid IV injection through a central line followed by a saline

flush; a second dose of 12 mg may be given 2 minutes later if necessary.
3. Metabolism: rapidly degraded in blood, with a half-life of less than 10 seconds.
4. Electrophysiologic effects: produces transient high-grade AV block that can

be used to unmask atrial activity and differentiate the causes of narrow- and
wide-complex tachycardias.

5. Side effects: flushing, dyspnea, or chest pressure of very brief duration 
O. Digoxin

1. Clinical indications 
a. Rapid ventricular response to AF/atrial flutter (less effective than calcium

channel blockers or β-blockers due to the mechanism of early postopera-
tive AF)

b. Recurrent paroxysmal supraventricular tachycardia
2. Dosage 

a. IV: 0.5 mg, then 0.25 mg q4–6h to total dose of 1.0–1.25 mg, then 0.125
mg qd

b. PO: 0.5 mg, then 0.25 mg q4–6h to total dose of 1.25 mg, then 0.25 mg qd
i. Maintenance dose depends on serum level and therapeutic effect

ii. Dose is 0.125 mg qod for patients in renal failure
iii. IV dose is two-thirds of the PO dose



450 Cardiovascular Management

3. Metabolism: renal
4. Therapeutic level: 1–2 ng/mL (drawn not less than 6 hours after an oral dose

or 4 hours after an intravenous dose)
a. Serum levels are increased by medications that reduce its clearance or vol-

ume of distribution; thus, digoxin dosing should be reduced accordingly.
b. Levels are increased by amiodarone (by 70–100%) and verapamil (by

35%). Thus, dose of digoxin should be halved.
5. Hemodynamic effects: slight inotropic effect, peripheral vasodilatation
6. Special electrophysiologic concerns: see comments below on digoxin toxicity 
7. Noncardiac side effects: GI (anorexia, nausea, vomiting), CNS (headache,

fatigue, confusion, seizures), visual symptoms
P. Comments on digoxin toxicity329

1. Digoxin is used primarily to slow the ventricular response to AF/atrial flut-
ter by virtue of its vagotonic effect (at low dose) and its direct effect (at high
dose) on the AV node. It is less effective than other medications in slowing
the ventricular response to AF in the early postoperative period when a high
adrenergic state is present. Thus, it is not the drug of choice for acute rate
control. However, it can provide additional rate control, especially when AF
is persistent.

2. Aggressive digitalization for rapid AF is usually not successful in achieving
rate control and can lead to digoxin toxicity for a number of reasons in the
early postoperative period.
a. There is increased sensitivity to digoxin related to augmented sympathetic

tone, myocardial ischemia, electrolyte imbalance (hyper- or hypokalemia,
hypercalcemia, hypomagnesemia), acid-base imbalance, or use of vasoac-
tive or antiarrhythmic drugs (quinidine or verapamil).

b. Large doses need to be given to achieve effect because digoxin’s vagotonic
effects are offset by increased sympathetic tone. IV doses are usually given
to provide 1.25 mg within the first 24 hours but subsequent IV doses
should be two-thirds of the oral doses to avoid toxicity.

c. The volume of distribution is lower in many elderly patients with
decreased lean body mass.

d. Hypokalemia from postoperative diuresis and hypomagnesemia predis-
pose to digoxin toxicity.

e. Renal excretion may be impaired in patients with chronic renal insuffi-
ciency. Elderly patients have reduced glomerular filtration rates and
excrete digoxin less efficiently.

3. Digoxin toxicity should be considered in any patient receiving digoxin who
develops a change in rhythm. These include, in decreasing order of frequency:
a. PVCs (multiform and bigeminy)
b. Nonparoxysmal AV junctional tachycardia
c. AV block: first-degree or Wenckebach second-degree block
d. Paroxysmal atrial tachycardia with 2:1 block
e. VT (especially bidirectional VT at a rate of 140–180/min)
f. Sinus bradycardia or SA block
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3. Digoxin toxicity in a patient with AF is usually manifested by:
a. Slow ventricular response (< 50/min)
b. AV dissociation with AV junctional escape or accelerated junctional

rhythm. Regularization of the ventricular rate in the presence of AF
should always raise concern about the development of complete heart
block with a junctional escape rhythm.

4. Treatment
a. Bradyarrhythmias are treated by atrial, AV, or ventricular pacing, depend-

ing on the underlying atrial rhythm and the status of AV conduction.
Atropine can be used, but isoproterenol should be avoided because it may
induce malignant ventricular arrhythmias.

b. Tachyarrhythmias
i. Potassium chloride, except in the presence of high-grade AV block

because hyperkalemia can potentiate the depressant effect of digoxin
on AV conduction.

ii. Lidocaine at usual doses
iii. Phenytoin (Dilantin), 100 mg IV every 5 min to a maximum of 1 g,

then 100–200 mg PO q8h
c. Digibind (digoxin immune Fab [Ovine]) 400 mg (10 vials) IV, which may

be repeated in several hours, can be used for life-threatening digoxin toxi-
city.

5. Special concerns
a. Digoxin toxicity decreases the threshold for postcardioversion malignant

arrhythmias. This may be exacerbated when hypokalemia or hypercal-
cemia is present. Use of lidocaine, phenytoin, or lower energy levels
should be considered.

b. Dialysis is ineffective in removing digoxin. Its half-life is 36–48 hours.
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12Fluid Management, Renal 
and Metabolic Problems

Judicious fluid management and maintenance of satisfactory renal function are two impor-
tant elements in the perioperative care of the cardiac surgical patient. Careful attention to
these issues is essential to optimize hemodynamic performance, minimize respiratory mor-
bidity, avert electrolyte abnormalities, and avoid drug toxicity. Because renal function has
such a significant impact on the function of other organ systems, it is understandable that
renal insufficiency is one of the most significant risk factors for a poor surgical outcome.1–6 

A basic understanding of body water distribution, awareness of the factors that influence
renal function, steps that can be taken to optimize renal perfusion, and early identification
and treatment of incipient or established renal dysfunction are essential to optimize the sur-
gical result.

I. Body Water Distribution
Approximately 60% of the body weight (50% in women) is water with two-thirds of this
residing in the intracellular space and one-third in the extracellular space. In the latter, two-
thirds is in the interstitial space (the so-called “third space”), and one-third constitutes the
intravascular volume.

A. Water moves freely among all three compartments and shifts so as to normalize serum
osmolarity (which generally reflects the serum sodium concentration).

B. Sodium moves freely between the intravascular and interstitial spaces but does not
move passively into cells. Therefore, if a patient receives a hypotonic sodium load (e.g.,
0.45% saline), which would lower the serum osmolarity and sodium concentration,
water will move from the extracellular space to the intracellular space to normalize
these values. The presence of a low serum sodium concentration in the postopera-
tive patient usually indicates total body water overload.

C. Protein remains within the intravascular space and is the primary determinant of plasma
oncotic pressure. If colloid or protein is administered, plasma oncotic pressure will
increase and fluid will be drawn to the intravascular space from the interstitial space.
Conversely, if the serum albumin is low, fluid will tend to shift to the interstitial space,
contributing to tissue edema.

D. Starling’s law governs the influence of hydrostatic and oncotic pressures on fluid
shifts. For example, elevated hydrostatic pressure (e.g., increased pulmonary capillary
wedge pressure, PCWP) or lower intravascular colloid oncotic pressure (e.g., low
serum albumin) will shift fluid into the lung interstitium. Conversely, raising the
intravascular oncotic pressure with colloid (e.g., 25% albumin) will tend to draw fluid
from the lung interstitium back to the intravascular space.

E. Starling’s law describes fluid shifts in the absence of abnormalities in membrane integrity.
However, open-heart surgery using cardiopulmonary bypass (CPB) is associated with a
systemic inflammatory response marked by increased membrane permeability and a
transient capillary leak. When this leak is present, administered fluid will shift more



470 Fluid Management, Renal and Me tabolic Problems

readily into the interstitial space than if the capillary leak is absent. Clinically, this is most
evident as increased extravascular lung water that impairs oxygenation and can lead to
noncardiogenic pulmonary edema. However, expansion of the interstitial space may also
contribute to cerebral edema (mental obtundation), hepatic congestion (jaundice),
splanchnic congestion (ileus), and impaired renal perfusion.

II. Effects of Cardiopulmonary Bypass and Off-Pump
Surgery on Renal Function
A. The performance of open-heart surgery may be associated with subtle or overt effects

on renal function. Clinical assessment is commonly based only on urine output and
measurement of the serum creatinine level. Thus, if urine output is adequate with
minimal change in the serum creatinine (Cr), renal function is considered to be unaf-
fected by surgery. However, even in a patient with normal preoperative renal function
and stable hemodynamics, a subclinical degree of renal dysfunction with tubular dam-
age is invariably present. There are a number of sensitive and sophisticated markers
of renal dysfunction that can be used to assess whether renal damage is occurring 
and whether interventions are beneficial in preserving renal function. These include
tests of:
1. Glomerular function: creatinine clearance 
2. Glomerular damage: microalbuminuria
3. Proximal tubular function: fractional excretion of sodium (FENa), retinol-binding

protein
4. Proximal tubular damage: increased levels of N-acetyl-β-D-glucosaminidase

(NAG), α1-microglobulin, neutral endopeptidase, glutathione transferase-α
5. Distal tubular function: free water clearance
6. Distal tubular damage: glutathione transferase-π

B. Extracorporeal circulation for open-heart surgery produces a variety of effects on
renal blood flow (RBF), as well as on glomerular and tubular function. Low-flow,
hypothermic, nonpulsatile perfusion with hemodilution increases effective RBF, mar-
ginally decreases the glomerular filtration rate (GFR), decreases filtration fraction,
and decreases renal vascular resistance.7 Bypass is associated with an increase in the
FENa and free water clearance, but also with an increase in virtually all kidney-specific
proteins that are markers for tubular damage.8,9

C. Numerous aspects of CPB can influence renal function.10,11

1. Elevated levels of hormones include the following with their specific effects
noted:
a. Renin and aldosterone (sodium retention and potassium excretion) 
b. Angiotensin II (renal vasoconstriction and sodium retention)
c. Vasopressin (increases renal vascular resistance)
d. Atrial natriuretic factor (ANF) and urodilan (increase natriuresis and diuresis

after bypass)12

e. Epinephrine and norepinephrine (increase systemic resistance)
f. Plasma free cortisol after CPB (sodium retention and potassium excretion)

2. Other vasoactive substances released during CPB include complement, kallikrein,
and bradykinin, which alter vascular tone and contribute to the generalized
inflammatory response that increases capillary permeability.
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3. Hypothermia decreases renal cortical blood flow by producing vasoconstriction.
It also decreases GFR slightly, decreases renal tubular function, and reduces free
water and osmolar clearance. These effects are offset to some degree by hemodi-
lution during CPB. During the phase of rewarming, vasodilatation and hyperemia
of tissue beds result in “third spacing” of fluid. Hypothermia may also cause
hypokalemia due to a transcellular shift.

4. Hemodilution with a crystalloid prime reduces plasma oncotic pressure, promot-
ing movement of fluid from the vascular space to the interstitial space. A reduc-
tion in viscosity increases outer renal cortical blood flow, leading to an increase in
urine output, free water clearance, and sodium and potassium excretion.

5. Medications. Preoperative medications (amiodarone, angiotensin-converting
enzyme [ACE] inhibitors, angiotensin receptor blockers, and calcium channel
blockers), as well as drugs used during surgery (nitroglycerin, nitroprusside,
inhalational anesthetics, narcotics, and anxiolytics), can produce significant
vasodilatation that increases fluid requirements.

6. Ischemic/reperfusion injury associated with the use of cardioplegia for myocar-
dial protection can produce myocardial edema, a reduction in diastolic compliance,
and impairment of myocardial function. This may alter the relationship between
the left-sided filling pressures and left ventricular (LV) end-diastolic volume.

D. Off-pump coronary bypass surgery (OPCAB) has been proposed as a means of min-
imizing many of the alterations caused by CPB to reduce the risk of postoperative
renal insufficiency.13 Avoidance of the pump may result in better preservation of
glomerular and tubular function with less evidence of damage.14,15 However, off-
pump surgery is associated with significant fluid administration, use of comparable
anesthetic and vasoactive medications, cytokine release that can damage proximal
tubules, and alterations in perfusion pressure that can adversely affect renal function.
Although OPCAB may reduce the incidence of acute renal failure (ARF) requiring
dialysis in patients with non–dialysis-dependent renal insufficiency, its benefits are
not as well defined in patients at low risk.16–19 Furthermore, postoperative renal dys-
function is invariably related to preexisting renal disease or significant hemodynamic
alterations in the perioperative period, independent of whether CPB is used, unless
the duration of CPB is exceedingly long.9 Thus, particular attention to fluid man-
agement and renal function remains paramount no matter which technique of sur-
gery is used.

III. Routine Fluid Management in the Early 
Postoperative Period
A. As a result of hemodilution on CPB, most patients are in a state of total body

sodium and water overload at the conclusion of surgery, commonly being about 5%
above their preoperative weight (estimated at 800 mL/m2/h, but quite variable in
amount).20 Cardiac filling pressures may not reflect this state of fluid overload
because several factors that accompany CPB, including a capillary leak, decreased
plasma colloid osmotic pressure, and vasodilatation, may suggest that the patient is
hypovolemic or euvolemic. Thus, filling pressures may be low or require ongoing
fluid administration to be maintained despite excessive body water.

B. This fluid requirement occurs at a time when urine output may be high or marginal
(<1 mL/kg/h). During the first 4–6 hours after surgery, cardiac output is often
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depressed, and the achievement of satisfactory hemodynamics is dependent on both
preload and inotropic support. Thus, fluid must invariably be administered to main-
tain intravascular volume and cardiac hemodynamics at the expense of expansion of
the interstitial space. It should be noted that early extubation is helpful in reducing
fluid requirements because it eliminates the adverse effects of positive-pressure ven-
tilation on venous return and ventricular function.

C. It can be difficult to decide which fluid to administer to maintain filling pressures.
Clearly, any fluid infused during a period of altered capillary membrane integrity
will expand the interstitial space, but fluids that can more effectively expand the
intravascular space while minimizing expansion of the interstitial space are
preferable.21

1. Blood and colloids are superior to hypotonic or even isotonic crystalloid solutions
in expanding the intravascular volume. Although a rapid infusion of crystalloid
is effective in increasing intravascular volume acutely (630 mL expansion at the
end of a 5-minute infusion of 1 L of lactated Ringer’s solution [LR]), this benefit
is transient. LR rapidly redistributes into the interstitial space, retaining barely
20% of the infused volume within the intravascular compartment after an hour.22

Similarly, only 250 mL of a liter of infused normal saline (NS) is retained in the
intravascular compartment after 1 hour.23 In contrast, after a 5-minute infusion
of 1 L of 6% hetastarch, the intravascular volume expands by 1123 mL with more
long-lasting effects.22

2. In general, it is reasonable to initially administer a moderate amount of inexpen-
sive crystalloid (up to 1 L) if the patient is oxygenating well.24 Infusing greater
amounts may contribute to tissue edema, commonly impairing oxygenation.
Interestingly, use of LR exclusively may create a hypercoagulable state.25

3. Colloids should be selected if additional volume is required. The selection of col-
loid should be based on the patient’s pulmonary and renal function and the
extent of mediastinal bleeding. Colloid solutions have become relatively inex-
pensive, so cost should not be an issue.
a. Albumin (5%) provides excellent volume expansion (approximately 800 mL

retained per liter administered) and has primarily dilutional effects on clotting
parameters. It also has oxygen free-radical scavenging and antiinflammatory
properties. Albumin has a half-life of 16 hours and leaves the bloodstream at
about 5–8 g/h.26

b. Hespan (6% hetastarch in saline or HES) and Hextend (6% hetastarch in
balanced electrolyte solution) are both high-molecular-weight hydroxyethyl
starch compounds that provide excellent volume expansion that decreases
gradually over the ensuing 24–36 hours. Both may be retained in the intravas-
cular space better than 5% albumin in conditions of endothelial capillary
leakage.

i. HES demonstrates significant adverse hemostatic effects that are not
seen with Hextend.27,28 These include decreased levels of factors I,
VIII:C, and von Willebrand factor, platelet dysfunction, and fibrinolysis.
Multiple studies have shown that patients who receive HES during sur-
gery (often in the pump prime) have a much greater risk of perioperative
bleeding.29 When given postoperatively, the risk of bleeding can be min-
imized if the dose is restricted to 20 mL/kg.30 However, if a patient is
bleeding and requires volume, Hespan is best avoided. Lower molecular
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weight compounds (such as 10% pentastarch, not available in the United
States) have less effect on coagulation, but provide effective plasma
expansion for a shorter period of time.31

ii. The high-molecular-weight hetastarch preparations are excreted in the
urine, whereas the lower molecular weight hetastarches undergo
glomerular filtration. Nonetheless, Hespan and Hextend should proba-
bly be used cautiously in the patient with preexisting renal dysfunction.32

iii. There is concern that saline-based solutions (such as 5% albumin and
Hespan) can induce renal dysfunction. They provide a chloride load that
can produce progressive renal vasoconstriction, a decrease in glomerular
filtration rate, and a hyperchloremic metabolic acidosis. Furthermore,
patients receiving normal saline have been noted to develop central nerv-
ous system changes and abdominal discomfort.33 Thus, use of a balanced
electrolyte vehicle may provide better acid-base and electrolyte balance
and better organ perfusion.

c. Hypertonic solutions are effective in augmenting intravascular volume by
extracting fluid from the interstitial and intracellular spaces. They may reduce
the amount of fluid required to maintain intravascular volume when there is
total body fluid overload. 25% albumin can increase the intravascular volume
by 450 mL for every 100 mL administered. Hypertonic saline (3%) can also
be used. Studies from Europe have shown that hypertonic saline (7.5%) can
produce renal vasodilatation, increase GFR, and produce an intense diure-
sis.34,35 It should be noted that use of these hypertonic solutions can produce
hyperoncotic renal failure if the patient is dehydrated because glomerular fil-
tration of hyperoncotic colloid molecules may cause stasis of tubular flow.32

D. It cannot be overemphasized that the purpose of postoperative fluid administration
is to maintain adequate intravascular volume to ensure satisfactory cardiac output
and tissue perfusion. Administration of excessive volume to maintain high filling
pressures and the highest possible cardiac output will increase tissue edema, prima-
rily manifest as increased extravascular lung water. This can be detrimental to pul-
monary function and will often delay extubation. In addition, intravascular volume
expansion may decrease the hematocrit and also reduce the level of clotting factors,
possibly necessitating homologous blood or plasma transfusions.

E. When cardiac function is satisfactory but there is an ongoing volume requirement
to maintain filling pressures or blood pressure, often from a combination of the cap-
illary leak, vasodilatation, or excellent urine output, “flooding” the patient with vol-
ume should be resisted. After 1.5–2 L of fluid is given, an α-agent, such as phenyle-
phrine or norepinephrine, should be used. If both cardiac output and urine output
remain marginal after fluid administration, inotropic support should be considered
first, with α-agents used only if systemic resistance remains low. Use of α-agents at
substantial doses is always of concern because they may produce renal vasoconstric-
tion and compromise renal function. One study showed that norepinephrine reduced
RBF without any change in GFR or urine output, and that this decrease in RBF
could be offset by dopamine.36 However, another study showed that use of norepi-
nephrine in the vasodilated patient did not have adverse effects on renal function.37

F. Generally, diuretics are best avoided in the first 6 hours after surgery unless inexpli-
cable oliguria, pulmonary edema, or borderline oxygenation is present. When the
patient has achieved a stable core temperature and the capillary leak has ceased,
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usually after the first 6–12 hours, filling pressures stabilize or rise with little fluid
administration. By this time, myocardial function has usually recovered, inotropic
support can be gradually withdrawn, and the patient can be extubated. Diuresis
should then be initiated to excrete the excess salt and water administered during
CPB and the early postoperative period. Patients who have undergone operations
that require long periods of bypass (usually > 3 hours) or who have persistent low-
output syndromes may experience a longer period of “capillary leak” that requires
further fluid administration to maintain filling pressures.

G. Diuresis can be augmented most efficiently by the use of loop diuretics.
1. Most patients with preserved renal function respond to furosemide (Lasix) 10–20

mg IV. In the absence of renal insufficiency, furosemide has a half-life of 1.5–2
hours, and thus it can be administered every 4 hours, if necessary.38 Not infre-
quently, the diuresis persists after one dose.

2. A gentle continuous diuresis may be obtained in patients with significant fluid
overload and hemodynamic instability using a bolus dose of 40 mg followed by a
continuous infusion of 0.1–0.5 mg/kg/h (usually 10–20 mg/h) of furosemide.39

This may decrease the total dosage requirements and usually improves the diuretic
response, especially in patients who are diuretic “tolerant.” The addition of a thi-
azide (chlorothiazide 500 mg IV) is beneficial in overcoming this problem of
tolerance, which may be caused by compensatory hypertrophy of the distal
nephron segments in response to increased exposure to solute from long-term use
of loop diuretics.

3. Diuretics are continued in IV or oral form until the patient has achieved his or
her preoperative weight. Despite the nearly universal use of routine diuretics to
achieve an earlier diuresis, one study showed no clinical benefit to this practice in
low-risk patients with normal renal function.40

4. Guidelines for the hemodynamic and fluid management of typical postoperative
scenarios are presented in Chapter 8.

IV. Prevention of Renal Dysfunction
A. The risk of renal dysfunction is very low when a patient with normal renal function

undergoes an uneventful operation without hemodynamic compromise. In contrast,
the presence of any degree of preoperative renal dysfunction increases the risk of
postoperative renal dysfunction and mortality.41

1. It has been estimated that the risk of renal dysfunction increases by 4.8-fold for
each 1 mg/dL increment in serum creatinine.42

2. One study found that the risk of dialysis exceeded 30% if the preoperative crea-
tinine was > 2.5 mg/dL.43

3. Both the preoperative creatinine and the degree of perioperative rise in creatinine
correlate with operative mortality.44 The overall mortality risk for patients with a
preoperative creatinine > 1.5 mg/dL ranges from 5–30%.44–48 The mortality risk
has been estimated at about 5% for patients with a creatinine of 1.5–2.5 mg/dL,
15–30% in non–dialysis-dependent patients with a creatinine > 2.5 mg/dL, and
15% for those on long-term dialysis.46,49–51

4. These alarming statistics emphasize the crucial importance of taking any steps
possible to preserve renal function in the perioperative period, especially in
patients at increased risk.
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B. The definition of preoperative renal insufficiency is commonly based on an elevated
serum creatinine (usually > 1.5 mg/dL or > 130 µmols/L (1 mg/dL = 88 µmols/L).
Starting in 2004, the STS database defined it as a creatinine ≥2.0 mg/dL. However,
the serum creatinine may be normal with a greater than 50% reduction in renal func-
tion. A more sensitive estimate of renal function can be obtained using the creati-
nine clearance (CCR). This approximates the GFR and provides an estimate of the
number of functioning nephrons. Because it is more indicative of renal reserve and
the ability to the kidneys to tolerate surgical stress, the CCR correlates best with post-
operative renal dysfunction and mortality.52,53 A CCR less than 55 mL/min has been
found to provide the best threshold below which surgical risk increases.53 The CCR
is estimated from the Cockcroft and Gault equation as follows:

This can be calculated more precisely using a 24-hour or 2-hour urine specimen
using the equation:

CCR = (UCR/PCR) × (volume/1440 min, or 120 min)

where UCR and PCR are the urinary and plasma creatinine concentrations.
C. The presence of any degree of preoperative renal insufficiency should lead to a

search for potentially treatable causes that might lower the risk of progressive dys-
function postoperatively. Identifying and correcting these contributing factors
before surgery and using prophylactic measures during and after surgery to optimize
renal perfusion and tubular function may ameliorate the complications associated
with the development of oliguric renal failure. These may include electrolyte abnor-
malities, pulmonary and cardiac dysfunction, bleeding, infection, and delayed return of
gastrointestinal (GI) function affecting nutrition, let alone the possibility of requiring
dialysis and its attendant complications.

D. Risk factors for the development of postoperative renal dysfunction have been elu-
cidated in a number of studies.41,44,54–62

1. Preoperative factors
a. Preexisting renal dysfunction as defined above 
b. Radiocontrast administration < 48 hours prior to surgery
c. Increasing age: 2.5-fold increase in risk for each 10-year age increment42

d. LV dysfunction, especially with symptoms of congestive heart failure (CHF)
e. Emergency operations
f. Comorbidities: diabetes mellitus, especially in combination with hyperten-

sion and peripheral vascular disease
g. Acute endocarditis

2. Intraoperative factors
a. Reoperations
b. Concomitant coronary artery bypass grafting (CABG)–valve operations
c. Isolated valve operations (mitral more than aortic)60

d. Use of deep hypothermic circulatory arrest
e. Long durations of bypass (generally over 2–2.5 hours) but unrelated to nor-

mothermic or moderately hypothermic bypass9,41,61

f. Ascending aortic atherosclerosis62

CCR
(140 age) wt(kg)

72 Cr
0.8 (for females)= − ×

×
×
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g. Postcardiotomy hemodynamic dysfunction
h. Low urine output on bypass

3. Postoperative factors
a. Hemodynamic instability with hypotension and low cardiac output, includ-

ing right ventricular failure and systemic venous hypertension
b. Postoperative bleeding
c. Respiratory failure with hypoxemia

E. A number of etiologic mechanisms may contribute to perioperative acute renal insuf-
ficiency (Table 12.1). They may be categorized as prerenal (reduced renal perfusion),
renal (intrinsic renal insults), or postrenal (obstructive uropathy). When the kidneys
have sustained an acute preoperative insult, they seem to be particularly sensitive to
the nonpulsatile flow of CPB and to tenuous postcardiotomy hemodynamics. This
may be due to endothelial injury with the first insult that limits vasodilatation with
subsequent ischemic insults. The BUN and creatinine should therefore be allowed
to return to baseline before proceeding with surgery.

F. Patients with chronic renal failure (CRF) have increased susceptibility to fluid
overload, hyponatremia, hyperkalemia, and metabolic acidosis in the perioperative
period. Patients on chronic dialysis should be dialyzed within the 24 hours before
and after surgery. Intraoperative hemofiltration should also be performed to reduce
the positive fluid balance. The overall mortality rate for patients on chronic dialysis

Preoperative factors

Intraoperative factors

Postoperative factors

Table 12.1  •  Factors Contributing to Pre- and Postoperative 
Renal Insufficiency

Low cardiac output states/hypotension (cardiogenic shock
from acute MI, mechanical complications of MI)

Medications that interfere with renal autoregulation
(ACE inhibitors, NSAIDs)

Nephrotoxins (contrast-induced ATN, especially in diabetic
vasculopaths); medications (metformin, aminoglycosides)

Renal atheroembolism (catheterization, IABP)
Interstitial nephritis (antibiotics, NSAIDs, furosemide)
Glomerulonephritis (endocarditis)

Cardiopulmonary bypass (nonpulsatile, low flow,
low-pressure perfusion)

Low cardiac output syndrome/hypotension after CPB 
Hemolysis and hemoglobinuria from prolonged duration

of CPB

Low cardiac output states (decreased contractility, 
hypovolemia, absent AV synchrony in hypertrophied
hearts)

Hypotension
Intense vasoconstriction (low-flow states, α-agents)
Atheroembolism (IABP)
Sepsis
Medications (cephalosporins, aminoglycosides, ACE

inhibitors)
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undergoing open-heart surgery is approximately 15% but is most significantly
increased in those with advanced NYHA class and those undergoing urgent or
emergent surgery.50,51

G. Preoperative measures (Box 12.1)
1. Minimize nephrotoxicity of contrast studies by using nonionic contrast media.

Adequate hydration (0.45% D5/NS at 75 mL/h) should be provided before,
during, and after the study for up to 12 hours. Medications that are commonly
prescribed to attenuate the nephrotoxic effects of contrast media in patients at
increased risk of renal dysfunction include:
a. Acetylcysteine is usually given in an oral dose of 600 mg bid beginning 12

hours before the procedure and continuing q12h for a total of 4 doses.
Alternatively, it may be given IV as 150 mg/kg in 500 mL NS over 30 minutes
prior to contrast exposure followed by 50 mg/kg in 500 mL NS over the sub-
sequent 4 hours.63,64

b. Fenoldopam given in a dose of 0.1 µg/kg/min has shown in some studies to
be useful in reducing the incidence of contrast-induced nephropathy, espe-
cially in diabetics and patients with moderate renal failure.65,66 However, a
comparative study of n-acetylcysteine and fenoldopam found the former to
be more effective in preventing nephrotoxicity.67

c. Note: Furosemide should be avoided in these patients because it increases the
risk of ARF. Dopamine provides no advantage over hydration alone.68

Box 12.1  •  Preoperative and Intraoperative Measures to Reduce
the Incidence of Renal Dysfunction

A. Preoperative Measures

1. Use hydration during cardiac catheterization.

2. Use acetylcysteine or fenoldopam during catheterization.

3. Optimize hemodynamic status.

4. Withhold medications that adversely affect renal function (ACE inhibitors,
NSAIDs) or can cause lactic acidosis when an ionic dye is used (metformin).

5. Repeat serum creatinine if preoperative renal dysfunction, especially in diabetics,
and defer surgery, if possible, until creatinine has returned to baseline.

6. Correct all acid-base and metabolic problems.

B. Intraoperative Measures

1. Perform off-pump surgery if possible.

2. Use antifibrinolytics cautiously if renal dysfunction (aprotinin is safe if on dialysis). 

3. Maintain a high perfusion pressure (75–80 mm Hg) on bypass.

4. Use fenoldopam during bypass (0.1 µg/kg/min).

5. Add mannitol to the pump.

6. Use a heparin-coated circuit, if available.

7. Consider using leukocyte-reducing filters on pump.

8. Use hemofiltration to remove excess fluid.

9. Optimize post-bypass hemodynamics.
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2. Repeat the serum creatinine 12 hours after contrast studies and defer surgery, if
possible, until the creatinine has returned to baseline.

3. Identify and eliminate any medications with adverse effects on renal function
(especially nonsteroidal antiinflammatory drugs [NSAIDs], ACE inhibitors,
and metformin).

4. Optimize hemodynamic status. Occasionally, emergency surgery is indicated in
patients with marginal hemodynamic function on inotropes and an intraaortic
balloon, in which case one often has to accept the inevitable but frequently tran-
sient deterioration in postoperative renal function.

5. Correct acid-base or metabolic abnormalities associated with renal insufficiency,
such as hyponatremia, hyper- or hypokalemia, hypomagnesemia, hyperphos-
phatemia, metabolic acidosis (from CRF), or alkalosis (from use of diuretics).

H. Intraoperative measures should be taken in an attempt to augment renal reserve by
improving RBF, enhancing the GFR, and preventing tubular damage in patients
with known renal dysfunction or risk factors for its development.
1. Perform off-pump coronary surgery if possible.
2. Maintain optimal hemodynamic performance before and after CPB.
3. Maintain a higher mean perfusion pressure (around 80 mm Hg) on bypass. This

can be achieved by increasing the systemic flow rate or using vasopressors.
Norepinephrine may be preferable to phenylephrine since it is less likely to be
associated with renal damage. Vasopressin is an alternative in patients whose
condition is refractory to norepinephrine; in fact, it has been shown to improve
renal perfusion in patients with vasodilatory shock.69

4. The “pump run” should be kept as short as possible. Generally, the longer the
duration of CPB, the greater the incidence of renal failure.9,41,61 A very prolonged
bypass run (> 4 hours) may cause hemoglobinuria, which can impair tubular
function.

5. Avoid extreme hemodilution (hematocrits < 20%) on CPB. One study docu-
mented an inverse correlation between the lowest hematocrit on pump with the
rise in postoperative creatinine, especially in obese patients.70

6. Use heparin-coated circuits, if available.71

7. Leukodepletion on pump using leukocyte-reducing filters may attenuate
glomerular and tubular injury. This has been shown to lower the levels of
microalbumin and retinol-binding protein indexed to creatinine.72

8. Fenoldopam should be considered in patients with a serum creatinine > 1.4 mg/dL,
initiating an infusion of 0.03–0.1 µg/kg/min before CPB and continuing in the
ICU for about 12 hours.
a. This medication is a selective agonist of the dopamine-1 (DA1) receptor that

has beneficial effects on renal function at this dose range without causing
systemic vasodilatation.

b. Fenoldopam produces a dose-dependent increase in renal plasma flow with a
decrease in renal vascular resistance and maintenance of GFR. It increases
blood flow to both the renal cortex and medulla and inhibits tubular reabsorp-
tion of sodium.Thus it produces diuresis, natriuresis, and kaliuresis.73–75 Studies
have shown preservation of renal function as well as some improvement in
serum creatinine and CCR after CPB in patients with an elevated creatinine.75
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9. Nesiritide (B-type natriuretic peptide) may provide a renoprotective benefit
when used during surgery, although this has not been well studied. It dilates the
renal afferent arterioles and, to a lesser extent, the efferent arterioles leading to
augmented glomerular filtration. It also has a direct tubular effect on sodium and
water handling. Thus it exhibits strong natriuretic and diuretic properties.
During periods of neurohormonal activation, such as cardiopulmonary bypass, it
also inhibits the renin-angiotensin-aldosterone axis.76 It is given in a bolus dose
of 2 µg/kg over one minute followed by an infusion of 0.01–0.03 µg/kg/min.

10. Use of “renal-dose” dopamine (2–3 µg/kg/min) has been a common practice to
optimize urine output and preserve renal function in patients at risk. However,
numerous studies have failed to demonstrate any renoprotective effect of dopamine
during surgery, both in patients with normal and abnormal renal function.
Although dopamine may increase urine output, it has been shown to produce early
renal tubular damage equal to or worse than that noted in control patients.77–79

11. Diltiazem has been evaluated as a means of preserving renal function, but its
benefits are controversial.80–83 Studies have provided conflicting evidence on
whether there is preservation of glomerular and tubular integrity or any early
improvement in renal function. One study did find that it caused a late deterio-
ration in renal function.42 It may produce an increase in urine output but no dif-
ference in creatinine clearance.
a. Diltiazem reduces renal vascular resistance by dilating afferent arterioles,

resulting in an increase in RBF and GFR. It increases sodium excretion and
creatinine and free water clearance by a direct effect on tubular reabsorption.
Diltiazem may also minimize the increase in calcium influx into renal tubu-
lar cells that could cause renal dysfunction.

b. The use of diltiazem has been limited by its vasodilatory effects, and deteri-
oration of renal function could be related to hypotension on pump.

12. Although neither dopamine nor diltiazem can be recommended individually to
provide any renal protection, one study of an infusion of dopamine (2 µg/kg/min) +
diltiazem (2 µg/kg/min) did demonstrate that this combination increased
creatinine clearance, osmotic clearance, and free water clearance with no increase
in markers of tubular damage.84

13. Furosemide is often given during surgery to augment urine output and is benefi-
cial in patients with significant volume overload, severe oliguria, or hyperkalemia.
However, its use may be associated with an increased, rather than a decreased, risk
of renal impairment, even in patients with normal preoperative function.79 Thus,
it is not renoprotective and should be used only for the indications listed.

14. Mannitol may be added to the pump to increase tubular flow and produce a
diuresis. It increases oncotic pressure, reduces tissue edema, and may reduce cell
swelling after cardioplegic arrest. Usually 25–50 g is added to the pump prime.85

15. Hemofiltration can be performed to remove free water prior to terminating
bypass. This is beneficial in removing excess fluid from patients with preopera-
tive CHF, especially when the urine output is poor. It may improve hemody-
namics, hemostasis, and pulmonary function in higher risk patients, although it
has no direct beneficial effect on renal function.86

16. Use of antifibrinolytic drugs should be considered to minimize the bleeding
diathesis that commonly accompanies renal dysfunction (uremic platelet
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dysfunction). However, both ε-aminocaproic acid (Amicar) and aprotinin may
affect renal function, so they must be used with caution.
a. ε-aminocaproic acid is associated with some degree of renal tubular dysfunc-

tion (elevated urine β2-microglobulin levels) but generally does not alter
creatinine clearance. It is probably the safest antifibrinolytic drug to use in
patients with non–dialysis-dependent renal dysfunction.87,88

b. Aprotinin is actively absorbed by the renal tubular system where it remains for
5–6 days and produces a reversible overload of tubular reabsorption mecha-
nisms. Patients with normal preoperative renal function usually compensate for
this abnormality with little increase in creatinine, but those with altered tubu-
lar function may sustain additional tubular injury.89–91 Studies have shown that
20% of patients develop an increase in serum creatinine over 0.5 mg/dL and
4% have a greater than 2 mg/dL increase, both of which are greater than in
patients not receiving aprotinin.92 Although guidelines for dosing in patients
with moderate renal dysfunction are not available, lower doses should probably
be used. It should be safe to use aprotinin in patients with CRF on dialysis.

V. Postoperative Oliguria and Renal Insufficiency
A. The use of hemodilution during CPB expands the extracellular volume and usually

produces an excellent urine output in the immediate postoperative period. Oliguria is
considered to be present in the postoperative cardiac surgical patient when the urine
output is less than 0.5 mL/kg/h. Transient oliguria is commonly noted in the first 12
hours after surgery and may respond to a volume infusion or low-dose inotropic
support. However, the persistence of oliguria is usually a manifestation of an acute
renal insult caused by prolonged hypotension or a low cardiac output state. The serum
creatinine will frequently be lower immediately after bypass due to hemodilution but
will rise soon after if renal function is compromised.

B. The incidence of postoperative renal dysfunction depends on its definition. Most
studies have defined it as an increase in serum creatinine of 50% or a 0.5 mg/dL 
(44 µmols/L) increase above the preoperative level; alternatively, it may be defined as
a decrease in creatinine clearance > 15 mL/min to less than 40 mL/min.55 This extent
of dysfunction affects about 10% of patients undergoing cardiac surgery. The 2004
STS database specifications defined it as an increase in serum creatinine to ≥ 2.0 mg/dL
and to twice the preoperative level. According to this definition, it occurs in less than
5% of patients. Several studies have used a more liberal definition of renal failure and
have found a higher incidence. For example, the incidence was reported to be 17% for
a 30% change in serum creatinine and 42% for a 25% increase in two studies.44,54

1. Nonoliguric renal failure, defined as a rise in creatinine with a urine output > 400
mL/day, is more common and may occur after an uneventful operation in a patient
with preexisting renal dysfunction or risk factors for its development. This usually
reflects less renal damage and is associated with a mortality rate of about 10%. Most
patients can be managed by judicious fluid administration and high-dose diuretics
to optimize urine output while awaiting spontaneous recovery of renal function.

2. Oliguric renal failure, defined as urine output < 400 mL/day, occurs in only about
1–2% of patients, but often requires dialysis, which is associated with a mortality
rate approaching 50%. This mortality rate has not changed over the past 10–15
years despite the early institution of various forms of dialysis and general improve-
ments in postoperative care. This reflects the higher risk population undergoing
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surgery and the morbidity of conditions frequently associated with renal failure,
such as low cardiac output states, respiratory failure, infection, and stroke. In one
study, the occurrence of three of these factors before or during the first 48 hours
after initiation of hemodialysis was associated with a 90% mortality in contrast to
only 15% when none was present.93

C. Etiology of postoperative renal insufficiency (see Table 12.1)
1. Despite the complex effects of low-flow, low-pressure, nonpulsatile perfusion with

hemodilution and hypothermia on renal function, ischemic acute tubular necrosis
(ATN) is most commonly the result of a low cardiac output state. A common
contributing factor is intense peripheral vasoconstriction, often related to use of 
α-agents. The primary impact of oliguria is noted during the first few 12–24 hours
after surgery when fluid overload and hyperkalemia can lead to pulmonary and
myocardial complications and impair recovery from surgery.

2. The kidneys have a tremendous capacity to autoregulate and maintain RBF, GFR,
filtration fraction, and tubular reabsorption in the face of reduced renal perfusion
pressure. Intrinsic renal mechanisms that maintain autoregulation include a reduc-
tion in afferent arteriolar resistance and an increase in efferent arteriolar resistance.
When a low cardiac output state or hypotension persists or potent vasopressor
medications are used, the filtration reserve is exceeded, resulting in intense renal
vasoconstriction and a fall in GFR. The development of renal failure often repre-
sents a continuum in which these compensatory mechanisms for prerenal prob-
lems are exhausted and ischemic ATN develops.94 Patients with compromised
renal reserve preoperatively are particularly sensitive to these insults.

D. Thus the management of both prerenal azotemia and ATN consists of measures to
optimize renal perfusion. With the initial insult of impaired perfusion, the picture of
prerenal azotemia will be present (Table 12.2) with values indicating preserved

Prerenal Renal

BUN/Cr >20:1 <10:1

U/P creatinine >40 <20

Uosm >500 <400

U/P osmolality >1.3 <1.1

Urine specific gravity >1.020 1.010

UNa (mEq/L) <20 >40

FENa <1% >2%

Urinary sediment Hyaline casts Tubular epithelial cells
Granular casts

Table 12.2  •  Evaluation of the Etiology of Oliguria
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tubular function. If this is recognized, the prerenal insult can often be corrected and
ATN averted. If the prerenal insults are prolonged, ATN will develop with clinical
and laboratory evidence of tubular dysfunction.95 

E. Three patterns of ARF were described following open-heart surgery nearly 20 years
ago and in principle still hold true today (Figure 12.1).96 In the first, termed “abbre-
viated ARF,” a transient intraoperative insult occurs that causes renal ischemia. The
serum creatinine peaks on the fourth postoperative day and then returns to normal.
In the second pattern, termed “overt ARF,” the acute insult is followed by a more
prolonged period of cardiac dysfunction. The creatinine usually rises to a higher level
and returns toward baseline gradually over the course of 1–2 weeks once hemody-
namics improve. The third pattern (“protracted ARF”) is characterized by an initial
insult followed by a period of cardiac dysfunction that resolves. Just as the creatinine
begins to fall, another insult occurs, often as a result of sepsis or a hypotensive event,
that triggers a progressive, often irreversible rise in creatinine. Oliguria accompanying
the rise in creatinine may adversely affect pulmonary function, but the early institu-
tion of dialysis may remove fluid and minimize pulmonary edema.

F. Assessment (see Table 12.2)95,97

1. Assess cardiac hemodynamics (filling pressures, cardiac output).
2. Identify any drugs being prescribed with adverse effects on renal function.
3. Obtain a serum BUN, creatinine, electrolytes, and osmolarity. Note: An elevation

in creatinine with minimal or parallel rise in BUN is frequently noted with ATN.
In contrast, a disproportionate rise in BUN with little rise in creatinine may
reflect a prerenal process or increased protein intake, total parenteral nutrition
(TPN), GI bleeding, hypercatabolism, or steroid administration, which increase
urea production.

4. Examine the urinary sediment. Tubular epithelial or granular (“muddy brown”)
casts are indicative of tubular injury, whereas hyaline casts are seen in low perfu-
sion states. The sediment is important to examine because test results regarding
tubular function, such as the urine sodium and osmolality, may be inaccurate with
use of diuretics.

5. Measure the urine sodium (UNa) and creatinine (UCr) concentrations and the urine
osmolarity (Uosm). These tests can differentiate prerenal from renal causes, but
again, their interpretation will be influenced by the use of diuretics. UNa < 20
mEq/L and Uosm > 500 mOsm/kg are strongly suggestive of prerenal disease.
However, in oliguric patients, the UNa will rise as the urine volume falls, leading to
a higher UNa, even in prerenal states.
a. In this situation, calculation of the fractional excretion of sodium (FENa) is

helpful:

where U and P are the urinary and plasma concentrations of sodium and crea-
tinine, respectively.

b. In the oliguric patient, an FENa above 1–2% is noted in patients who develop
ATN, whereas an FENa < 1% reflects retained tubular function with absorption
of sodium and water, suggesting a prerenal problem. With an improvement in

FENa
Na cr

Na cr

= ×
×

×U P
P U

100
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hemodynamics, a rise in FE Na may be noted during recovery of renal function
due to sodium mobilization. However, a low FENa may be noted in patients
with ATN associated with contrast nephrotoxicity or hepatorenal syndrome.

6. Monitor other electrolytes, blood glucose, and acid-base balance frequently.
7. Obtain a renal ultrasound to assess kidney size and rule out obstruction. A renal

scan may be performed if a renal embolus is suspected.
G. Management of oliguria (Box 12.2). Interventions are beneficial at the first sign of

renal dysfunction and may prevent frank ATN.95,97 However, once ATN has occurred,
very little can be done to promote recovery of renal function except to prevent addi-
tional insults. Generally, attention should be directed towards maintaining urine
output to reduce tissue edema. If significant electrolyte or metabolic problems arise,
they must be handled by additional means or by dialysis.
1. Ensure that the Foley catheter is in the bladder and is patent (this may rule out an

obstructive uropathy). Irrigate with saline if necessary or consider changing the
catheter empirically.

Figure 12.1 • Patterns of acute renal failure (ARF) observed after open-heart surgery. 
(A) Abbreviated ARF.  (B) Overt ARF. (C) Protracted ARF. The reduction in creatinine clearance
(Ccr) noted here is paralleled by a rise in serum creatinine. (Reproduced with permission from
Myers BD, Moran SM. Hemodynamically mediated acute renal failure. N Engl J Med 1986;314:
97–105. Copyright © 1986 Massachusetts Medical Society. All rights reserved.)
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2. Avoid nephrotoxins (NSAIDs, nephrotoxic antibiotics).
3. Optimize hemodynamics. Any additional insult that causes hypotension and a

further decrease in renal perfusion will contribute to a state of protracted ARF.
These insults include hypovolemia (often GI bleeding), arrhythmias (ventricular
tachycardia, rapid atrial fibrillation), antihypertensive medications, or sepsis.
a. Optimize preload without being overzealous; in a state of capillary leak, often

seen in sepsis, excessive fluid administration may produce noncardiogenic
pulmonary edema.

b. Optimize heart rate and treat arrhythmias.
c. Improve contractility with inotropes.
d. Reduce afterload with vasodilators and try to eliminate drugs that can cause

renal vasoconstriction; avoid ACE inhibitors98 and angiotensin receptor blockers
(ARBs).
i. Do not be overly aggressive in the reduction of systemic blood pressure because

patients with preexisting hypertension and chronic renal insufficiency often

Box 12.2  •  Management of Low Urine Output

1. Ensure that Foley catheter is in the bladder and is patent

2. Optimize cardiac function:

• Treat hypovolemia

• Control arrhythmias

• Improve contractility

• Reduce elevated afterload, but allow BP to drift up to 150 mm Hg

3. Administer diuretics or other medications:

• Give increasing doses of furosemide (up to 500 mg IV) or a continuous infusion of
10–60 mg/h

• Add chlorothiazide 500 mg IV to the loop diuretic

• Consider bumetanide 4–10 mg or a 1 mg bolus, then 0.5–2 mg/h infusion

• Cocktail of furosemide, dopamine ± mannitol

• Nesiritide 2 µg/kg over 1 minute followed by an infusion of 0.01–0.03 µg/kg/min

• Dopamine 2–3 µg/kg/min 

4. If above fail:

• Limit fluid to insensible losses

• Readjust drug doses

• Avoid potassium supplements

• Nutrition: Essential amino acid diet

High-nitrogen tube feeds if on dialysis 

TPN with 4.25% amino acid/35% dextrose

5. Consider early ultrafiltration or dialysis
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have renal artery stenosis and require a higher blood pressure (130–150 mm
Hg systolic) to maintain renal perfusion.

ii. If inotropic drugs with vasodilator properties are used, such as inamrinone,
milrinone, or dobutamine, an α-agent may be necessary to maintain sys-
temic blood pressure. In this situation, norepinephrine is the preferred drug
because it may have less effect on renal function.37 Nonetheless, it probably
does produce some degree of renal vasoconstriction and is more likely to
compromise kidneys with preexisting dysfunction.

e. If cardiac output remains marginal despite the use of multiple inotropes, con-
sider placing an intraaortic balloon pump. This may result in an abrupt and
dramatic increase in urine output.

4. If oliguria persists despite optimization of hemodynamics, the next step is selec-
tion of a diuretic. Diuretics do not have a direct effect on renal functional recov-
ery or the natural history of ATN, and in fact may increase operative mortality and
delay recovery of renal function.69,95,99–101 However, they can often convert oliguric
to nonoliguric renal failure if administered early after the onset of renal failure and
may minimize the adverse impact of fluid retention on pulmonary function. An
improvement in urine output suggests that the extent of renal injury is less severe
in patients with “diuretic-responsive” ATN.
a. A loop diuretic is chosen first to improve urine output. Loop diuretics inhibit

sodium reabsorption in the ascending limb of the loop of Henle and increase
solute (sodium) presentation to the distal tubules. By inhibiting tubular water
reabsorption, they increase solute and free water clearance and prevent tubular
obstruction. To a lesser extent, they may also act as renal vasodilators, increas-
ing RBF and GFR, and they may improve medullary oxygenation.

b. Furosemide is given in incremental doses starting at 10 mg IV. However,
once acute renal failure is established, a dose of 100 mg IV is commonly
required and should be given over 20–30 minutes to minimize ototoxicity. If
urine output fails to increase within a few hours, the following steps can be
taken:
i. Increase the dose of furosemide up to 200 mg IV (limiting the cumulative

daily dose to 1 g).
ii. Use a continuous infusion of IV furosemide.38,39,102 Give a loading dose of

40–100 mg, and then initiate an infusion of 10–40 mg/h. Rebolus before
an increase in the infusion rate.

iii. Alternatively, bumetanide can be given either as a bolus dose of 4–10 mg
IV or as a 1 mg load followed by a continuous infusion of 0.5–2 mg/h
depending on the estimated creatinine clearance.38 There is little evidence,
however, that one loop diuretic is better than any other.

5. Various combinations of medications may be effective in improving diuresis.
a. Add a thiazide diuretic to the loop diuretic. These include chlorothiazide 

500 mg IV, metolazone (Zaroxolyn) 5–10 mg PO or via an nasogastric tube, or
hydrochlorothiazide 50–200 mg PO qd. Thiazides block distal nephron sites
and act synergistically with the loop diuretics, which increase exposure of the
distal tubules to solute. This combination is particularly effective in patients
who tend to be diuretic-resistant and may have a low UNa despite a loop
diuretic.38,103
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b. The combination of dopamine and furosemide may be synergistic because the
renal vasodilatation and improved RBF produced by dopamine improve the
delivery of furosemide to the loop and increase solute diuresis.104 

c. The combination of mannitol (500 mL of 20% Osmitrol), furosemide (1 g), and
dopamine (2–3 µg/kg/min) started within the first 6 hours of oliguria has been
shown to produce a significant diuresis and early restoration of renal function.105

6. Nesiritide is very effective in producing a diuresis and lowering pulmonary artery
pressures in patients with heart failure and other states of neurohormonal activa-
tion (such as use of CPB). It acts primarily by dilating afferent arterioles, and to a
lesser extent, efferent arterioles, and  improves RBF. It can improve the delivery of
diuretics to the tubules, thus producing a synergistic effect with the loop diuretics.
Therefore it may be of benefit in patients who are diuretic-resistant. It is given in
a bolus dose of 2 µg/kg over 1 minute followed by an infusion of 0.01–0.03
µg/kg/min.76,106

7. One trial of fenoldopam initiated postoperatively in patients with a 50% rise in
serum creatinine or a 25% rise for a creatinine > 1.5 mg/dL showed that a 72-hour
infusion of 0.05–0.2 µg/kg/min significantly reduced the requirement for dialysis
with an insignificant reduction in mortality.107

8. Despite the common use of “renal-dose” dopamine (2–3 µg/kg/min) for oliguric
renal failure, numerous studies have shown that dopamine does not prevent ATN
and has no impact on the duration of ATN, the need for dialysis, or on survival
once ATN has developed.95,108–115

a. Dopamine acts on DA1, α, and DA2 receptors. In normal subjects or those
with CHF, dopamine has been shown to increase RBF and GFR, resulting in
diuresis and natriuresis. However, it is more likely that diuresis is related to
dopamine’s positive inotropic effects or influence on tubular function. Studies
have also shown that its renal effects and plasma levels cannot be predicted
based on dosing alone.108

b. Despite a lack of benefit on renal function per se, dopamine usually increases
urine output (which is beneficial in improving pulmonary function) and may
convert oliguric ATN to nonoliguric ATN. Patients in whom this can be
accomplished generally have lesser degrees of ATN and are considered to have
“diuretic-responsive ATN.”

c. A comprehensive review of dopamine use in critically ill ICU patients has
suggested that dopamine may actually be deleterious to recovery. It was shown
to worsen splanchnic oxygenation, impair GI function, impair endocrine and
immunologic systems, and blunt the respiratory drive.111 

d. The influence and benefits of dopamine and dobutamine on renal function have
been evaluated in several studies. One study showed that renal-dose dopamine
increased urine output without improving creatinine clearance, whereas dobut-
amine did just the opposite.116 Other studies have shown that dopamine can
produce diuresis and improve creatinine clearance unrelated to any hemody-
namic effects, whereas dobutamine has no effect on any renal variable.117,118

9. Note: Mannitol is an osmotic diuretic that is frequently used during surgery to
increase serum osmolality during hemodilution to minimize tissue edema. It
improves renal tubular flow, reduces tubular cell swelling, and improves urine
output.85,119 Nonetheless, it is best avoided in the postoperative period because its
oncotic effect mobilizes fluid into the intravascular space. This could theoretically
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lead to pulmonary edema if fluid overload is present and urine output does not
improve. In fact, a significant increase in serum osmolality can cause renal vaso-
constriction and induce renal failure.

H. Management of established renal failure
1. Once renal failure is established, treatment should be directed towards optimizing

hemodynamics while minimizing excessive fluid administration, providing appro-
priate nutrition, and initiating early dialysis to hopefully reduce morbidity and
improve survival. The blood pressure should be maintained at a higher level than
usual in hypertensive patients whose kidneys may require higher perfusion
pressures.

2. Restrict fluids with mL/mL of fluid replacement (i.e., input = output) plus 
500 mL D5/0.2% NS/day (about 200 mL/m2/day). Daily weights are helpful in
assessing changes in day-to-day fluid status but must also take into consideration
the influence of nutritional status on body mass.

3. Monitor electrolytes and blood glucose
a. Avoid potassium supplements and medications that increase potassium levels

(β-blockers, ACE inhibitors). Correct hyperkalemia as described on page 492.
b. Hyponatremia should be treated with fluid restriction.
c. Metabolic acidosis should be corrected if serum bicarbonate falls below 

15 mEq/L.
d. Correct hyperglycemia and abnormalities of calcium, phosphate, or magne-

sium metabolism.
4. Medications

a. Eliminate drugs that impair renal function (aminoglycosides, NSAIDs, ACE
inhibitors, ARBs).98

b. Avoid or adjust doses of medications that are excreted or metabolized by the
kidneys (particularly digoxin, procainamide, and antibiotics) (see Appendices 7
and 8).

c. Give antacid medications (proton pump inhibitors) to minimize the risk of GI
bleeding.

5. Remove the Foley catheter and catheterize daily or PRN depending on urine out-
put. Culture the urine.

6. Improve the patient’s nutritional state with enteral nutrition if possible.
a. If the patient is able to eat, an essential amino acid diet should be used. Protein

should not be restricted if the patient is on hemodialysis, which can result in
the loss of 3–5 g/h of protein. Patients on dialysis should receive approximately
1.5 g/kg/day of protein.

b. If the patient is unable to eat but has a functional GI tract, a high-nitrogen
tube feeding can be used if the patient is on dialysis. For most patients with
acute renal insufficiency, there is no need to alter the amount of protein, and
standard tube feedings can be used unless hyperkalemia is present. In patients
with chronic renal insufficiency that does not require dialysis, a low-protein
supplement can be used to provide 0.5–0.8 g/kg/day of protein.

c. If the patient is unable to tolerate enteral feedings, TPN using a 4.25% amino
acid/35% dextrose solution that contains no potassium, magnesium, or phos-
phate is recommended.

d. Consider the prompt initiation of dialysis or ultrafiltration.
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VI. Hemofiltration and Dialysis (Table 12.3)120,121

A. Hemofiltration or hemodialysis can be used to remove excessive fluid and solute
to improve electrolyte balance, and they may also reduce the risk of bleeding and
infection associated with uremia. Thus, the general indications for their use are
hypervolemia, hyperkalemia, and metabolic acidosis. However, the important and
sometimes difficult decision is whether these modalities should be initiated at the
first sign of oliguric ATN or a rising creatinine. One study of “prophylactic”
preoperative dialysis for patients with a preoperative creatinine greater than 
2.5 mg/dL showed a dramatic increase in survival compared with patients on
whom dialysis was performed only if the creatinine increased to 50% above base-
line.122 Another study reported that early initiation of CVVH (averaging less
than 2.5 days after surgery) increased survival.123 Another showed that early and
aggressive dialysis was beneficial in improving survival.124 Thus, there is accu-
mulating evidence that early intervention before the BUN and creatinine are
markedly elevated may be beneficial in improving outcomes. This should be
especially true in the early postoperative cardiac surgical patient who is already
in a state of total body water overload.

B. Whether hemofiltration or dialysis should be selected depends primarily on the
indication for its use and the hemodynamic stability of the patient. Devices that
provide continuous hemofiltration using only venous access have abrogated concern
in unstable patients or those with limited arterial access.

If the patient has: HD SCUF CVVH CVVHD

Unstable hemodynamics − +++ +++ +++

Contraindication to heparin ++ + + +

Vascular access problems +++ +++ +++ +++

Volume overload ++ +++ +++ +++

Hyperkalemia +++ 0 ++ +++

Severe uremia +++ 0 + ++

Respiratory compromise ++ +++ +++ +++

HD = hemodialysis; SCUF = slow continuous ultrafiltration; CVVH = continuous venovenous
hemofiltration; CVVHD = continuous venovenous hemodialysis with filtration.

− = avoid; 0 = minimal effect; + = useful; ++ = better; +++ = even better.

Table 12.3  •  Techniques of Hemofiltration and Dialysis
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C. Intermittent hemodialysis (HD)
1. Principle. Solute passes by diffusion down a concentration gradient from the

blood, across a hollow-fiber semipermeable membrane, and into a dialysate bath.
Some solute is also transported by convection resulting from a difference in
hydrostatic pressure (ultrafiltration).

2. Indications. HD is indicated for the management of hyperkalemia, acid-base
imbalances, fluid overload, or a hypercatabolic state in the hemodynamically
stable patient. It is the most efficient means of removing solute (urea, creatinine)
and correcting severe acid-base abnormalities. It does not obligatorily remove
fluid but can be combined with ultrafiltration to achieve this goal.

3. Access. Standard intermittent HD is performed using a single 12F double-
lumen catheter (such as the Niagara Slim-Cath, Bard Access Systems, Inc.,
Salt Lake City, UT) placed in the internal jugular or subclavian vein, although
the latter is more likely to be associated with venous thrombosis. Placement in
the femoral vein may lead to lower extremity venous thrombosis but can be
used for very short-term dialysis. To reduce the infection risk in patients
requiring more extended periods of dialysis, a double-lumen Permcath
(Quinton Instrument Co., Seattle, WA) or HemoGlide or HemoSplit long-
term hemodialysis catheter (Bard Access Systems) can be placed in the inter-
nal jugular vein and brought through a subcutaneous tunnel. Subsequently, a
fistula can be created for permanent dialysis. When recovery appears unlikely
and a fistula is being considered, the arm vessels on one side should be pro-
tected as much as possible.

4. Technique. Intermittent HD is performed over a 3–4 hour period. The blood
is pumped into the dialysis cartridge at a rate of 300–500 mL/min, while the
dialysate solution is infused at a rate of 500 mL/min in a direction countercur-
rent to blood flow. Although heparin is commonly used, heparin-free HD is
possible in patients with bleeding problems or heparin-induced thrombocy-
topenia.

5. Limitations
a. Use of biocompatible membranes, bicarbonate baths, initial high dialysate

sodium, cool temperatures, and volumetric control during dialysis have atten-
uated some of the circulatory instability noted during the procedure.95 However,
hypovolemia or blunted sympathetic reflexes commonly occur during intermit-
tent HD, especially if there is an attempt to remove a large volume of fluid in a
short period of time. Colloid or blood transfusions and hemodynamic support
(usually with α-agents or PO midodrine) are frequently necessary. Therefore,
HD is best avoided in the hemodynamically unstable patient.

b. Dialysis machines are complex, costly, and require special expertise.
D. Continuous venovenous systems can be used in a variety of ways, including slow

continuous ultrafiltration (SCUF), continuous venovenous hemofiltration (CVVH),
and continuous venovenous hemodiafiltration (CVVHD).121

1. Principle. An occlusive pump is included in a circuit that actively withdraws
blood from the venous system, pumps it through a diafilter, and returns it to the
venous system. For CVVHD, dialysis fluid runs countercurrent to the direction
of blood flow within the diafilter. Solute then passes by diffusion down a con-
centration gradient across a hemofilter into the dialysate solution.
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2. Indications: These systems are indicated for the management of fluid overload,
especially in the hemodynamically unstable or hypotensive patient. Slow correc-
tion of electrolyte imbalance can be achieved with CVVH using a crystalloid
solution of different composition as replacement fluid. Severe electrolyte imbal-
ance or hypercatabolic states are better managed with CVVHD.

3. Access is obtained using a 12F double-lumen catheter (12 gauge for each
lumen) placed in the internal jugular, subclavian, or femoral vein.

4. Technique (Figure 12.2)
a. A high-efficiency biocompatible hemodialysis cartridge is attached down-

stream to an occlusive pump and heparin is infused into the inflow portion
of the circuit to maintain a dialyzer output (venous) PTT of 45–60 seconds.

b. For SCUF, the ultrafiltrate rate is set at the desired amount to achieve net
negative fluid balance and no replacement fluid is given. The system is more
prone to clotting because the hematocrit is higher at the return end of the
hemofilter after plasma has been removed by ultrafiltration.

c. For CVVH, the pump is usually set to deliver blood at a rate of 100 mL/min
and the ultrafiltrate rate is usually set at a preselected rate (usually 999
mL/h). The blood then passes through a bubble trap air detector and is
returned to the patient. A citrate replacement solution (which obviates the

Figure 12.2 • Continuous venovenous hemofiltration (CVVH) and dialysis (CVVHD) setup.
An occlusive pump withdraws blood from the venous circuit, pumps it through a diafilter, and
returns it to the venous system through a double-lumen catheter placed in the internal jugu-
lar vein. Dialysis is accomplished by infusing a dialysate solution into the diafilter in a direction
countercurrent to blood flow.
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need for heparin) or a bicarbonate solution (if hepatic dysfunction is present)
is infused into the inflow circuit or into the venous chamber. The amount of
fluid administered is dictated by the desired negative fluid balance per hour.
This can achieve a moderate amount of solute removal. If citrate is used, a
continuous infusion of calcium gluconate is given if ionized calcium is less
than 1.0 mmol/L.

d. For CVVHD, dialysis fluid (Dianeal 1.5% with 4 mL of 23% NaCl per 2 L
bag) is infused into the dialysis cartridge at a rate of 999 mL/h.

5. Limitations
a. Heparinization within the circuit is required to prevent clotting.
b. The pump adds some complexity and cost to the system compared with arte-

riovenous hemofiltration.
E. Continuous arteriovenous hemofiltration (CAVH). This technique of ultrafiltra-

tion is commonly used during surgery to remove excessive fluid before terminating
CPB. It is beneficial in improving hemodynamics, hemostasis, and pulmonary
function in higher risk patients.86 Postoperatively, its use is limited by the need for
arterial access, heparinization to minimize clotting of the hemofilter, and satisfac-
tory arterial pressure to provide the hydrostatic pressure to achieve hemofiltration.
Because of these drawbacks, CAVH has been replaced by CVVH in most units.

F. Peritoneal dialysis is rarely used in cardiac surgical patients because it produces
abdominal distention and glucose absorption that can compromise the patient’s res-
piratory status, and it carries the risk of peritonitis. Its use is usually limited to
patients on long-term peritoneal dialysis.

VII. Hyperkalemia
A. Etiology

1. High-volume, high-potassium cardioplegia solutions used in the operating
room. The potassium load is usually eliminated promptly by normally func-
tioning kidneys, but hyperkalemia can be problematic in patients with intrinsic
renal dysfunction or oliguria from other causes.

2. Low cardiac output states associated with oliguria. Potassium levels may rise
with alarming and life-threatening rapidity.

3. Severe tissue ischemia, whether peripheral (from severe peripheral vascular dis-
ease or complication of an intraaortic balloon pump) or intraabdominal (mesen-
teric ischemia). Hyperkalemia is often the first clue to the existence of these
problems.

4. Acute and chronic renal insufficiency.
5. Medications that impair potassium excretion or increase potassium levels (ACE

inhibitors, potassium-sparing diuretics, NSAIDs, ARBs, β-blockers).
Note: Remember that hyperkalemia is exacerbated by acidosis, which often accompanies

low output or ischemic syndromes. A 0.2 unit change in pH produces about a 1 mEq/L
change in serum potassium concentration. However, in conditions of organic acidosis, the
potassium is more likely to rise due to tissue breakdown and release of potassium from cells
(lactic acidosis) or from insulin deficiency and hyperglycemia (ketoacidosis), rather than from
a change in pH.

B. Manifestations are predominantly electrocardiographic. An asystolic arrest may
occur when the potassium rises rapidly to a level exceeding 6.5 mEq/L. The ECG
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changes of hyperkalemia do not always develop in classic progressive fashion and
are more related to the rate of rise of serum potassium than to the absolute level.
These changes include:
1. Peaked T waves 
2. ST depression
3. Smaller R waves
4. Prolonged PR interval
5. Loss of P waves
6. QRS widening, bradycardia, asystole, ventricular fibrillation
7. When the heart is being paced, hyperkalemia may result in failure to respond

to the pacemaker stimulus.
C. Treatment entails stabilizing the cell membrane, shifting potassium into cells, and

increasing its excretion from the body.
1. Optimize cardiac function.
2. If evidence of advanced cardiac toxicity (K+ > 6.0 mEq/L), administer calcium

gluconate 5–10 mL of a 10% solution (0.5−1 g) IV over 15 minutes to stabilize
the cell membranes.

3. Identify and remove any potential source of potassium intake or medication
that may increase the potassium level (as above).

4. Shift potassium into cells:
a. Regular insulin 10 units/25 g of 50% dextrose IV.
b. NaHCO3 (1 ampule = 50 mEq/L) to correct metabolic acidosis and raise

the pH to 7.40–7.50.
c. Aerosolized β-agonists by nebulizer. They may improve potassium uptake

into cells.
5. Enhance potassium excretion:

a. Furosemide 10–200 mg IV
b. Kayexalate enema 50 g in 50 mL sorbitol as retention enema or 50 g PO

with 50 mL of sorbitol q6h
c. 9α-fluorohydrocortisone acetate (Florinef ) may be helpful in patients with

low renin or aldosterone levels. It may transfer K+ into cells or increase GI
excretion.

VIII. Hypokalemia125

A. Etiology
1. Profound diuresis without adequate potassium replacement. Potassium excre-

tion parallels the urine output after bypass, which tends to be copious because
of hemodilution. The use of potent diuretics may produce a significant diure-
sis and kaliuresis in the early postoperative period.

2. Insulin to manage hyperglycemia
3. Alkalosis (metabolic or respiratory)
4. Significant nasogastric tube drainage

B. Manifestations. Hypokalemia promotes atrial, junctional, or ventricular ectopy,
and enhances digoxin-induced arrhythmias. The ECG may demonstrate flattened
ST segments, decreased T wave amplitude, and the presence of “u” waves.
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C. Treatment. Potassium replacement may resolve ectopic beats by several mecha-
nisms that alter automaticity and conduction.
1. It is essential that renal function and urine output be evaluated before a KCl

drip is started, because acute hyperkalemia can develop very rapidly when
oliguria or renal dysfunction is present. A slower infusion rate is advisable in
this situation, with frequent rechecking of the serum potassium level.

2. In the ICU setting, KCl is administered through a central line at a rate of 
10–20 mEq/h (mix of 80 mEq/250 mL). The serum potassium rises approx-
imately 0.1 mEq/L for each 2 mEq of KCl administered.

3. When a central line is not present, a concentrated potassium drip cannot be
administered peripherally because it scleroses veins. The maximum concen-
tration of KCl that can be administered peripherally is 60 mEq/L. Oral potas-
sium (usually 10–20 mEq tablets) is somewhat unpalatable, but coated prepa-
rations are available.

IX. Hypocalcemia
A. Calcium plays a complex role in myocardial reperfusion damage and myocardial

energetics. Ionized calcium (normal = 1.1–1.3 mmol/L) should be measured
because total calcium levels, which are affected by protein binding, usually decrease
during surgery because of hemodilution, hypothermia, shifts in pH, and the use of
citrated blood. Hypocalcemia is usually associated with prolongation of the QT
interval on the ECG tracing.

B. Treatment
1. It is common practice to empirically administer a 500 mg bolus of calcium

chloride at the termination of bypass to support systemic vascular resistance and
possibly increase myocardial contractility.126 It is also commonly mixed with
protamine to offset the vasodilatory effects associated with the intravenous
administration of protamine.

2. It is questionable whether treatment of hypocalcemia identified in the ICU is of
any value in improving cardiovascular function. In fact, calcium salts may attenu-
ate the cardiotonic effects of catecholamines, such as dobutamine or epinephrine,
although they have little effect on the efficacy of inamrinone or milrinone.127

Nonetheless, if the ionized calcium level is measured and found to be < 1 mmol/L,
calcium gluconate (10 mL of 10% solution) may be given, although there is no
clear benefit to doing so. Calcium chloride is best avoided for “asymptomatic”
hypocalcemia to minimize any acute hemodynamic effects.

3. Calcium chloride (0.5–1 g IV) may be given in emergency situations to provide
temporary circulatory support when a low cardiac output syndrome or acute
hypotension develops suddenly. The transient improvement in hemodynamics
allows time for analysis of causative factors and the institution of other pharma-
cologic support. CaCl2 should not be given routinely during a cardiac arrest.

X. Hypomagnesemia
A. Magnesium plays a role in energy metabolism and cardiac impulse generation. Low

levels have been associated with coronary spasm, low cardiac output syndromes,
prolonged ventilatory support, a higher incidence of postoperative atrial and ventric-
ular arrhythmias, perioperative infarction, and a higher mortality rate.128,129



494 Fluid Management, Renal and Me tabolic Problems

B. Magnesium levels (normal = 1.5–2 mEq/L) are usually not measured during surgery,
but they are reduced in more than 70% of patients studied.130 This may be the result
of diuresis usage or simple hemodilution.

C. Administration of magnesium sulfate (2 g in 100 mL solution) to raise the serum
level to 2 mEq/L has been shown in many studies to reduce the incidence of post-
operative atrial and ventricular dysrhythmias.131–134 This benefit may also be seen
during and after off-pump surgery.135 In addition, magnesium has been found to
inhibit the vasoconstrictive response to epinephrine but not its cardiotonic effects.136

Administering 2 g of MgSO4 at the conclusion of bypass and on the first postoper-
ative morning can be recommended.

XI. Metabolic Acidosis
A. Etiology

1. A low cardiac output state, often with peripheral vasoconstriction or poor
peripheral perfusion, is the primary cause of metabolic acidosis. This scenario is
often noted in the immediate postoperative period when the patient not only
has marginal myocardial function but is also vasoconstricted from hypothermia.
The use of α-agents commonly impairs tissue perfusion perpetuating the meta-
bolic acidosis.

2. Low-dose epinephrine occasionally causes a metabolic acidosis out of propor-
tion to its α effects when the cardiac output is satisfactory. This may reflect a
metabolic type B lactic acidosis (not associated with tissue hypoxia) caused by
metabolic factors that increase lactic acid production, such as hyperglycemia and
lipolysis.137

3. Intraabdominal catastrophes, such as mesenteric ischemia from a low-flow state,
should always be considered when progressive metabolic acidosis occurs.

4. Sepsis
5. High doses of sodium nitroprusside
6. Renal failure
7. Acute hepatic dysfunction
8. Diabetic ketoacidosis 

B. Effects
1. Adverse effects from metabolic acidemia usually do not occur until the pH is

less than 7.20.138 A pure metabolic acidosis (low serum bicarbonate with
acidemic pH) may be noted in the heavily sedated patient in whom there is no
respiratory compensation. However, compensatory hyperventilation will usually
occur during intermittent mandatory ventilation or spontaneous ventilation to
decrease the PCO2 and partially neutralize the pH to minimize these effects.
Nonetheless, some of the deleterious effects of metabolic acidemia may be related
to the metabolic products associated with the acidemia, rather than the absolute
level of pH, although they may be reversed by administration of sodium
bicarbonate.

2. The presence of a progressive or significant metabolic acidosis (as assessed by
the serum bicarbonate level) is more likely than not an indication of a serious
ongoing problem that must be corrected before adverse consequences occur.
These include:
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a. Cardiovascular effects
•  Decreased contractility and cardiac output; reduction in hepatic and renal

blood flow
•  Attenuation of the positive inotropic effects of catecholamines139

•  Venoconstriction and arteriolar dilatation, which increase filling pressures
and decrease systemic pressures

•  Increased pulmonary vascular resistance
•  Sensitization to reentrant arrhythmias and reduction in the threshold for

ventricular fibrillation
b. Respiratory effects

•  Dyspnea and tachypnea
•  Decreased respiratory muscle strength

c. Metabolic changes
•  Increased metabolic demands
•  Hyperglycemia caused by tissue insulin resistance and inhibition of anaer-

obic glycolysis
•  Decreased hepatic update and increased hepatic production of lactate
•  Hyperkalemia
•  Increased protein catabolism

d. Cerebral function
•  Inhibition of brain metabolism and cell volume regulation
•  Obtundation and coma

3. Type A lactic acidosis reflects impaired tissue oxygenation and anaerobic metab-
olism resulting from circulatory failure. The acidosis is self-perpetuating in that
excess lactate is produced at a time when there is suppression of hepatic lactate
utilization. The lactate ion, probably more than the acidemia, contributes to
potential cardiovascular dysfunction. Elevated lactate levels (>3 mmol/L) are
not uncommon after open-heart surgery but should raise suspicion of a low car-
diac output state with severe tissue ischemia. This is noted more often in patients
with long bypass runs, lower mean arterial pressures on pump, and use of vasopres-
sors. To some degree, this may be related to splanchnic ischemia during surgery as
well as a low cardiac output syndrome postpump. A lactate level > 3 mmol/L upon
arrival in the ICU has been associated with a worse outcome.137

4. Type B lactic acidosis occurs in the absence of tissue hypoxia. It may be a
catecholamine-induced metabolic effect (especially with epinephrine) caused by
hyperglycemia and alterations in fatty acid metabolism that cause pyruvate accu-
mulation and elevated levels of lactic acid. Acute hepatic failure may also pres-
ent with severe lactic acidosis due to failure to clear lactic acid.137,140,141

C. Treatment should be directed primarily to reversal of the underlying cause.
Whether correction of a primary metabolic acidosis (not one that compensates for
a primary respiratory alkalosis) should be considered when the serum bicarbonate is
less than 15 mEq/L (base deficit greater than 8–10 mmol/L) is controversial.
1. Proponents of bicarbonate administration suggest that severe metabolic acidosis

has significant deleterious effects on cardiovascular function that can be corrected
with a more normal pH. Furthermore, more responsiveness to catecholamines
does seem to occur with a higher pH. Thus, correction of the acidosis may be
very important when the etiologic mechanism for the acidosis is unclear or not
imminently remediable.138,142
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2. However, others argue that the use of bicarbonate may correct only the blood
pH, not the intracellular pH. They argue that no controlled studies have demon-
strated improved hemodynamics attributable to use of sodium bicarbonate. In
addition, sodium bicarbonate may have numerous deleterious effects such as
hypernatremia and hyperosmolarity, increased affinity of hemoglobin for oxygen
(and thus less tissue release), increased lactate levels, and reduced ionized calcium,
which may reduce cardiac contractility.143 

3. If one elects to correct the pH, there are several compounds that can be used:
a. Sodium bicarbonate is administered in a dose calculated from the following

equation:

0.5 ✕ body weight (kg) ✕ base deficit = mEq NaHCO3 

This should be administered over several hours in the patient with severe meta-
bolic acidemia with careful monitoring of the serum sodium concentration.

b. Carbicarb (available in Canada) is an equimolar solution of sodium bicar-
bonate and sodium carbonate.144 One of its advantages over standard
NaHCO3 is that it does not undergo significant breakdown into CO2 and
H2O; it also raises intracellular pH more consistently. The recommended
dose is:

0.2 ✕ kg ✕ base deficit = mEq sodium

c. Tromethamine 0.3 M (THAM or Tris buffer) can be used if the patient has
developed hypernatremia from multiple doses of NaHCO3. It also limits
CO2 generation. It is usually given as a continuous infusion but is con-
traindicated in renal failure.

kg ✕ base deficit = mL of 0.3 M THAM

XII. Metabolic Alkalosis145

A. Etiology
1. Excessive diuresis, especially from the loop diuretics
2. Nasogastric drainage with inadequate electrolyte replacement by IV solutions
3. TPN with inappropriate solute composition
4. Secondary as compensation for respiratory acidosis

B. Adverse effects
1. Lowers the serum potassium level, potentially leading to atrial and ventricular

arrhythmias (especially digoxin-induced arrhythmias) and to neuromuscular
weakness.

2. Has an adverse effect on the cardiovascular response to catecholamines that is
comparable to that of acidosis.139

3. Shifts the oxygen-hemoglobin dissociation curve to the left, impairing oxygen
delivery to the tissues. This effect is offset in chronic metabolic alkalosis by an
increase in 2,3-diphosphoglycerate in red cells.

4. Produces arteriolar constriction, which can compromise cerebral and coronary
perfusion. Neurologic abnormalities including headache, seizures, tetany, and



Hyperglycemia 497

lethargy may occur, probably because of the associated hypocalcemia induced
by alkalosis. These effects are usually seen with a pH > 7.60.

5. Decreases the central respiratory drive, leading to hypoventilation, CO2 reten-
tion, and, potentially, hypoxemia.

C. Treatment
1. Metabolic alkalosis is sustained by hypovolemia (“contraction alkalosis”),

hypokalemia, and hypochloremia. Thus, therapy should be directed towards
correction of these factors.

2. Potential contributors to alkalosis should be assessed.
a. Reduce doses of loop diuretics or thiazides. Use acetazolamide (Diamox)

250–500 mg IV in conjunction with a loop diuretic. This has a fairly weak
diuretic effect when used alone. If hypokalemia is present, one of the potassium-
sparing diuretics (spironolactone 25 mg PO qd or amiloride 5 mg PO qd)
can be used. Eplerenone 50 mg PO qd, a new aldosterone antagonist, may
be useful.

b. Loss of gastric acid through a nasogastric tube can be reduced using H2
blockers or a proton pump inhibitor.

c. Avoid lactate (LR) and acetate (common in parenteral nutrition solutions)
that are metabolized to bicarbonate.

3. The administration of chloride, usually as KCl or NaCl, is the primary treat-
ment for metabolic alkalosis. The selection of the appropriate solute depends on
the patient’s serum potassium and volume status. The rate of administration of
IV KCl is usually limited to 20 mEq/h, but can be slightly faster if the patient
has significant hypokalemia and an ongoing profound diuresis.

4. Hydrochloric acid 0.1 N (100 mEq/L) may be administered through a central
line at a rate of 10–20 mEq/h. It is rarely required in cardiac surgical patients.
The total dose can be calculated based on a bicarbonate space of 50% body
weight from either of the following methods:
a. Chloride deficit:

mEq HCl = 0.5 × kg × (103-measured chloride)

b. Base-excess method:

mEq HCl = 0.5 × kg × base excess

If a profound alkalosis is present, these doses should be given over 12 hours
with intermittent reevaluation.

XIII. Hyperglycemia
A. Etiology

1. Preexisting diabetes mellitus exacerbated by the hormonal stress response to
surgery

2. Impaired insulin production and peripheral insulin resistance during bypass
resulting from elevated levels of the counterregulatory hormones, including
cortisol, epinephrine, and growth hormone (even in nondiabetics).

3. TPN with inadequate insulin response 
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4. Sepsis (often the first manifestation of an occult sternal wound infection or an
intraabdominal process)

B. Manifestations. Hyperglycemia contributes to excessive urine output from an
osmotic diuresis, impairs wound healing, increases the risk of infection, and may
impair blood pressure regulation. Although hypotonic fluid losses from the
osmotic diuresis can cause hypernatremia, the glucose-induced shift of water from
cells into the extracellular fluid compartment may cause hyponatremia. In this sit-
uation, the plasma osmolarity is elevated despite the low serum sodium, a condi-
tion treated by fluid administration rather than restriction.

C. Treatment
1. Strict blood glucose control in the ICU has been shown to reduce the risk of

wound infection and mortality in diabetic patients.146,147 Therefore, a hyper-
glycemia protocol should be followed with careful monitoring of blood
sugars (Appendix 6). Excessively stringent control (keeping blood sugar
<120 mg/dL) is potentially dangerous and probably not necessary. An intra-
venous bolus of insulin is rapidly cleared from the blood and may lower the
potassium level without affecting the blood glucose. Therefore, a bolus fol-
lowed by an infusion (using 100 units regular insulin/100 mL NS mix) is
recommended.

2. All diabetic patients should have fingerstick blood sugars drawn before meals
and at bedtime once they are started on an oral diet. The glucose level may be
higher than suspected from the patient’s oral intake because of the residual ele-
vation of counterregulatory hormones from the operation. On the other hand,
the blood sugar may remain acceptable without medications in some patients
with poor oral intake.

3. Patients with type 1 diabetes mellitus should have their insulin doses gradu-
ally increased to preoperative levels depending on blood glucose levels and
early postoperative insulin requirements. It is preferable to use a lower dose
of intermediate-acting insulin initially (usually one-half of the usual dose)
and supplement it with regular insulin as necessary. Insulin doses may be
increased when the patient becomes more active and has an improved caloric
intake.

4. In patients with type 2 diabetes, oral hypoglycemic medications should be
restarted once the patient is taking a normal diet, with frequent checking of
fingersticks to assess the adequacy of blood sugar control.

D. Hyperosmolar, hyperglycemic, nonketotic coma has been reported in patients
with type 2 diabetes following surgery. It usually develops 4–7 days after surgery
and is manifested by polyuria in association with a rising BUN or serum sodium.
The resultant dehydration, often exacerbated by GI bleeding or use of high-
nitrogen, hyperosmolar tube feedings, results in the hyperosmolar state.148

Gradual correction of hypovolemia, hyperglycemia, hypokalemia, and hyperna-
tremia is indicated.

E. Diabetic ketoacidosis is rarely seen following cardiac surgery but may be noted
in persons with type 1 diabetes. Standard management with saline infusions, an
insulin drip, and correction of potassium and acid-base abnormalities should be
followed.
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F. Note: Hypoglycemia is extremely uncommon after open-heart surgery unless
excessive doses of insulin are administered. However, it may occur in patients
with a severe hepatic insult with impaired glucose production.

XIV. Hypothyroidism
A. Hypothyroidism is difficult to manage preoperatively in the patient with ischemic

heart disease because thyroid replacement may precipitate ischemic symptoms. It
may be present more often than realized, however, in patients taking thyroid hor-
mone replacement. One study showed a significantly greater operative mortality
in patients taking thyroxine (T4) preoperatively, perhaps for this reason.149

B. Serum total and free triiodothyronine (T3 and free T3) are significantly reduced
after CPB and remain low for up to 6 days, whereas T4 is low immediately after
surgery, but returns to normal within 24 hours. This suggests that the conversion
of T4 to T3 is delayed in some patients and this may account for the slower
recovery of some patients after surgery.150

C. Manifestations include decreased myocardial contractility, bradycardia, high
peripheral resistance, diastolic hypertension, and low cardiac output. Cardiac sur-
gery is well tolerated in most patients with mild to moderate hypothyroidism.
Ventricular dysfunction is rarely noted upon weaning from bypass.

D. Treatment
1. Should postcardiotomy ventricular dysfunction occur, 0.05–0.8 µg/kg of T3

can be given in conjunction with an inotrope, such as inamrinone or milrinone,
which does not depend on β-receptors for its action. The benefit of T3 in
improving hemodynamics and reducing the incidence of arrhythmias may
occur because the T3 level is lower after CPB.151

2. For the hypothyroid patient who has tolerated surgery uneventfully, treatment
is initiated postoperatively with T4 (Synthroid) 0.05 mg PO qd and subse-
quently increased depending on TSH and T4 levels. If the patient is unable to
take oral medications, one-half of the oral dose can be given intravenously.

3. If the patient is severely hypothyroid, consultation with an endocrinologist is
imperative. Doses of T4 that have been recommended include an initial IV
dose of 0.4 mg, followed by 3 days of 0.1–0.2 mg IV daily, and then a mainte-
nance dose of 0.05 PO qd.

XV. Adrenal Insufficiency
A. Adrenal insufficiency is a rare complication of cardiac surgery that may result from

adrenal hemorrhage associated with heparinization (or other anticoagulation) and
stress in an elderly patient.152

B. Manifestations include flank pain, nonspecific GI complaints (anorexia, nausea,
vomiting, ileus, abdominal pain or distention), fever, and delirium. Late signs
include hyperkalemia, hyponatremia, and hypotension with poor response to vaso-
pressors. The clinical scenario can be confused with sepsis.

C. Diagnosis is confirmed by a low serum cortisol level and failure of cortisol levels
to rise 1 hour after a 0.25 mg IV dose of cosyntropin (a synthetic ACTH analog).
The level should rise fourfold or to a level greater than 20 µg/mL.153
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D. Treatment is with 100 mg of hydrocortisone IV every 8 hours as well as adminis-
tration of glucose and NS. If additional mineralocorticoid is needed, fludrocorti-
sone 0.05–0.2 mg qd can be given.

XVI. Pituitary Abnormalities
A. Pituitary apoplexy154

1. Etiology
a. Ischemia, edema, or hemorrhage of an undetected pituitary tumor.
b. CPB with heparinization and low cerebral blood flow may be contributory.

2. Presentation. Compression of the optic chiasm and parasellar structures
results in ophthalmoplegia, third-nerve palsy, visual loss, and headache.155

3. Treatment
a. Decrease intracerebral edema with hyperventilation, mannitol, and steroids

(dexamethasone 10 mg q6h).
b. Urgent hypophysectomy if no improvement.

B. Diabetes insipidus. This is a rare complication of cardiac surgery caused by di-
minished production of antidiuretic hormone (ADH). The presence of polyuria,
a urine osmolarity of 50–100 mOsm/L, and hypernatremia should raise suspicion of
the diagnosis. Treatment involves use of DDAVP, administered either intranasally 
(1 or 2 sprays = 10–20 µg at bedtime), 1–2 µg IV/SC bid, or 0.05–0.4 mg PO bid.
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13Post-ICU Care and Other
Complications

I. General Comments
A. Following a brief stay in the ICU, most patients undergoing cardiac surgical proce-

dures follow a routine pattern of recovery. The use of fast-track protocols and critical
pathways ensures that the health care team and the patient have a clear understand-
ing of what to expect at different junctures during recovery. Critical pathways are
designed to standardize care and identify variances from the expected. However, they
are not a substitute for careful patient examination that may identify problems that
might otherwise be ignored by rigid adherence to protocols.

B. Most patients are transferred to an intermediate care unit or the postoperative car-
diac surgical floor on the first postoperative day (POD). Invasive monitoring is no
longer utilized, although bedside telemetry should be considered for several days to
identify arrhythmias. It should be remembered that patients are still in an early phase
of recovery from surgery with many physiologic derangements still present. Restoring
the patient to a normal physiologic state requires careful attention to the prevention,
identification, and management of complications that may develop at any time dur-
ing the hospital stay. A detailed daily examination of the patient must be performed
with particular attention paid to each organ system. Orders must be thought out
carefully and written on an individualized basis to ensure the best possible postoper-
ative care.

C. Although postoperative complications are more common in elderly patients and those
with comorbidities, they may still develop unpredictably in low-risk, healthy patients
despite an uneventful surgical procedure and early postoperative course. Problems
such as atrial arrhythmias are very common and quite benign, with little influence on
the patient’s hospital course or long-term prognosis. In contrast, less common compli-
cations, such as stroke, mediastinitis, tamponade, renal failure, or an acute abdomen,
may be devastating, resulting in early death or prolonged hospitalization with multi-
system organ failure.

II. Transfer from the ICU and Postoperative Routines
The patient undergoing a routine recovery from surgery is usually extubated within 6–12
hours and off all inotropic support by the first postoperative morning. The following inter-
ventions are standardized and can be followed on a delayed basis for patients requiring a few
additional days of care in the ICU. An example of the critical pathway for patients undergo-
ing coronary artery bypass grafting (CABG) is noted in Table 13.1. Typical orders for trans-
fer to the postoperative floor are noted in Box 13.1 and Appendix 3.

A. Postoperative day and night
1. Wean vasoactive medications
2. Wean patient from ventilator and extubate



Preop Day or Day of Surgery POD #1 POD #2–3 POD #4–5
Office Visit

Cardiovascular Bilateral BP Monitor and treat: VS q2h VS q4-8h VS before D/C
Height and weight bleeding Telemetry Telemetry Remove pacing wires

shivering D/C neck and
arrhythmias arterial lines 
hemodynamics Meds:  2 g MgSO4

Meds (start 8 h postop):
ASA
Metoprolol

Respiratory RA O2 saturation Wean to extubate 40% face mask or Nasal cannula at Room air
RA ABGs if COPD within 8–12 hours nasal cannula 2–4 L/min for O2 sat

IS W/A q1h IS W/A q1h < 95% IS W/A q1h
Splinted cough Splinted cough

Fluids and electrolytes I & O q1h Weight Weight Weight 
Keep u/o > 1 mL/kg/h I&O q2h I&O qshift Furosemide IV/PO until

Furosemide IV Furosemide IV at preop weight

Wounds and drains Hibiclens shower OR dressing × 12 h DSD with povidone-iodine DSD with Wounds open to air; 
Monitor/manage wipe to wounds (unless povidone-iodine DSD with povi-

CT drainage covered with wipe to wounds doneiodine wipe to
Dermabond) and pacing and pacing wire pacing wires sites 
wire sites sites Remove staples early 

D/C CT when total AM before D/C
drainage <100 mL/
last 8 h

CT dressing intact × 48 h

Table 13.1  •  Critical Pathway for Coronary Artery Bypass Grafting



Pain control Continuous IV MS IV → PCA MS Oxycodone or Oxycodone or
IV ketorolac Tylenol no. 3 Tylenol no. 3

Nutrition/GI NPO after MN NPO D/C NG tube Advance to hi cal, Progress on diet
NGT to low suction Clear liquids hi prot, NAS diet

ADA for diabetics
Metamucil/Colace

Activity Ambulatory OOB to chair × 1 OOB to chair q8h Ambulate × 3 in Ambulate × 6 in 
after extubation room with assist, then hallway; stair climb

in hallway × 4 12 stairs × 1

Test and labs CXR, ECG, PT, PTT, On arrival: CXR, ECG, CXR after CT removal K+ if on furosemide CXR, ECG, CBC, 
plts, CBC, LBC, CBC, K+, ABG LBC, CBC PT (on warfarin) LBC day before 
LFTs, U/A If bleeding: PT, PTT, PT (on warfarin) PTT (on heparin) discharge 

plts, repeat HCT Echo for valve pts
Obtain K+ q4h × 3

Anticoagulation D/C warfarin Warfarin (valve pts) Warfarin (valve pts) Start heparin POD #4
4 days before if subtherapeutic INR
surgery (mechanical valves)

Discharge planning Home assessment D/C planning status Final review of meds; 
discussed by care VNA follow-up, clinic 
team with discharge or RMD follow-up
planners

Teaching Videos, critical Pt and family attend 
pathway, NPO, discharge class or 
shower view discharge video 
instructions, Nutrition instructions 
incentive Medication 
spirometry instructions
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Box 13.1  •  Transfer Orders from the ICU

ALLERGIES:
1. Transfer to ________________

2. Procedure: ___________________

3. Condition: __________________

4. Vital signs q4h × 2 days, then qshift

5. ECG telemetry

6. I&O q8h

7. Daily weights

8. Foley catheter to gravity drainage; D/C at ___________ ; due to void in 8 h

9. SpO2 q8h and 1 time before and after ambulation

10. Chest tubes to –20 cm H2O suction

11. Diet

NPO

Clear liquids/no added salt (NAS)

Full liquids/NAS

NAS, low fat, low cholesterol diet

Fluid restriction ___ mL per 24 hours (IV + PO)

_____ cal ADA, NAS low cholesterol diet, if diabetic

12. Activity

Bed rest

OOB and ambulate with assistance per protocol

13. Elastic antiembolism (TEDs) stockings

14. Dry sterile dressing changes qd until POD #4

15. Temporary pacemaker settings: 

Pacemaker on: Mode: Atrial VVI DVI DDD

Atrial output ____ mA      Ventricular output ____ mA

Rate ___ /min        AV interval: ____ msecs

Pacer attached but off

Detach pacer but keep at bedside

16. Respiratory care

Oxygen via nasal prongs at 2–6 L/min to keep SpO2 > 92%

Incentive spirometer q1h when awake

17. Wire and wound care per protocol

18. Laboratory studies

Chest x-ray after chest tube removal

Daily PT, PTT if on heparin/warfarin

Daily platelet count if on heparin

Glucose via fingerstick/glucometer AC and qHS in diabetics

Chest x-ray, ECG, CBC, electrolytes, BUN, creatinine day prior to discharge

(continued )
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Box 13.1  •  (Continued )

MEDICATIONS:
1. Antibiotics

Cefazolin 1 g IV q8h for ____ more doses (6 doses total)

Vancomycin 1 g IV q12h for ___ more doses (4 doses total)

2. Cardiac medications

Metoprolol __ mg PO q12h. Hold for HR < 60 and SBP < 100

Digoxin 0.25 mg PO qd. Hold for HR < 60

Antihypertensives: 

Diltiazem 100 mg/100 mL NS @ ___ mg/h × 24 h, then 30 mg PO qid (radial
artery grafts)

3. Anticoagulants/antiplatelet agents

Enteric-coated aspirin 325 mg PO qd (coronary bypass patients); hold for platelet
count < 75,000

Enteric-coated aspirin 81 mg (if on warfarin)

Heparin 25,000 U/500 mL D5W at _________ U/h starting on _____ 
(per protocol)

Coumadin ___ mg PO qd starting on ____ ; daily dose check with HO

4. Pain medications

Morphine sulfate via PCA pump or 10 mg IM q3h prn severe pain

Ketorolac 15–30 mg IV q6h prn pain, D/C after 72 hours

Acetaminophen with oxycodone (Percocet) 1 tab PO q4h prn pain

Acetaminophen with codeine (Tylenol #3) 1–2 tabs PO q4h prn pain

5. GI medications

Pantoprazole (Protonix) 40 mg PO qd

For nausea:

Metoclopramide 10 mg IV/PO q6h prn

Prochlorperazine 10 mg PO/IM q6h prn

Milk of magnesia 30 mL PO qhs prn

Metamucil 12 g in H2O qd prn constipation

Docusate (Colace) 100 mg PO bid

Dulcolax suppository PR qd prn constipation

6. Diabetic patients

Oral hypoglycemic: _______

____ units regular Humulin insulin SC ____ qAM ____ qPM

____ units NPH Humulin insulin SC ____ qAM ____ qPM

Sliding scale: treat fingerstick/glucometer BS according the following scale at
06:00, 11:00, 15:00, and 20:00

161–200, give ___ units regular Humulin insulin SC
201–250, give ___ units regular Humulin insulin SC
251–300, give ___ units regular Humulin insulin SC
> 300, call house officer

(continued )
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3. Remove nasogastric tube
4. Remove Swan-Ganz and arterial lines
5. Get patient out of bed and into a chair
6. Initiate β-blocker therapy and aspirin

B. POD #1
1. Remove chest tubes
2. Transfer patient to floor; place on telemetry and pulse oximetry × 72 hours
3. Get patient out of bed and ambulating
4. Advance diet
5. Remove Foley catheter
6. Start warfarin for valve patients

C. POD #2–3
1. Stop antibiotics (after 36–48 hours)
2. Advance diet to achieve satisfactory nutrition
3. Increase activity level
4. Continue diuresis to preoperative weight
5. Commence planning for home services or rehabilitation

D. POD #3–4
1. Obtain predischarge laboratory data (hematocrit [HCT], electrolytes, BUN,

creatinine, chest x-ray, electrocardiogram [ECG])
2. Remove pacing wires
3. Do discharge teaching

E. POD #4–5
1. Consider heparin for patients receiving mechanical valves
2. Remove skin sutures or clips and place steristrips; leave sutures if there is an antic-

ipated problem with wound healing (steroids)
3. Discharge home

Box 13.1  •  (Continued)

7. Other medications

Acetaminophen 650 mg PO q3h prn temp > 38.5oC

Chloral hydrate 0.5–1.0 g PO qhs prn sleep

Furosemide ____ mg IV/PO q __ h

Potassium chloride ____ mEq PO bid (while on furosemide)

Albuterol 2.5 mg/2.5 mL NS via nebulizer q6h prn

Other medications:

8. Saline lock, flush q8h and prn
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III. Differential Diagnosis of Common 
Postoperative Symptoms

The development of chest pain, shortness of breath, fever, or just feeling “plain lousy” with a
poor appetite and fatigue during the early convalescent period is not unusual, especially in
elderly patients. Although the cause of these signs and symptoms may be benign, they should
not be taken lightly because they may indicate the presence of potentially serious problems
that warrant investigation. Careful questioning and examination of the patient can prioritize
diagnoses, direct the evaluation, and lead to prompt and appropriate treatment.

A. Chest pain
1. Differential diagnosis. The development of chest pain following cardiac surgery

often raises the suspicion of myocardial ischemia, but the differential diagnosis
must include several other potential causes. The greatest fear to a patient is that
the recurrence of chest pain indicates a failed operation; the surgeon meanwhile
may purposely try to provide alternative explanations. Although musculoskeletal
pain is the most common cause of chest discomfort, significant problems that
must be considered include:
a. Myocardial ischemia
b. Arrhythmias
c. Sternal wound infection
d. Pericarditis
e. Pneumothorax
f. Pneumonia
g. Pulmonary embolism
h. Gastroesophageal reflux

2. Evaluation. Careful physical examination (breath sounds, pericardial rub, sternal
wound), a chest x-ray, and 12-lead ECG will usually provide the appropriate
diagnosis and direct additional testing. Differentiation of ST-segment elevation
related to ischemia as opposed to pericarditis is important. Consultation with the
cardiology service is essential in managing patients with a suspected cardiac ori-
gin to their chest pain. Stress imaging or even coronary angiography may be war-
ranted. Other diagnostic modalities include echocardiography, spiral computed
tomography (CT) to rule out pulmonary embolism, standard chest CT, and ster-
nal wound aspiration.

B. Shortness of breath
1. Differential diagnosis. Shortness of breath is usually caused by splinting from

chest wall discomfort and is not uncommon in the anemic patient with underly-
ing lung disease. However, significant shortness of breath, its acute onset, or dete-
rioration in pulmonary status should raise awareness of a significant problem.
The source may be of a primary pulmonary nature, but it may also be the conse-
quence of cardiac or renal dysfunction. Diagnoses to be considered include:
a. Pleuropulmonary problems

•  Atelectasis and hypoxia from mucus plugging or poor inspiratory effort
•  Pneumothorax
•  Pneumonia (aspiration)
•  Bronchospasm
•  An enlarging pleural effusion
•  Pulmonary embolism
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b. Cardiopulmonary problems: low cardiac output states or acute pulmonary
edema caused by:
•  Acute myocardial ischemia or infarction
•  Cardiac tamponade
•  Residual or new-onset mitral regurgitation (ischemic, systemic hyperten-

sion) or a recurrent ventricular septal defect
•  Fluid overload (often with associated oliguric renal failure)
•  Severe diastolic dysfunction
•  Atrial or ventricular tachyarrhythmias

c. Compensatory response to metabolic acidosis (low cardiac output state)
d. Sepsis

2. Evaluation. Careful lung examination may reveal absent breath sounds or diffuse
rales/rhonchi suggesting a parenchymal process or pulmonary edema. Clinical
evidence of cardiac tamponade (muffled heart sounds, pulsus paradoxus) should
be sought. An arterial blood gas, chest x-ray, and ECG should be obtained. An
echocardiogram gives an assessment of ventricular function, detects valve dys-
function or recurrent shunting, and may also identify a large pleural or pericar-
dial effusion or tamponade. Spiral CT should be performed if a pulmonary
embolism is suspected.

C. Fever
1. Differential diagnosis. Fever is very common during the first 48–72 hours and

is usually caused by atelectasis from poor inspiratory effort. Thorough evaluation
of recurrent fevers is warranted after the first 72 hours. Potential causes of post-
operative fever include:
a. Atelectasis or pneumonia
b. Urinary tract infection (UTI)
c. Wound infections: sternum or leg
d. Drug fever
e. Sinusitis (usually in the patient with an indwelling endotracheal or nasogastric

tube)
f. An intraabdominal process
g. Catheter sepsis
h. Endocarditis (especially on a prosthetic valve)
i. Decubitus ulcer
j. Deep venous thrombosis (DVT) and pulmonary embolism

k. Postpericardiotomy syndrome (PPS)
2. Evaluation. The lungs, chest, and leg incisions should be examined carefully. A

CBC with differential, chest x-ray, urinalysis, and appropriate cultures should be
obtained. Indwelling central and arterial lines should be cultured and removed if
in place for more than 5 days or if cultures return positive.1 If the WBC is nor-
mal, a drug fever may be present. Occult sternal infections may be investigated
with a chest CT scan, but needle aspiration should be performed if suspicion is
high. Head CT scans can identify sinusitis. Transesophageal echocardiography
(TEE) can be done to identify vegetations present on heart valves (native or
prosthetic), consistent with endocarditis.

3. Treatment. It is best to defer antibiotic therapy until an organism has been iden-
tified. However, a broad-spectrum antibiotic may be initiated based on the
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presumed source and organisms involved. This is especially important in patients
who have received prosthetic material (valves, grafts). A narrower-spectrum
antibiotic may be substituted subsequently. Occasionally a patient will have a
fever and elevated WBC with no evident source, but will respond to a brief
course of antibiotics. Additional comments on nosocomial infections and sepsis
are found on pages 534–536.

IV. Respiratory Care and Complications
A. Respiratory function is still impaired when the patient is transferred to the postop-

erative floor, with many patients exhibiting shortness of breath with some splinting
from chest wall discomfort. Arterial desaturation is not uncommon, and all patients
should have an arterial saturation measured daily by pulse oximetry until the SaO2
remains above 90%. Most patients have some degree of fluid overload and require
diuresis, and steps must be taken to overcome a poor inspiratory effort and atelecta-
sis. Potential complications, such as pneumonia, bronchospasm, pleural effusions, or
pneumothorax, can be identified by examination and a chest x-ray. Standard orders
should include:
1. Supplemental oxygen via nasal cannula at 2–6 L/min
2. Frequent use of incentive spirometry to encourage deep breathing
3. Progressive mobilization
4. Provision of adequate but not excessive analgesia. Patient-controlled analgesia

(usually morphine) is particularly beneficial for one or two days following sur-
gery, and may be supplemented with other pain medications, such as ketorolac
(Toradol) 15–30 mg IV q6h for a few days. Most patients obtain adequate anal-
gesia with oral medications 2–3 days after surgery and seem to do better with
regular, rather than PRN, pain medications.

5. Chest physical therapy and bronchodilators administered via nebulizer should be
used if copious secretions or bronchospasm are present, respectively.

6. Measures to reduce the risk of DVT (antiembolism stockings, pneumatic com-
pression devices, SC heparin) should be considered depending on the patient’s
mobility and risk.

B. Significant decompensation of respiratory function is uncommon in the absence of
preexisting lung disease or a history of heavy smoking. Potential pleuropulmonary
contributory factors were noted above in section III.B. However, arterial desatura-
tion may be a sign of cardiac disease (myocardial ischemia or mitral regurgitation),
cardiac tamponade, or an early manifestation of renal dysfunction with progressive
oliguria.

C. The management of respiratory insufficiency, pneumothorax, pleural effusions, and
bronchospasm was discussed in Chapter 10. Less common complications, including
diaphragmatic dysfunction from phrenic nerve paresis and pulmonary embolism, are
discussed below.

D. Diaphragmatic dysfunction from phrenic nerve injury has been noted in 10–20%
of patients, despite recognition of risk factors for its development.2–4

1. Etiology
a. Cold injury to the phrenic nerve from use of iced saline slush in the pericar-

dial well is the primary cause of this problem. Avoidance of iced slush has been
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shown to reduce the incidence of phrenic nerve paresis. Systemic hypother-
mia has also been associated with abnormal diaphragmatic function.4,5

b. The phrenic nerve may be injured directly during proximal dissection of the
internal thoracic artery (ITA) in the upper mediastinum, especially on the
right side.2,6,7 It may also be damaged when making a V incision in the peri-
cardium to allow for better lie of the ITA pedicle. Phrenic nerve devascular-
ization with ligation of the pericardiophrenic artery at the upper extent of the
dissection may also be contributory, especially in diabetics.8,9 Nonetheless, not
all studies have identified ITA harvesting as a causative factor.3

2. Presentation
a. Most patients with unilateral phrenic nerve paresis have few respiratory symp-

toms and are extubated uneventfully. Difficulty weaning, shortness of breath,
and the requirement for reintubation may be noted in patients with severe
chronic obstructive pulmonary disease (COPD).

b. Bilateral phrenic nerve palsy usually produces tachypnea, paradoxical abdom-
inal breathing, and CO2 retention during attempts to wean from mechanical
ventilation.

c. Note: Consideration should always be given to the possibility of an elevated
left hemidiaphragm when a left pleural effusion is present. The position of the
gastric bubble should identify the position of the diaphragm. A decubitus film
may identify the size of the effusion. The location of the diaphragm must be
given careful thought before a thoracentesis or tube thoracostomy is per-
formed.

3. Evaluation 
a. Chest x-ray will demonstrate an elevated hemidiaphragm at end-expiration

during spontaneous ventilation, most commonly on the left side. This will not
be evident during mechanical ventilation. An elevated hemidiaphragm may
be difficult to appreciate if basilar atelectasis or a pleural effusion is present.

b. Diaphragmatic fluoroscopy (“sniff test”) will demonstrate paradoxical upward
motion of the diaphragm during spontaneous inspiration if unilateral paraly-
sis is present (Kienböck’s sign).

c. Ultrasonography will show a hypokinetic, immobile, or paradoxically moving
diaphragm during respiration.

d. Transcutaneous phrenic nerve stimulation in the neck with recording of
diaphragmatic potential over the 7th and 8th intercostal spaces can measure
phrenic nerve conduction velocities and latency times.10 This is helpful in
assessing whether phrenic nerve dysfunction may be a contributing factor to
a patient’s respiratory problems.

e. Transdiaphragmatic pressure measurements can be used to make the diagno-
sis in patients with bilateral phrenic nerve palsies.8

4. Treatment is supportive until phrenic nerve function recovers, which may take
up to 2 years. One study of patients with COPD found that nearly 25% of
patients had persistent pulmonary problems with a decreased quality of life at
midterm follow-up.11 Diaphragmatic plication can provide significant sympto-
matic and objective improvement in patients with marked dyspnea from unilat-
eral paralysis. This can performed via a thoracotomy or laparoscopically.12

Ventilatory support is usually necessary for patients with bilateral involvement.
Some patients can be treated at home with a cuirass respirator or a rocking bed.
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E. Pulmonary embolism is very uncommon in patients undergoing open-heart sur-
gery, with an incidence of about 1–2%.13 The risk is quite low because of systemic
heparinization and hemodilution during surgery and the presence of thrombocy-
topenia and platelet dysfunction in the early postoperative period. There have been
concerns that off-pump surgery is associated with a prothrombotic state that may
predispose to pulmonary embolism, but this has not been well studied.14

1. Risk factors for pulmonary embolism are generally those associated with an
increased risk of DVT of the lower extremities.
a. Prolonged bed rest before and after surgery
b. Recent groin catheterization
c. Hyperlipidemia, which is associated with a hypercoagulable state and platelet

activation
d. Postoperative congestive heart failure (CHF)

2. Prevention. Elastic graded compression stockings (TEDs stockings) should be
placed after the initial leg dressing and ace wraps are removed. Few, if any, stud-
ies have examined any benefits of these stockings compared with placebo in car-
diac surgery patients. However, it has been reported that there is no additional
benefit of adding sequential compression devices (Venodyne) to these stockings,
with an incidence of DVT of nearly 20% in both groups.13,15 Another study
showed that the incidence of pulmonary embolism was reduced by 60% (from
4% to 1.5%) by adding these devices to use of subcutaneous heparin.16 Thus, it is
not unreasonable to use compression devices and SC heparin in the high-risk
patient who is poorly mobilized after surgery.

3. Manifestations. Pleuritic chest pain and shortness of breath are usually present.
The acute onset of these symptoms distinguishes them from typical postopera-
tive respiratory symptoms. The new onset of atrial fibrillation (AF), sinus tachy-
cardia, or fever of unknown origin may be clues to the diagnosis.

4. Assessment. Arterial blood gases, chest x-ray, ECG, and spiral CT scanning
should be obtained.17 The presence of a low arterial oxygen saturation is nonspe-
cific but may be compared with values obtained early in the postoperative course.
A positive venous noninvasive study of the lower extremities in association with
respiratory symptoms and hypoxia is suggestive evidence of a pulmonary
embolism and should prompt further evaluation.

5. Treatment entails bed rest and anticoagulation with IV heparin for one week,
followed by warfarin for 6 months. Thrombolytic therapy is contraindicated
because of the recent sternotomy incision. A vena cava filter is recommended
because of the high risk of recurrence despite anticoagulation and should be per-
formed if anticoagulation is contraindicated. Interventional methods, including
suction embolectomy and fragmentation therapy, or even emergency surgery may
be necessary in the rare patient suffering a massive pulmonary embolism with
refractory cardiogenic shock.18

V. Cardiac Care and Complications
A. Upon transfer to the postoperative floor, the patient should be attached to a teleme-

try system to continuously monitor the heart rate and rhythm for several days. Vital
signs are obtained every shift if the patient is stable but more frequently if the
patient’s heart rate, rhythm, or blood pressure is abnormal or marginal.
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B. The evaluation and management of complications noted most frequently in the 
ICU are presented in Chapter 11. These include low cardiac output states, perioper-
ative infarction, cardiac arrest, coronary spasm, hypertension, and arrhythmias. This
section will discuss several cardiac problems commonly noted during subsequent
convalescence.

C. Arrhythmias and conduction problems
1. Atrial arrhythmias are the most common complication of open-heart surgery,

occurring with a peak incidence on the second or third postoperative day.
Although some patients become symptomatic with light-headedness, fatigue, or
palpitations, most have no symptoms and are noted to be in AF or atrial flutter
on the ECG monitor. Treatment entails rate control, attempted conversion to
sinus rhythm, and anticoagulation if AF persists or recurs. Management protocols
are discussed in detail on pages 427–435 and in Box 11.4 on page 431.

2. Ventricular arrhythmias are always of concern because they may be attributable
to myocardial ischemia or infarction and may herald cardiac arrest. Low-grade
ectopy or nonsustained ventricular tachycardia with normal ventricular function
does not require aggressive therapy. In contrast, ventricular tachycardia with
impaired left ventricular (LV) function requires further evaluation and probable
implantable cardioverter-defibrillator placement. These issues are discussed on
pages 439–441.

3. Temporary pacemaker wires are routinely removed on POD #3 but may be
required for persistent complete heart block, sinus bradycardia, lengthy sinus
pauses, or a slow ventricular response to AF. Patients undergoing valve surgery
are more prone to conduction disturbances and more frequently require implan-
tation of a permanent pacemaker.19 Patients with sick sinus or tachybrady syn-
drome may have a rapid ventricular response to AF intermixed with a slow sinus
mechanism that limits use of β-blockers. A permanent pacemaker system should
be considered if these problems persist beyond 3 days. However, studies have
shown that pacemaker dependence often resolves within a few months in
patients in whom pacemakers are placed unless the indication was complete heart
block.19,20

D. Hypertension. Blood pressure tends to return to its preoperative level several days
after surgery once myocardial function has returned to baseline and the patient has
been mobilized. A decrease in systolic blood pressure from preoperative levels may be
noted in patients experiencing a perioperative infarction. In contrast, patients with
aortic stenosis may develop significant systolic hypertension following aortic valve
replacement. Oral medications must be substituted for the potent intravenous drugs
used in the ICU. If blood pressure was well-controlled before surgery, the same med-
ications should usually be restarted. Other considerations when selecting an antihy-
pertensive medication include:
1. Poor ventricular function: use one of the angiotensin-converting enzyme (ACE)

inhibitors (see Appendix 8).
2. Sinus tachycardia with good LV function, evidence of residual myocardial

ischemia: use a β-blocker.
3. Coronary spasm or use of a radial artery graft: use a nitrate or calcium channel

blocker (diltiazem, verapamil, nicardipine). These are excellent first-line medica-
tions to use in patients without significant ventricular dysfunction.
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E. Hypotension may develop after transfer to the floor and should be evaluated using
the differential diagnosis of shock or a low cardiac output state (see Chapter 11).
Specific considerations several days after surgery include:
1. Hypovolemia: usually from aggressive diuresis, especially when profound anemia

is present.
2. β-blockers used prophylactically to prevent AF.
3. Arrhythmias, especially AF/atrial flutter, and the medications used to manage

them that can also lower the blood pressure (β-blockers, calcium channel blockers).
4. Aggressive use of antihypertensive medications: often from restarting the patient

on their preoperative dose of antihypertensive medication, but occasionally in a
patient who receives medications for hypertension associated with pain and sym-
pathetic overactivity that then resolve.

5. Myocardial ischemia/infarction.
6. Always consider the possibility of delayed cardiac tamponade, especially, but not

exclusively, in patients on anticoagulation (see section G below).
F. Recurrent myocardial ischemia. The development of recurrent angina or new

ischemic ECG changes postoperatively always requires careful evaluation and treat-
ment. Manifestations may include a low-output state, CHF and pulmonary edema,
myocardial infarction, ventricular arrhythmias, or cardiac arrest.
1. Etiology

a. Acute graft occlusion
b. Hypoperfusion from anastomotic narrowing or inadequate flow (replacing a

moderately diseased vein graft with a small ITA at reoperation)
c. Unbypassed, diseased coronary arteries (incomplete revascularization)
d. Coronary vasospasm

2. Evaluation
a. Empiric use of a nitrate and/or calcium channel blocker may be helpful for

ischemia or spasm and can be diagnostic.
b. Urgent coronary arteriography should be considered when there are significant

ECG changes. It may identify a technical problem with a graft or confirm the
diagnosis of spasm.

c. A stress imaging study can be performed to identify the presence of myocar-
dial ischemia and differentiate between ischemic and nonischemic causes of
chest pain.

3. Treatment
a. Intensification of a medical regimen with nitrates and β-blockers is indicated.
b. If a technical problem with a graft is identified, percutaneous coronary inter-

vention is often the best course. If this is not feasible, but a major area of
myocardium is in jeopardy, and the patient has not suffered a significant MI,
reoperation can be considered. Not uncommonly, however, the coronary vessels
supplying the ischemic zone are small and diffusely diseased, leaving small areas
of the heart potentially ischemic. These vessels may not have been considered
bypassable, or the graft flow was limited by small vessel size and runoff.

c. The long-term results of coronary bypass surgery are influenced by the devel-
opment of atherosclerotic disease in bypass conduits, unbypassed native arter-
ies, or native arteries beyond the bypass sites. Factors that can improve these
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results include use of the ITA, abstinence from smoking, control of hypercho-
lesterolemia, and indefinite use of aspirin (use for 1 year will improve vein graft
patency).21 The late development of ischemia has also been attributed on rare
occasion to a coronary steal syndrome, either from a coronary-subclavian steal
or an ITA–pulmonary artery fistula.22

G. Delayed tamponade. Pericardial effusions are noted in nearly 50% of patients
following surgery but usually resolve completely. A small percentage of patients have
effusions that gradually increase in size and produce a low cardiac output state and
tamponade.23,24 This may be noted within the first week of surgery or several weeks
later. Suspicion of this problem must remain high because symptoms often develop
insidiously and are frequently difficult to differentiate from those noted in patients
recovering slowly from surgery. This is one of the most serious yet most potentially
correctable of all postoperative problems.
1. Etiology

a. Use of antiplatelet agents (aspirin, clopidogrel) or anticoagulant drugs (heparin,
warfarin) can cause slow intrapericardial bleeding from any source (soft tissues,
raw pericardium, sutures lines).25 This may occur even if the patient had min-
imal bleeding in the immediate postoperative period.

b. Acute hemorrhage occurring after the chest tubes have been removed may
occur from a right ventricular or atrial tear during removal of pacing wires.
Rarely, a patient may develop a delayed rupture of an infarct zone or LV rup-
ture from a mitral valve prosthesis.

c. Late serous or serosanguineous effusions may develop from postpericardiotomy
syndrome. Use of a nonsteroidal antiinflammatory drug (NSAID), such as
diclofenac, may reduce the inflammatory response and lower the incidence of
pericardial effusions.26

2. Presentation. Acute hemorrhage will present with refractory hypotension and
often the clinical picture of acute cardiac tamponade. The classic picture of
delayed tamponade is a low-output state manifested by malaise, shortness of
breath, chest discomfort, anorexia, nausea, or a low-grade fever. These symptoms
are frequently ascribed to medications or simply a slow recovery from surgery.
Jugular venous distention, a pericardial rub, progressive orthostatic hypotension,
tachycardia (often masked by use of β-blockers), and a pulsus paradoxus are often
noted. Occasionally, the first sign is a decrease in urine output with rise in BUN
and creatinine caused by progressive renal dysfunction from the low-output state.

3. Evaluation. A chest x-ray may reveal enlargement of the cardiac silhouette; how-
ever, frequently the chest x-ray is normal, depending on the site and rapidity of
blood accumulation. Two-dimensional echocardiography can identify the pericar-
dial effusion, confirm tamponade physiology (which may produce compression of
individual cardiac chambers),27 and assess the status of ventricular function
(Figure 13.1). A surface echo often has limitations in obtaining certain acoustic
windows that may be related to the patient’s body habitus. Thus, it will occasion-
ally not identify an effusion. If clinical suspicion remains high and the transtho-
racic image is suboptimal, TEE should be strongly considered.

4. Treatment
a. Mediastinal exploration is indicated for active bleeding.
b. Pericardiocentesis is the least invasive means of draining a large effusion that

has produced cardiac tamponade. This is usually performed in the cardiac
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Figure 13.1 • Two-dimensional echocardiograms of significant postoperative pericardial
effusions. (A) Transthoracic study in the parasternal long-axis view demonstrating a significant
posterior effusion. (B) A transesophageal study in the transgastric short-axis view. Note the
circumferential pericardial effusion that prevents adequate ventricular filling. Evidence of dias-
tolic collapse will confirm the hemodynamic significance of the effusion. (Image courtesy of 
Dr. Jeffrey T. Kuvin, Division of Cardiology, Tufts-New England Medical Center.)

(B)

(A)

catheterization laboratory under ECG or two-dimensional echocardiographic
guidance.28

c. Subxiphoid exploration should be considered when the echocardiogram sug-
gests that the fluid collection cannot be successfully approached percuta-
neously (usually a posterior collection) or when it is loculated. If this approach
is ineffective in draining the effusion, the entire sternal incision may need to
be opened.
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d. A pericardial “window” or limited pericardiectomy through a left thoracotomy
approach should be considered for loculated posterior effusions or recurrent
effusions several weeks after surgery.

e. Antiinflammatory medications or steroids can be used for large effusions
attributable to PPS that have not produced hemodynamic compromise.

H. Postpericardiotomy syndrome has been reported in 15–20% of patients following
open-heart surgery and is considered to represent an autoimmune inflammatory
response.29–31 It may occur within the first week of surgery or several weeks to months
later. PPS is more common in younger patients and those with a history of pericarditis
or steroid usage. It must be aggressively managed because it may contribute to cardiac
tamponade, early vein graft closure, or constrictive pericarditis. Use of prophylactic
NSAIDs or colchicine (1.5 g/day) after surgery may reduce the incidence of PPS.26,32

1. Presentation. Fever, malaise, precordial chest pain, arthralgias, and a pericardial
rub are the diagnostic criteria. A pleural or pericardial effusion is usually present.

2. Evaluation. Lymphocytosis, eosinophilia, and an elevated ESR are noted, but a
fever workup is negative. Effusions are usually demonstrable by chest x-ray and
echocardiography. In one study, the presence of cardiac muscle antibody correlated
with PPS, but results of another study suggested that anti-heart antibodies may
reflect an immune response to pericardial or myocardial injury, rather than being
causally related.31,32

3. Treatment
a. Diuretics and aspirin should be used as the initial treatment. If there is

minimal symptomatic relief, a 1-week course of an NSAID, such as ibuprofen
400 mg qid, is 90% effective. Aspirin should be stopped if this is used to min-
imize gastric irritation. Prednisone can be used if symptoms persist. It should
be noted that regular use of NSAIDs (especially ibuprofen) may inhibit the
cardioprotective antiplatelet effect of aspirin.33

b. Pericardiocentesis may be necessary to drain a large symptomatic pericardial
effusion.

c. Pericardiectomy is recommended for recurrent large effusions.
I. Constrictive pericarditis is a late complication of cardiac surgery that is rare despite

the development of dense adhesions that form in the mediastinum following surgery.
It has been noted in patients with undrained early postoperative hemopericardium,
use of warfarin, early PPS, and previous mediastinal radiation.34

1. Presentation. The patient will note the insidious onset of dyspnea on exertion,
chest pain, and fatigue. Peripheral edema and jugular venous distention are com-
mon, but pulsus paradoxus is uncommon.

2. Evaluation
a. Chest x-ray is frequently normal in the absence of a pericardial effusion.
b. Two-dimensional echocardiography will demonstrate pericardial thickening

and occasionally a small pericardial effusion.
c. A CT scan usually documents a thick pericardium and the presence of peri-

cardial fluid.
d. Right heart catheterization provides the most definitive information. It docu-

ments the equilibration of diastolic pressures and demonstrates a diastolic dip-
plateau pattern (“square root” sign) in the right ventricular pressure tracing (see
Figure 1.20). On occasion, significant fluid overload produces hemodynamics
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consistent with constriction, when in fact there is no pathoanatomic evidence
of epicarditis or thick pericardium other than the standard postoperative
scarring.

3. Treatment. Pericardiectomy is indicated for clinically significant constriction. It
is best performed through a sternotomy incision, which allows for adequate
decortication of the right atrium and ventricle and much of the left ventricle. It
also allows for the institution of cardiopulmonary bypass (CPB) in the event of a
difficult or bloody operation. Relief of epicardial constriction is difficult and may
result in surgical damage to bypass grafts or significant bleeding. A “waffle” or
“turtle shell” procedure is performed with criss-crossing incisions made in the
epicardial scar to relieve the constriction.

VI. Renal, Metabolic, and Fluid Management
and Complications
A. Routine Care

1. Most patients are still substantially above their preoperative weight when trans-
ferred to the postoperative floor. Comparison of the patient’s preoperative weight
with daily weights obtained postoperatively is a guide to the use of diuretics to
eliminate excess fluid. Achievement of dry body weight may require more
aggressive diuresis if CHF was present before surgery. In the chronically ill
patient, preoperative weight may be achieved despite fluid overload due to poor
nutrition.

2. Dietary restriction (sodium and water) need not be overly strict in most cases.
With the availability of potent diuretics to achieve negative fluid balance and the
common problem of a poor appetite after surgery, it is more important to pro-
vide palatable food without restriction to improve the patient’s caloric intake.

3. If a patient required diuretics before surgery (especially valve patients and those
with poor myocardial function), it is advisable to continue them upon discharge
from the hospital even if preoperative weight has been attained.

B. Transient renal failure (see also Chapter 12). Patients with some element of
preoperative renal dysfunction, severe hypertension, postoperative low cardiac out-
put syndromes, or those requiring substantial doses of vasopressors may show
evidence of gradual, progressive renal dysfunction. Diuretics are useful in reducing
the immediate postoperative fluid overload and preventing the development of olig-
uric renal failure. However, postoperative management can be very difficult on the
postoperative floor when methods of monitoring intravascular volume are limited.
While diuretics are given to create a negative fluid balance, adequate intravascular
volume must be maintained to prevent prerenal azotemia without producing
pulmonary edema.
1. A common scenario is gradual elevation in the BUN and creatinine with low

serum sodium, reflective of persistent total body water and salt overload.
Medications must be adjusted to allow the hypertensive patient’s blood pressure
to rise to higher levels than normal. ACE inhibitors should be withheld, and
diuretics must be used gently, if at all, to maintain adequate intravascular volume.
If the patient was aggressively diuresed and has a poor appetite, additional
hydration may be necessary. In most patients, the renal dysfunction is transient
as long as the cardiac output remains satisfactory.
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2. If fluid retention persists, contributing to respiratory compromise, and the BUN
continues to rise, further evaluation and treatment are indicated. On occasion,
medications (such as Bactrim) or an obstructive uropathy may be the cause of an
unexplained rise in creatinine. However, a rising BUN and creatinine of unclear
cause, especially when associated with new-onset oliguria, should always raise
the suspicion of delayed tamponade. An echocardiogram should be obtained to
assess myocardial function and rule out tamponade. The patient may require
return to the ICU for intravenous inotropic support, ultrafiltration, or dialysis.

C. Hyperkalemia usually occurs in association with renal dysfunction. Its manifesta-
tions and treatment are discussed on pages 491–492. Particular attention should be
directed to stopping any exogenous potassium intake or ACE inhibitors and reeval-
uating renal function.

D. Hyperglycemia in diabetics is a common postoperative problem. The blood glucose
level may be elevated due to residual elevation of the counterregulatory hormones
(glucagon, cortisol) after surgery. Stringent control of blood sugar during the early
postoperative period not only reduces the incidence of wound infection but also
reduces operative mortality (Appendix 6).35–37 Once the patient is transferred to the
floor, frequent fingersticks should be obtained (usually before meals and at bedtime)
to assess the adequacy of blood sugar control.
1. Insulin resistance is commonly noted during the early postoperative period.

Patients with type 1 diabetes mellitus should have their insulin doses gradually
increased back to preoperative levels depending on oral intake and blood glucose
levels. It is preferable to use a lower dose of intermediate-acting insulin initially
and supplement it with regular insulin as necessary.

2. Oral hypoglycemics can be restarted once the patient has an adequate oral
intake, usually starting at half the preoperative dose, and increasing the dose
depending on oral intake and blood sugars.

E. Other electrolyte and endocrine complications are fairly unusual once the patient
has been transferred to the postoperative floor. Chapter 12 discusses the evaluation
and management of some of these problems.

VII. Hematologic Complications and 
Anticoagulation Regimens
A. Anemia

1. Despite the obligatory hemodilution associated with CPB, use of effective
blood conservation strategies has reduced the requirements for perioperative
blood transfusions. Furthermore, off-pump surgery is associated with a reduced
transfusion requirement. Generally, the HCT should be maintained around
20% during CPB and then at least 22–24% postoperatively. However, transfu-
sion to a higher HCT should be considered for elderly patients, those who feel
significantly weak and fatigued, and those with ECG changes, hypotension, or
significant tachycardia.

2. Although the HCT may rise gradually with postoperative diuresis, it frequently
will not increase because of the shortened red cell life span caused by extracor-
poreal circulation and the loss of 30% of transfused red cells within 24 hours of
transfusion.
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3. Any patient with an HCT below 30% should be placed on iron therapy (ferrous
sulfate or gluconate 300 mg tid for 1 month) at the time of discharge.
Exogenous iron may not be necessary, however, if the patient has received mul-
tiple transfusions because of the storage of iron from hemolyzed cells.

4. Consideration may also be given to use of recombinant erythropoietin (Epogen)
to stimulate red cell production (50–100 U/kg SC tiw).

B. Thrombocytopenia is caused by platelet destruction and hemodilution during
extracorporeal circulation, but platelet counts gradually return to normal within
several days. Impaired hemostasis noted in the early postoperative period is caused
more commonly by platelet dysfunction induced by CPB, although it is attenuated
somewhat by the use of the antifibrinolytic drugs.
1. Etiology

a. Platelet activation or dilution during CPB
b. Excessive bleeding without platelet replacement therapy 
c. Use of the intraaortic balloon pump (IABP) 
d. Medications that may reduce the platelet count, such as heparin or inamri-

none
2. Treatment. Platelet transfusions are indicated:

a. When the platelet count is less than 20,000–30,000/µL
b. For ongoing bleeding when the platelet count is < 100,000/µL. Platelet

administration may be considered when the platelet count is higher if
platelet dysfunction is suspected.

c. For a planned surgical procedure (such as a percutaneous IABP removal)
when the platelet count is < 60,000/µL.

3. Note: Platelet counts must be monitored on a daily basis in any patient receiv-
ing heparin. A falling platelet count or heparin resistance may be an indication
for in vitro aggregation testing to identify heparin-induced thrombocytopenia.

C. Heparin-induced thrombocytopenia (HIT) is a very serious complication of
heparin therapy that may result in profound thrombocytopenia and widespread
arterial and venous thrombosis. It carries a 20–30% mortality.38

1. Classification
a. Type 1 HIT is a common entity that is not immune-mediated. Mild throm-

bocytopenia usually develops within 48 hours of initiating heparin. For a
patient with a normal platelet count, the count rarely falls below 100,000 and
heparin can usually be continued. However, in the postcardiac surgical
patient with a reduced platelet count, the platelet count will generally fall to
lower levels. The timing of onset of the thrombocytopenia and its pattern
should be taken into consideration when deciding if this problem is benign
or more consistent with type 2 HIT. Generally, if the postoperative platelet
count continues to fall, especially to levels less than 70,000 (in a nonbleed-
ing patient), type 2 HIT should be considered and all heparin should be
stopped.

b. Type 2 HIT is an immune-mediated phenomenon that is caused by the
formation of IgG antibodies that bind to the heparin–platelet factor 4 (PF4)
complex, producing platelet activation. This results in release of procoagulant
microparticles that lead to thrombin generation. It also causes release of PF4,
promoting more platelet activation. Antibody binding to glycosaminoglycans
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on the surface of endothelial cells leads to endothelial cell damage and tissue
factor expression. This procoagulant milieu promotes arterial and venous
thrombosis in about 30% of patients, including stroke, myocardial infarction,
mesenteric thrombosis, and DVT. Antibodies form more commonly after
administration of beef lung heparin, and are 8–10 times more likely to devel-
op using unfractionated heparin than low-molecular-weight heparin.

2. Diagnostic considerations. Type 2 HIT is diagnosed by the combination of throm-
bocytopenia and the presence of heparin antibodies. These are most reliably iden-
tified by a serologic test (enzyme-linked immunosorbent assay [ELISA]) that
detects the presence of heparin-PF4 antibodies (although it may be positive in
patients without clinical HIT), and by the serotonin release assay (SRA). Both of
these tests have greater than 90% sensitivity, although the SRA is more specific.
The heparin-induced platelet aggregation (HIPA) test is less sensitive.

3. Clinical patterns of type 2 HIT
a. The platelet count declines by 50% or more starting about 5–10 days after

the initiation of heparin therapy, but may occur within 10 hours if the
patient had received heparin within the past 100 days.39 This is due to the
presence of antibodies in the serum, rather than an amnestic response. In
approximately 30% of patients, HIT will not occur until there is a heparin
rechallenge when it may develop very abruptly.

b. Thrombocytopenia usually occurs when the patient is still receiving heparin,
since the antibody must bind to the heparin-PF4 complex. However, there
are reports of delayed cases of HIT occurring several days after the heparin
infusion has been stopped.

c. Approximately 50% of patients will develop HIT antibodies after cardiac
surgery, although type 2 HIT occurs in only about 2%. Nonetheless, due to
the high morbidity and mortality of HIT, progressively falling platelet
counts should always raise the suspicion of type 2 HIT, prompting appro-
priate diagnostic testing and therapy, as delineated below.

d. Because HIT antibodies are so common and are usually not associated with
thrombocytopenia (serologic HIT), their mere presence is of unclear signif-
icance. It is not known whether the development of HIT antibodies subse-
quent to catheterization has any clinical relevance at the time of cardiac
surgery. Theoretically, these patients would be more susceptible to HIT
with a heparin rechallenge at surgery, but this has not been confirmed. One
study reported that 22% of patients developed antibodies after catheteriza-
tion, which were primarily low-titer IgM antibodies; in fact, 61% developed
antibodies after surgery, yet HIT did not develop in any patient.40 In anoth-
er study, antibodies were detected by ELISA in 19% of patients prior to
cardiac surgery (in 35% who received heparin during that hospital stay) and
in 51% after surgery, yet there was no difference in platelet count between
those with positive antibodies and those without.41 Because of the high inci-
dence of positive tests for low-titer antibodies in the absence of thrombocy-
topenia, there is no indication for preoperative HIT testing after prior
heparin exposure unless thrombocytopenia is also present.

e. Heparin antibodies usually clear within 120 days and usually do not reform
upon heparin rechallenge. Thus, if a patient with HIT does not require
urgent surgery, it is best to wait until the antibody is no longer detectable.
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4. Management of type 2 HIT requires removal of all heparin from the patient
(including heparin flushes and heparin-coated pulmonary artery catheters) and
administration of alternative anticoagulation. These measures should minimize
the risk of thrombotic events and also provide anticoagulant protection for the
process for which heparin was initially indicated.
a. Warfarin should not be started immediately, because tissue necrosis from

microvascular thrombosis may occur due to depletion of the vitamin K-
dependent natural anticoagulant protein C.42 This has been noted in patients
who rapidly develop a supratherapeutic international normalized ratio (INR)
due to reduced protein C levels. Warfarin can be safely started after the
platelet count reaches 100,000 µg/dL.

b. Platelets should not be administered because they may promote thrombosis.
c. Lepirudin is a direct thrombin inhibitor that is the first choice of ther-

apy, although it must be used cautiously in patients with renal dysfunc-
tion. It is given as a 0.4 mg/kg load, followed by a continuous infusion of
0.15 mg/kg/h. It is monitored by the PTT, aiming for 1.5–2.5 times
baseline.43

d. Argatroban is a synthetic direct thrombin inhibitor that is preferred in
patients with renal dysfunction because it undergoes hepatic metabolism. It
is given starting at a dose of 2 µg/kg/min once heparin effect has been elim-
inated (usually 4 hours for unfractionated heparin and 12 hours after the last
dose of low-molecular-weight heparin). It is monitored by the PTT, aiming
for 1.5–3 times baseline. Conversion of argatroban to warfarin can be some-
what problematic because both affect the INR. Generally, warfarin should
be given in doses of 2.5–5 mg for 5 days of overlapping treatment. Once the
platelet count exceeds 100,000 and the INR is > 4, the argatroban should be
stopped. The INR should be rechecked in 4–6 hours. If the INR drops
below 2.0, the argatroban should be restarted.43

e. Bivalirudin is a direct thrombin inhibitor that produces reversible binding
to thrombin and has a short half-life of only 25 minutes. Although FDA-
approved only for coronary interventions in patients with unstable angina as
of late-2004, bivalirudin has been used as the preferential anticoagulant for
on- and off-pump coronary surgery in many centers for patients with type
II HIT. Advantages include 80% enzymatic metabolism (although some
modification is indicated in patients with renal dysfunction), nonimmuno-
genicity, and no effect on the INR. Thus, bivalirudin may be useful in the
treatment of HIT although dosing levels need to be defined. One recom-
mended dose is approximately 2 mg/kg/h to achieve a PTT of 1.5–2.0 times
baseline.44 Dosing for CPB and off-pump surgery is discussed on page 156.

f. Danaparoid is a heparinoid that has a low degree of reactivity with heparin
antibodies. It is given in a bolus dose of 2250 U anti-Xa, followed by 400
U/h × 4 hours, then 300 U/h × 4 hours, then a maintenance infusion of
150–200 U/h. It is monitored by anti-Xa levels, with the goal of achieving a
level of 0.5–0.8 U/mL.45 It is no longer available in the United States.

g. Recommendations for anticoagulation for CPB are presented on pages
154–156.46

D. Coronary bypass surgery. Antiplatelet therapy is recommended for 1 year to
increase saphenous vein graft patency. Aspirin is given by nasogastric tube
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starting 6 hours postoperatively and then taken orally in a dose of 75–325 mg qd.
Aspirin 75–162 mg qd should be given indefinitely to all patients, including
those receiving only arterial conduits, because of its beneficial effect on the sec-
ondary prevention of coronary events.21 Warfarin should be considered to improve
graft patency when an extensive coronary endarterectomy has been performed,
although there is little evidence that this is actually beneficial. Aspirin should be
given in low doses along with warfarin because of its antiplatelet effects.

E. Prosthetic heart valves (Table 13.2). Heart valves are more susceptible to throm-
boembolic complications during the first 3 months after implantation, during
which time warfarin is generally recommended. It is then continued indefinitely for
mechanical valves and converted to aspirin for tissue valves. Warfarin is continued
indefinitely if AF is present.47

1. Tissue valves
a. Aortic valves: The American College of Chest Physicians (ACCP) 2004

guidelines suggest that warfarin should be used for 3 months (target INR 2.5,

Warfarin Antiplatelet Drugs

AVR-mechanical Target INR of 2.5 (2.0–3.0) Aspirin 75–100 mg qd if
indefinitely (increase to high risk∗

3.0 if high risk∗)

AVR-tissue Target INR of 2.5 (2.0–3.0) Aspirin 75–100 mg qd
for 3 months or none if 
aspirin used

MVR-mechanical Target INR of 3.0 (2.5–3.5) Aspirin 75–100 mg qd if
indefinitely high risk∗

MVR-tissue or MV repair Target INR of 2.5 (2.0–3.0) Aspirin 75–100 mg qd after 
for 3 months; continue 3 mos
for 1 year if history of
systemic embolism;
indefinitely if atrial
fibrillation and left atrial
thrombus at time of
surgery

AVR-MVR-mechanical Target INR of 3.0 (2.5–3.5) Aspirin 75–100 mg qd
indefinitely

AVR-MVR-tissue Target INR of 2.5 (2.0–3.0) Aspirin 75–100 mg qd after
for 3 months 3 mos

Atrial fibrillation with Continue warfarin Aspirin 75–100 mg qd
any of above indefinitely

AVR = aortic valve replacement; MVR = mitral valve replacement
∗High risk = atrial fibrillation, myocardial infarction, enlarged left atrium, endocardial damage, low
ejection fraction, or history of systemic embolism despite therapeutic anticoagulation

Table 13.2  •  Recommended Anticoagulation Regimens for Prosthetic
Heart Valves
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range 2.0–3.0) to reduce the incidence of thromboembolism and should then
be converted to aspirin 75–100 mg qd. However, numerous studies have shown
that aspirin is just as effective as warfarin, and most surgeons follow the alter-
native recommendation of aspirin 80–100 mg/day following surgery.47–49

b. Mitral valves: Warfarin should be given for 3 months to achieve a target
INR of 2.5 (range 2.0–3.0) and should then be converted to aspirin 75–100 mg
qd if the patient is in sinus rhythm. Warfarin should be continued indefi-
nitely in high-risk patients with AF, an enlarged left atrium (> 50 mm in
diameter), or a history of thromboembolism. The decision to initiate heparin
if the INR is not therapeutic by the 4th or 5th postoperative day must be
individualized.

c. Mitral rings: Warfarin is commonly used after mitral valve repairs with ring
annuloplasties, but aspirin may suffice.

2. Mechanical valves 
a. Aortic valves: Patients receiving current-generation tilting-disc (Medtronic-

Hall) or bileaflet valves should receive warfarin indefinitely to achieve an
INR of 2.5 (range 2.0–3.0).

b. Mitral valves: Patients receiving current-generation mechanical valves should
receive warfarin indefinitely to achieve a target INR is 3.0 (range 2.5–3.5).

c. A target INR of 3.0 with the addition of aspirin 75–100 mg is recom-
mended for any patient with a mechanical valve and additional risk fac-
tors. These include AF, MI, an enlarged left atrium, endocardial damage,
a low EF, or if systemic embolism occurs despite the recommended
regimen.

d. Patients with double valves or Bjork-Shiley or Starr-Edwards valves in
either position should receive warfarin to achieve an INR of 3.0 (range
2.5–3.5) in combination with aspirin 75–100 mg/day.

e. The threshold for initiating postoperative heparin when the INR is not
therapeutic is lower for mechanical valves, especially when AF is present.
Most surgeons start heparin on POD #4, but they should remain cog-
nizant of the potential risks of aggressive postoperative anticoagulation,
especially delayed tamponade. Patients can usually be discharged when
the INR approaches the therapeutic range (1.8 for AVR and 2.0 for
MVR). To expedite discharge of patients at higher risk of thromboem-
bolism, low-molecular-weight heparin 1 mg/kg SC can also be given for
a few days.

3. Dosing and overanticoagulation.50 The dosing of warfarin should be carefully
individualized to avoid rapid overanticoagulation. An initial dose of 5 mg is
given to most patients. However, 2.5 mg should be given to small elderly
women, patients with hepatic dysfunction, patients with chronic illness, and
those receiving antibiotics or amiodarone. Potential dangers of overanticoagu-
lation include cardiac tamponade from intrapericardial bleeding, and gastroin-
testinal, intracranial, or retroperitoneal hemorrhage.
a. If the patient is bleeding with an elevated INR, fresh frozen plasma is indi-

cated. If the INR is significantly elevated, vitamin K 5–10 mg IV should be
given slowly and repeated q12h.

b. If the patient has no evidence of bleeding, general recommendations for
treatment of the overanticoagulated patient are as follows:
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i. INR > 10: hold warfarin, give vitamin K 3–5 mg PO (INR should fall
within 24–48 hours) and consider fresh frozen plasma.

ii. INR of 5–9: hold warfarin for 1–2 days and restart when INR is < 4;
alternatively, one dose of warfarin may be omitted and 1–2.5 mg of
vitamin K may be given orally.

iii. INR of 4–5: omit one dose or reduce the dose of warfarin for a few days.
c. Vitamin K given in small oral doses can reduce the INR to a therapeutic

level within a few days and is usually the best approach when withholding
of warfarin does not reduce the INR. Large doses of IV vitamin K will
produce more rapid reversal of the INR, but may lead to warfarin resistance
and should be avoided. Nonetheless, if the INR becomes subtherapeutic
(which is usually safer than a markedly elevated INR), heparin can be given
until the INR rises to the therapeutic range.

VIII. Wound Care and Infectious Complications
A. General Comments

1. Prophylactic antibiotics should be given for 36–48 hours starting just before
surgery. First- or second-generation cephalosporins (cefazolin or cefamandole)
are commonly used because of their effectiveness against gram-positive cocci.
Vancomycin is substituted if there is a penicillin allergy. Even though van-
comycin is probably the most effective antibiotic in preventing sternal wound
infections, its use should be confined to patients receiving prosthetic material
(valves, grafts) because of its added cost and the risk of promoting the growth
of resistant organisms (i.e., vancomycin-resistant enterococci).51,52

2. Antibiotics can be stopped if chest tubes, the endotracheal tube, Foley
catheter, or even an IABP remain in place. Prolonging antibiotic therapy for
several days while an IABP is in place does not reduce the risk of infection.53

3. Wounds closed with subcuticular sutures and covered with 2-octylcyanoacry-
late adhesive (Dermabond) at the conclusion of surgery do not require dress-
ing coverage. Otherwise, the wound should be cleansed and covered with a
dressing every day for the first three postoperative days. Subsequent coverage
is not necessary unless drainage is noted. All drainage should be cultured and
sterile occlusive dressings applied.

B. Nosocomial infections develop in 10–20% of patients undergoing cardiac
surgery. Such infections may produce bacteremia, but most commonly affect the
surgical sites as well as the respiratory and urinary tracts. They commonly increase
the length of stay and, because of their association with multisystem organ failure,
they increase operative mortality by 4–5 fold.54–57

1. Risk factors include:
a. Comorbidities: older age, females, diabetes, obesity
b. Nasal carriage of Staphylococcus aureus
c. Operative factors:

•  Long complex operations
•  Urgent surgery
•  Reoperations

d. Postoperative factors:
•  Prolonged mechanical ventilation (predisposes to pneumonia, which

occurs in about 5% of patients)55
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•  Prolonged duration of indwelling Foley catheter (UTI)
•  Empiric use of broad-spectrum antibiotics (pneumonia)
• Low cardiac output syndrome
•  Postoperative stroke
•  Hyperglycemia
• Requirement for blood transfusions (pneumonia) 58–60

2. Preventive measures that may reduce the incidence of nosocomial infections
include:61,62

a. Hand washing by the health care team.
b. Chlorhexidine gluconate 0.12% oral rinse: one study showed that peri-

operative use of this solution reduced the incidence of nosocomial respira-
tory infections by 70% and also reduced mortality rate in cardiac surgical
patients.63

c. Early removal of invasive catheters, especially central lines, upon suspicion
of infection.1

d. Avoidance of empiric use of broad-spectrum antibiotics and prolonged use
when no longer necessary. One study showed that early postoperative
pneumonia was usually caused by organisms that colonized the respiratory
tract prior to surgery. However, prolonged use of antibiotics was ineffective
in reducing the incidence of pneumonia.64

e. Aggressive ventilatory weaning protocols to reduce the duration of
mechanical ventilation and other steps to avoid ventilator-associated pneu-
monia (see pages 320–321). Selective decontamination of the gut has
arguably been effective in reducing this problem.

f. Raising the threshold for blood transfusions (transfuse if HCT < 26%)
3. The treatment of a nosocomial infection requires appropriate antibiotic selec-

tion for the organism involved and also a recognition of the appropriate time
course of treatment. Prolonged treatment is often unnecessary and may lead to
the development of resistant strains or fungal infections, and not infrequently
to hepatic or renal dysfunction. When a gram-positive bacteremia occurs in a
patient with a prosthetic heart valve, a 6-week course of treatment for pre-
sumed endocarditis may be indicated. In complex situations, infectious disease
consultation is essential.

C. Sepsis
1. Clinical features. Sepsis resulting in hemodynamic compromise and multi-

system organ failure is a very uncommon, yet highly lethal, complication of
cardiac surgery. It is usually noted in critically ill patients who remain in the
ICU with multiple invasive monitoring lines, have respiratory complications,
and preexisting or imminent renal dysfunction. It may complicate the delayed
diagnosis of a sternal wound infection.

2. Management. Aggressive ICU-directed, goal-oriented therapy may be able to
reduce the high mortality associated with sepsis.65 Important features of this
approach include:
a. Optimization of hemodynamics with early aggressive fluid resuscitation,

inotropic support, and selective use of vasoconstrictors (initially α-agents,
and then vasopressin if necessary). This should be assessed by adequate
hemodynamic monitoring (PA catheter and central or mixed venous oxygen
saturations aiming for an oxygen saturation > 70%).
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b. Initiation of broad-spectrum antibiotic coverage after panculturing with
prompt modification to cover the specific organism isolated.

c. Low tidal volume ventilation if ARDS develops; minimizing sedation to
promote early extubation.

d. Early aggressive use of renal replacement therapies (CVVH).
e. Tight control of blood sugars (in the 100–120 mg/dL range).
f. Adequate nutrition, preferably by the enteral route.
g. DVT prophylaxis (pneumatic compression devices, possibly SC heparin).
h. Stress ulcer prophylaxis (sucralfate, proton pump inhibitors).
i. Low-dose stress steroids may be considered in patients with documented

inadequate response to an ACTH challenge.
j. Recombinant activated protein C (drotrecogin alfa [Zigris]) has reduced

mortality in patients with severe sepsis associated with organ system dys-
function by modulating the inflammatory and fibrinolytic responses to
sepsis. It should only be considered in severely ill patients after infectious
disease consultation.

D. Sternal wound infections complicate about 1% of cardiac surgical procedures
performed via a median sternotomy and are associated with significant mortality
(> 20%). Coagulase-negative Staphylococcus and S. aureus are the most common
pathogens encountered despite the use of prophylactic antibiotics specifically
directed at these organisms. Sternal infections are a major source of physical, emo-
tional, and economic stress, although advances in plastic surgical coverage tech-
niques have improved results dramatically.
1. Risk factors. Several risk models have been devised to predict the risk of

developing mediastinitis (Society of Thoracic Surgeons [STS], Northern New
England Cardiovascular Study Group; see page 116).66, 67 Among the risk fac-
tors identified in these and other studies are the following:66–74

a. Comorbidities: obesity, diabetes, COPD, renal dysfunction, peripheral
vascular disease (PVD), older age, impaired nutritional status (low serum
albumin)

b. Surgical considerations
•  Emergency surgery
•  Reoperations
•  Bilateral ITA use in diabetics (controversial)75–78

•  Prolonged duration of bypass or surgery
c. Postoperative complications

•  Excessive mediastinal bleeding, reexploration for bleeding, multiple
transfusions

•  Prolonged ventilatory support (usually in patients with COPD who are
actively colonized)

•  Low cardiac output states
•  Poorly controlled blood sugars in the ICU36

2. Prevention. Several measures can be taken to reduce the risk of infection.79–83

a. Preoperative measures
i. Identify and manage preexisting infections (pneumonia, urinary tract,

skin)
ii. Hibiclens wash several times the night before surgery.80
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iii. Hair clipping just prior to surgery.81

iv. Administer an adequate dose of antibiotics prior to skin incision.
Commonly used antibiotics include cefazolin 1 g (2 g may be prefer-
able in larger patients) or vancomycin 15 mg/kg.82,83

v. Intranasal mupirocin to reduce nasal carriage of staphylococcal
organisms.84

b. Intraoperative measures
i. Ensure a midline sternotomy and provide secure sternal closure.

ii. Be selective in use of bilateral ITAs in diabetic patients. Skeletoning
the ITA may be helpful, but avoidance of bilateral use in patients with
other risk factors, such as severe obesity and COPD, is prudent.78

iii. Meticulous surgical technique with respect for tissues and adequate
hemostasis to minimize mediastinal bleeding.

iv. Avoid bone wax.79

v. Use subcuticular sutures rather than skin staples and seal wound with
a topical adhesive (Dermabond).

c. Postoperative measures
i. Maintain blood sugars < 180–200 mg/dL during surgery and the early

postoperative course.35

ii. Raise the threshold for administering blood products during and after
surgery.

3. Presentation of a mediastinal wound infection can be overt or occult, and
often depends on the infectious agent.85,86 For example, S. aureus infections
tend to be virulent and present within the first 10 days of surgery. In contrast,
coagulase-negative staphylococcal infections tend to present late in an indolent
fashion with an insidious onset.87,88

a. Minor/superficial infections usually present with local tenderness, erythema,
serous drainage, or a localized area of wound breakdown with purulent
drainage. The sternum is usually stable.

b. Major/deep incisional infections (deep subcutaneous, osteomyelitis,
mediastinitis) may have any of the above but usually present with signif-
icant purulent drainage, often with an unstable sternum. The patient
commonly has fever, chills, lethargy, and chest wall pain. Leukocytosis is
invariably present. Sternal instability may be noted when mediastinitis is
present, but in the absence of other clinical evidence may represent a ster-
ile dehiscence.

c. Inexplicable chest wall pain or tenderness, fever, gram-positive bacteremia,
or leukocytosis should raise suspicion of a major sternal wound infection.
Sternal wound infections account for more than 50% of postoperative
gram-positive bacteremias. Occult infections are particularly common in
diabetic patients who often mount a very poor inflammatory response and
may present several weeks after surgery with extensive purulent medias-
tinitis but few systemic signs.

d. A chronic draining sinus tract is a common delayed presentation of chronic
osteomyelitis.

4. Evaluation 
a. Assessment of the degree of sternal instability is important in deciding how

to proceed with the workup. If the sternum is unstable, operative exploration
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is indicated. If it is stable, further diagnostic testing is warranted in order
to identify a deep infection.86

b. Culture of purulent drainage may identify the organisms and direct appro-
priate antibiotic therapy.

c. Wound aspiration (“sternal puncture”) may diagnose an infection when
purulent drainage is not present.89

d. Chest CT may be beneficial if the sternum is stable. It may help identify a
deep infection if there is loss of the integrity of retrosternal soft-tissue fat
planes or an undrained retrosternal abscess with air.89 Although there are
reports that CT is quite sensitive and specific for diagnosing wound infec-
tions,90 one must be cautious in its interpretation because hematoma for-
mation and fibrin tracts commonly seen in the postoperative chest may be
interpreted as infection.91,92 Clinical correlation and usually a wound aspi-
rate are necessary before exploring a patient.

e. White cell scanning, using indium or technetium labeling, or 99mTc-labeled
monoclonal granulocyte antibody scintigraphy are among the radionuclide
tests that have been helpful in identifying the presence and/or location of
infections.93-95

f. Occasionally, the infection “declares itself ” by spontaneous drainage when
diagnostic techniques are inconclusive but the clinical suspicion remains
high.

5. Management of minor infections
a. Minor infections usually respond to intravenous antibiotics, opening of the

wound, and local wound care. Persistence of a sinus tract or presence of
multiple areas of recurrent breakdown suggests a more deep-seated infec-
tion, often involving the sternal sutures. This usually requires surgical explo-
ration rather than dressing changes ad infinitum. It may respond to simple
wire removal and curetting of the involved bone with a 6-week course of
antibiotics.

b. If the sternal wires or the bone are exposed at an early stage, a deeper infec-
tion must be ruled out and mediastinal exploration is indicated. This may
introduce infection into the mediastinum from the superficial tissues but
may allow for primary reclosure over drains depending on the extent of
infection.

6. Management of major infections. Major infections require mediastinal
exploration for debridement of infected tissues, removal of foreign bodies,
drainage, and elimination of dead space. Antibiotic therapy is generally rec-
ommended for 6 weeks.
a. The closed method entails primary sternal reclosure with wires and place-

ment of substernal drainage catheters for postoperative antibiotic irrigation
(usually 0.5% povidone-iodine). This may be successful if performed with-
in 2–3 weeks of surgery if there is a sterile dehiscence, minimal purulence,
a healthy-appearing sternum, and mediastinal tissues that are pliable
enough to eliminate dead space.86,96 However, this technique is associated
with a significant failure rate (as high as 90%) if not used in patients who
satisfy these criteria.96–98 Primary closure is probably best avoided in
patients with ITA grafting, which produces some degree of devasculariza-
tion of the sternum.
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i. If there is a substantial amount of dead space behind the sternum, but
minimal infection and a healthy bone, omental transposition beneath
the bone (especially over prosthetic material or exposed grafts) can be
considered.99 

ii. If the sternum requires any debridement, rewiring may not provide for
adequate bony union of the remaining chest wall and may predispose
the patient to chronic osteomyelitis. In cases of sterile dehiscence with
an unreconstructable bone, immediate muscle flap coverage is recom-
mended.

iii. Small redon catheters placed behind the sternum and attached to
strong negative suction have been used successfully in managing infec-
tions even beyond the 3-week period. However, methicillin-resistant S.
aureus (MRSA) infections should be managed with aggressive debride-
ment and muscle flaps.100,101

b. The open method is used for severe mediastinitis, chronic osteomyelitis,
recalcitrant infections, or extensive subcutaneous involvement that extends
down to the sternum and contaminates the sternal wires. Sternal debride-
ment with placement of muscle flaps (pectoralis major or rectus abdomin-
is) or omentum after several days of dressing changes to clean up the
wound is very successful in managing these infections.99,102 One disadvan-
tage of leaving the wound open for dressing changes is the risk of right
ventricular rupture, especially if sternal debridement has been inadequate
and the right ventricle has not been mobilized from the back of the
sternum.103 If the sternum is left open, it is imperative that the patient
remain intubated and sedated to prevent chest wall motion that could con-
tribute to this problem. Early flap coverage is then recommended.104 It is
important to augment the patient’s nutritional status to ensure a satisfac-
tory result from flap coverage.

c. Vacuum-assisted closure (VAC) has been used in recent years to expedite
the healing process, either as a bridge to muscle flap coverage or to
achieve delayed secondary healing.105–107 This system consists of a
polyurethane ether foam with an evacuation tube that drains into an
effluent canister connected to negative suction. The wound is covered
with an adhesive drape to create a closed system. The VAC system pro-
duces arteriolar dilatation and improves microcirculatory flow, which
encourages granulation tissue formation and accelerates wound healing.
At the same time, it reduces wound edema and reduces bacterial colo-
nization. It has also been suggested that by stabilizing the remaining
sternal halves, VAC systems may help to prevent right ventricular
rupture.107

d. An interesting concept that has been around for years is the use of granu-
lated sugar to control recurrent staphylococcal mediastinitis. A contempo-
rary study reported earlier healing and a reduced mortality in very high-risk
patients with use of granulated sugar dressings compared with muscle flap
surgery.108

e. The prognosis after development of a wound infection is poor, with a
mortality around 20%, usually from multisystem organ failure. Early
aggressive intervention may decrease the length of stay in the ICU and the
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requirement for mechanical ventilation, and may improve short- and long-
term results.67

E. Leg wound complications are noted in 10–20% of patients having saphenous vein
harvesting via the open technique.109 Patients at higher risk include those with
severe PVD and female patients with diabetes and obesity. Most complications
are related to poor surgical technique with creation of flaps, failure to eliminate
dead space, use of excessive suture material, or hematoma formation. Endoscopic
vein harvesting has become more commonplace over the past few years and has
reduced the incidence of complications to less than 5%. Nonetheless, the poten-
tial still exists for hematoma formation within the endoscopic tract and for infec-
tion to occur in the small incision near the knee. With the technique of multiple
skip incisions, infections can also occur in a similar fashion to open incisions,
especially because this technique may be accompanied by significant tissue trauma
from retraction of the tissues for visualization.
1. Presentation

a. Cellulitis
b. Wound breakdown with purulent drainage 
c. Skin necrosis from thin flaps or a large subcutaneous hematoma; formation

of eschar
d. Warm, indurated wound overlying an endoscopic tract, often with accom-

panying hematoma or skin ecchymosis
2. Prevention

a. Use careful surgical technique: avoid tissue trauma, minimize flap forma-
tion, obtain meticulous hemostasis, avoid excessive suture material and
tissue strangulation, especially in the small knee incision for endoscopic
harvesting.

b. Use antibiotic wound irrigation prior to closure.
c. Use a sponge to decompress an endoscopic tunnel and evacuate blood that

may accumulate during heparinization.
d. Place a suction drain to eliminate dead space and evacuate venous bleeding

within endoscopic tunnels or underneath flaps.
e. Ace wrap the leg at the conclusion of surgery.

3. Treatment requires antibiotics, drainage, and potentially debridement. If a
large hematoma or necrotic skin edges are present, early return to the operat-
ing room should be considered to evacuate the hematoma and close the leg
primarily. Infections in endoscopic tunnels may require opening of the skin,
but often can be managed by opening the skin incision and placing a Blake
drain for antibiotic irrigation.110

F. There is little information on the prevalence of forearm infections after radial
artery harvesting. Hemostasis during harvesting and prior to a layered closure that
leaves the fascia open should prevent hematoma formation. Cellulitis is the most
common manifestation and responds to antibiotics. Rarely, a purulent infection
may occur that requires further drainage.

G. Antibiotic prophylaxis for dental or surgical procedures is mandatory for all
patients with prosthetic valves and grafts. The American Heart Association
(AHA) recommendations published in 1997 for prevention of bacterial endo-
carditis are shown in Table 13.3.111
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IX. Neurologic Complications
Neurologic complications are dreaded sequelae of cardiac surgical procedures. In one often
quoted study, type 1 (focal) neurologic events were noted to complicate approximately 3% of
coronary bypass operations performed on-pump with an additional 3% suffering type 2 
(neurocognitive) deficits.112 Although the degree of cerebral embolization may be less during
off-pump surgery, reduction in both types of deficits has not been unequivocally demon-
strated in numerous comparative studies.113-120 The risk is greater in patients undergoing

Dental/oral/respiratory/esophageal procedures

Standard regimen Amoxicillin 2.0 g PO 1h before procedure

Unable to take PO medications Ampicillin 2.0 g IV/IM within 30 min of
starting procedure

Penicillin allergic Clindamycin 600 mg, cephalexin 2 g, or
clarithromycin 500 mg PO 1h before
surgery

PCN allergic and unable to take PO Clindamycin 600 mg or cefazolin 1 g IV
within 30 min of starting procedure

GI/GU procedures

High risk Ampicillin 2 g IM/IV plus gentamicin 
1.5 mg/kg IV/IM within 30 min of 
starting procedure; then ampicillin 
1 g IM/IV or amoxicillin 1 g PO 6h later

High risk but ampicillin/amoxicillin Vancomycin 1 g IV over 1–2 h plus 
allergic gentamicin 1.5 mg/kg IV within 30 min 

of starting procedure

Moderate-risk Amoxicillin 2 g PO 1 h before procedure
or ampicillin 2 g IM/IV within 30 min of
starting procedure 

Mod-risk but ampicillin/amoxicillin Vancomycin 1 g IV over 1–2 h within
allergic 30 min of starting procedure

1.  High risk: prosthetic heart valves (including homografts), history of endocarditis, prosthetic
intravascular grafts

2.  Moderate risk: valvular heart disease, hypertrophic cardiomyopathy, mitral valve prolapse with
valvular regurgitation and/or thickened leaflets

3.  Not required: pacemakers, implantable defibrillators, transesophageal echocardiography
Dajani AS, Taubert KA, Wilson W, et al. Prevention of bacterial endocarditis. Recommendations by the
American Heart Association. JAMA 1997;277:1794–1908; Circulation 1997;96:358–66.

Table 13.3  •  Antibiotic Prophylaxis to Prevent Endocarditis 
in Adult Patients
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valve surgery and may be expected to increase as older patients with more advanced athero-
sclerosis undergo more complex surgical procedures.

A. Central nervous system deficits
1. Risk factors have been identified in multiple studies120–126 and a risk model has

been devised by the STS and the Northern New England Cardiovascular
Disease Study Group (Table 3.9).66,126

a. Preoperative factors
•  Prior stroke. One study reported that 44% of patients with a history of

stroke developed a focal neurologic deficit after surgery. Of these, 8.5%
were new, 27% represented reappearance of an old deficit, and 8.5% were
worsening of the old deficit.127

•  Cerebrovascular disease, including the presence of carotid bruits and/or the
documentation of carotid stenosis 

•  Increasing age (risk of up to 10% in patients > age 75)
•  Comorbidities, including diabetes, smoking, hypertension, PVD, and renal

dysfunction
•  Poor LV function
•  Reoperative surgery
•  Urgent/emergent surgery

b. Intraoperative/postoperative findings/events
•  Ascending aortic and arch atherosclerosis and calcification128,129

•  LV mural thrombus
•  Opening of a cardiac chamber during surgery
•  Long duration of CPB
•  Perioperative hypotension or cardiac arrest
•  Postoperative AF

2. Mechanisms
a. Particulate embolism from the aorta is the most common cause of stroke.

Transcranial Doppler studies have demonstrated an association between
cerebral complications and the number of microemboli detected during
surgery.130 Sources may be as follows:
•  Atherosclerotic aorta (during cannulation or clamping, and especially

unclamping)
•  Solid or gaseous microembolism from the extracorporeal circuit
•  Air embolism
•  Left atrial or LV thrombus
•  Platelet-fibrin debris from carotid ulceration

b. Cerebral hypoperfusion may be the result of systemic hypotension or
impaired cerebral flow from intra- or extracranial carotid disease.
•  Systemic hypotension is common during CPB, although cerebral autoreg-

ulation can maintain cerebral blood flow down to a mean pressure of 
40 mm Hg. However, this compensatory mechanism may not be operative
in diabetic, hypertensive patients, and blood pressure usually must be raised
to provide adequate cerebral flow independent of the systemic flow
rate.131,132 Interestingly, there is the suggestion that cerebral microem-
bolization may impair cerebral autoregulation, thus confounding the pre-
cise mechanism of neurologic dysfunction.133
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•  The blood pressure may be compromised during off-pump surgery during
manipulation of the heart, and is usually reduced pharmacologically during
construction of proximal anastomoses, when a side clamp in placed on the
ascending aorta.

•  The potential exists for cerebral hypoperfusion during an episode of post-
operative hypotension. This may result in a watershed infarct, especially in
patients with uncorrected carotid disease.

3. Presentation depends primarily on the site and extent of the cerebral insult. The
vast majority of deficits occur during surgery and will be evident within the first
24–48 hours. A few patients appear to awaken without a deficit and then develop
one later during the hospital stay, usually as a result of postoperative hemody-
namic instability or AF. Because intraoperative embolization is the most com-
mon cause of stroke, multiple infarcts are a common finding on brain CT or
magnetic resonance imaging (MRI). Common presentations include:
a. Focal deficits that most commonly produce hemiparesis/hemiplegia, aphasia,

or dysarthria. Visual deficits may occur as the result of retinal embolization,
occipital lobe infarction, or anterior ischemic optic neuropathy.134 The latter
is more common in patients with long pump runs with extreme hemodilu-
tion.135 One study found that posterior strokes involving the posterior cere-
bral artery and cerebellum were the most common type of stroke, although
embolization to the middle cerebral artery was also encountered in about
50% of patients, since multiple emboli were commonly noted.136

b. Transient ischemic attacks or reversible neurologic deficits
c. Severe confusion or delirium
d. Coma

4. Prevention of neurologic complications requires the identification and appro-
priate management of potential precipitating factors.
a. Preoperative evaluation for extracranial carotid disease should be consid-

ered in any patient with current or remote neurologic symptoms or the pres-
ence of a carotid bruit. Noninvasive studies followed by magnetic resonance
angiography, if indicated, may identify significant carotid disease. The
approach to symptomatic carotid disease invariably involves a preliminary
carotid endarterectomy (CEA) or simultaneous CABG-CEA procedure.
The management of high-grade asymptomatic carotid disease at the time of
cardiac surgery is controversial, and general recommendations are presented
on page 103.137

b. Intraoperative epiaortic echocardiography can be used to identify aortic ath-
erosclerosis that might alter cannulation and clamping techniques to prevent
manipulation of a diseased ascending aorta.138 Use of off-pump surgery can
provide a “no touch” technique using the ITAs as inflow vessels to avoid aor-
tic manipulation and may reduce the incidence of stroke.116 In patients with
severe aortic calcification requiring CPB, circulatory arrest may be indicated
to avoid aortic cross-clamping.

c. Other measures that can reduce the risk of embolic stroke are meticulous
valve debridement and irrigation and complete removal of air from the left
heart after intracardiac procedures, which can be very difficult during mini-
mally invasive surgery. Use of a single aortic cross-clamp technique to avoid
application of a partial-exclusion clamp is also beneficial. Particulate emboli
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can be captured by use of the Embol-X intraaortic filter (Edwards
Lifesciences) at the time of unclamping.139

d. Use of a higher mean arterial pressure during CPB may be beneficial to
patients with hypertension or known intracranial vascular disease.

e. Transcranial Doppler can be used to identify cerebral embolization during
surgery, but has not achieved widespread usage. Cerebral oximetry is benefi-
cial in assessing the adequacy of cerebral oxygenation during periods of low
flow, but is unable to detect embolization.140

5. Evaluation requires an assessment of the degree of functional impairment by
careful neurologic examination and identification of the anatomic extent of cere-
bral infarction by CT or MRI. The latter can be logistically difficult to obtain in
critically ill patients on a ventilator and multiple infusion pumps. Particular
attention should be paid to evidence of hemorrhage, which might alter therapy.
Evaluation should also be undertaken to search for a possible source of the stroke
that might require additional attention (echocardiogram, carotid noninvasive
studies). An initial CT scan may not show evidence of a fresh nonhemorrhagic
infarction that may be present on follow-up studies. Studies comparing diffusion-
weighted MRI with CT have shown that MRI is more sensitive to ischemic
changes and commonly shows multiple embolic infarcts.141

6. Treatment
a. Heparin is generally recommended for an embolic stroke once a CT or MRI

scan has demonstrated no evidence of intracranial hemorrhage. However, the
possibility of subsequent hemorrhage into an infarct zone should be weighed
when deciding if heparinization is indicated. Heparin may be beneficial to
improve cerebral microcirculatory flow or prevent propagation of an intracar-
diac thrombus, but is of unclear benefit in preventing further aortic
atheroembolism from dislodged plaque.

b. Standard measures to reduce intracranial pressure, including diuresis, manni-
tol, and steroids, may be indicated depending on the extent of cerebral infarc-
tion.

c. CEA may be considered in patients with severe carotid stenosis and postop-
erative transient neurologic deficits or small strokes.

d. Early institution of physical therapy is important.
7. Prognosis is favorable for patients with small or temporary deficits. The mor-

tality rate in the STS database for patients suffering permanent strokes is around
25%. The outlook for comatose patients is extremely poor with over 50% dying
or remaining in a vegetative state. A long-term follow-up study from Johns
Hopkins University showed that the survival of stroke patients was less than
50% at 5 years, with moderate-severe disability in nearly 70% of patients. A
worse survival was predictably noted in patients who took longer to awaken from
surgery, developed renal dysfunction, or had longer ICU stays.142 With such a
dismal prognosis, any steps that can possibly be taken to reduce the incidence of
stroke must be entertained.

B. Encephalopathy and delirium represent an acute change in a patient’s mental
status that is associated with a global impairment in cognitive function. These
problems are fairly common after open-heart surgery, with an incidence of approx-
imately 8–10%. The mechanism is frequently not clear. It may result from microem-
bolization associated with use of CPB and the associated aortic manipulations, an
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etiology common to patients suffering both stroke and neurocognitive dysfunction.143

It may also be related to mild cerebral hypoperfusion. It is usually transient and has
a fluctuating course, but it can be very disturbing to the patient and his or her
family.
1. Risk factors144,145

a. Older age
b. Recent alcoholism 
c. Preoperative organic brain disease (mild degrees of cognitive dysfunction or

dementia)
d. Severe cardiac disease and high-risk status at the time of surgery (cardiogenic

shock, urgent status, severe LV dysfunction)
e. Multiple associated medical illnesses (especially diabetes, cerebrovascular and

peripheral vascular disease) and poor nutritional status (including amino acid
disturbances)

f. Complex and prolonged surgical procedures on CPB, especially valve proce-
dures 

2. Common contributing causes
a. Medication toxicity (including benzodiazepines and analgesics)
b. Metabolic disturbances
c. Alcohol withdrawal
d. Low cardiac output syndromes
e. Periods of marginal cerebral blood flow during bypass that are just above the

threshold for cerebral infarction
f. Hypoxia
g. Sepsis
h. Recent/new stroke

3. Manifestations
a. Disorientation, confusion, attention deficit, memory loss, disturbed sleep-

wake cycle
b. Lethargy or agitation
c. Paranoia and hallucinations

4. Evaluation
a. Review of current medications and drug levels.
b. Identify possible history of recent alcoholism or substance abuse.
c. Neurologic examination, often with brain CT or MRI.
d. ABGs, electrolytes, BUN, creatinine, CBC, magnesium, calcium, cultures.

5. Management
a. Use soft restraints and side rails.
b. Correct metabolic abnormalities.
c. Stop inappropriate medications.
d. The occurrence of delirium may be related to the type of sedative used in the

ICU. One study showed that the incidence of delirium was significantly
reduced after open-heart surgery using propofol rather than midazolam.146

e. Select the appropriate medication to control agitation and the delirious state.
i. Haloperidol 2.5–5.0 mg PO/IM/IV q6h is the most commonly pre-

scribed medication for delirium. One should always be aware of the risk
of torsades de pointes in patients receiving IV haloperidol.147
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ii. Although benzodiazepines, such as lorazepam (Ativan), have been recom-
mended to control delirium, they are often poorly tolerated in elderly
patients, exacerbating confusion and producing either agitation or stupor.
However, olanzapine (Zyprexa), a thienobenzodiazepine, has been used suc-
cessfully in delirious critically ill patients and has been associated with fewer
side effects than haloperidol.148 It is given in a dosage of 5–10 mg PO qd.

iii. Ondansetron (Zofran), which is a 5-HT3 receptor antagonist that coun-
teracts activation of the serotoninergic system, has been used successfully
in the management of postcardiotomy delirium without major side
effects. It is given in a dose of 4–8 mg IV or PO.149 A similar medica-
tion, dolasetron (Anzemet) 12.5–25 mg IV, can also be used. These med-
ications are usually prescribed for control of postoperative nausea.

f. Manage suspected alcohol withdrawal:150

i. Benzodiazepines (lorazepam, diazepam, or chlordiazepoxide) are indi-
cated in this situation for several days and should then be gradually
tapered. Patients often require a few additional days of ventilatory sup-
port during a period of sedation to avoid agitation and self-destructive
behavior. Reintubation may be necessary when symptoms develop after
early extubation has been accomplished.

ii. Thiamine 50–100 mg IM bid and folate 1 mg qd.
iii. Propofol can be used for refractory delirium tremens.151

g. Psychotherapy: reassurance and support 
C. Seizures may accompany cerebral insults from hypoxia, or air and particulate

emboli. However, they can also result from medication overdoses (e.g., lidocaine).
Contributing factors should be addressed and the patient evaluated by a neurologist.
A CT scan, EEG, or anticonvulsant therapy with phenytoin should be considered
based on advice from the neurologist.

D. Neurocognitive dysfunction is extremely common after surgery, being noted in at
least 20% of patients. The extent and variability of dysfunction depend on the
nature of the neuropsychological tests performed. To some patients, the degree of
dysfunction is immediately obvious; in others, it can only be detected by compari-
son of pre- and postoperative studies.
1. Risk factors include older age, diabetes, aortic atherosclerosis, cerebrovascular

disease, and PVD.152–154 Cognitive decline has been noted more commonly in
patients with preexisting dementia or cognitive dysfunction, chronic disabling
neurologic disease, or a history of anxiety/depression; those living alone; and
patients suffering any postoperative complication. It is also inversely related to
educational level. It has been suggested that patients with less cognitive reserve
are inclined to note more disabling cognitive dysfunction.155 The correlation
between the duration of CPB and cognitive dysfunction has not been consis-
tently reported.152,155 Furthermore, although off-pump surgery might be associ-
ated with less immediate decline in function,156 follow-up studies have shown no
difference at 12 months.157

2. Mechanisms. Cerebral microembolization is believed to be the most likely source
of cognitive decline, although cerebral hypoperfusion may also be a factor.143

It has been proposed that early deficits may arise from either cause; intermedi-
ate cognitive symptoms, particularly memory problems, are usually the result 
of multiple emboli, and late cognitive effects, usually pertaining to visuospatial 
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abilities, may be related to hypoperfusion or the combination of hypoperfusion
and microemboli.153

3. Prevention. Steps mentioned above that might reduce cerebral embolization
might reduce the risk of neurocognitive dysfunction. Maintenance of a higher
perfusion pressure might also be helpful.158 Other recommended strategies
include alpha stat pH regulation (see page 192) and better control of intraoper-
ative glucose levels.152

4. Evaluation. MRI often shows multiple infarctions, although such findings are
also common in patients who are asymptomatic.159 Brain SPECT studies have
shown worse cerebral perfusion at baseline and during surgery in patients with
cognitive decline after surgery.160

5. Natural history. The extent and duration of cognitive decline has been variable
in numerous studies. One study reported that there was no impact of CABG on
cognitive function at one year, either with on-pump or off-pump techniques.161

Yet another important study of CABG patients found that 53% of patients had
cognitive decline at hospital discharge, which decreased to 24% at 6 months, but
then increased to 42% at 5 years.162 Another study found an improvement in
baseline tests up to one year but a subsequent decline up to 5 years.163 These
results suggest that, after early improvement, late decline is most likely due to
the presence of poorly controlled risk factors for cerebrovascular disease, includ-
ing hypertension and diabetes.

E. Psychiatric problems are fairly common in patients undergoing open-heart surgery.
Anxiety and depression occur frequently in patients with known psychiatric disorders
but are also noted in patients who have lost family members due to coronary disease.
The occurrence of these symptoms after surgery is associated with a less favorable
outcome.164,165 Exacerbation of preexisting disorders, such as affective (bipolar) and
personality disorders is also not unusual. A psychiatrist with an interest in postoper-
ative problems is invaluable in helping patients resolve distressing psychiatric symp-
toms and in providing advice on the appropriate use of psychotropic medications.

F. Critical illness polyneuropathy is a syndrome of unknown cause that complicates
the course of sepsis and multisystem organ failure, especially respiratory and renal
failure. Because of its association with such critical illness, it is associated with a mor-
tality rate greater than 50%. It usually presents as failure to wean from the ventilator
due to weakness of the diaphragm and chest wall muscles. Axonal degeneration of
motor and sensory fibers is the underlying pathologic process and is manifested by
proximal muscle atrophy and paresis, decreased deep tendon reflexes, and, in some
cases, laryngeal and pharyngeal weakness, with resultant swallowing difficulties. It
may produce motor and sensory deficits and can be diagnosed by electromyography
and nerve conduction studies. The syndrome is self-limited and has no specific treat-
ment other than supportive care (ventilatory support and physical therapy). It must
be distinguished from other causes of postoperative muscle weakness, such as med-
ications, nutritional deficiency, disuse atrophy, and other neuromuscular disorders.166

G. Brachial plexus injuries
1. Etiology and prevention. Stretch of the inferior cords of the brachial plexus by

lateral sternal retraction or asymmetric elevation during ITA harvesting is the
most likely cause of brachial plexus injury. The incidence may be minimized by
cautious and limited asymmetric retraction for ITA takedown; ensuring a
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midline sternotomy; using caudad placement of the retractor, opening it only as
much as necessary for adequate exposure; and maintaining a neutral head position.8

The incidence may also be lessened by positioning the patient in the “hands up”
position.167 Despite taking all of these precautions, a small number of patients
will still develop a brachial plexus stretch injury, most probably related to their
individual chest wall architecture. First rib fractures are often noted by bone
scan, although they are frequently missed by routine chest x-rays.

2. Presentation. Sensory changes, including numbness, paresthesias, and occa-
sionally sharp pains, are common in the ulnar nerve distribution (T8–T1), which
affects the fourth and fifth fingers. Weakness of the interosseous muscles is
commonly noted. In more extreme forms, the median or radial nerve distribu-
tion may be involved. Radial nerve deficits are more likely to be caused by direct
arm compression by retraction bars used for the ITA takedown.

3. Evaluation. Electromyography, motor and sensory conduction velocities, and
somatosensory evoked potentials can be used to assess changes in nerve function,
but their significance is not clear. They may be useful in assessing the extent of
the deficit and the return of function.

4. Treatment. Symptoms resolve in more than 95% of patients within a few
months. Rarely, recovery may take up to a year, and some patients may have per-
sistent, bothersome symptoms. Physical therapy is essential to maintain motor
tone. If the patient has significant pain, amitriptyline (Elavil) 10–25 mg qhs or
gabapentin (Neurontin) starting at 300 mg qd may be helpful.

H. Paraplegia is a very rare complication of open-heart surgery. It may occur as the
result of an aortic dissection or as a complication of an IABP, presumably on the
basis of atherosclerotic plaque or cholesterol embolism to the spinal cord. When it
occurs after an isolated CABG, it is invariably associated with a period of hypoten-
sion in a patient with preexisting hypertension and severe vascular disease that com-
promises spinal cord perfusion.168,169

I. Saphenous neuropathy is caused by damage to small branches of the saphe-
nous nerve that lie adjacent to the saphenous vein in the lower leg. It causes
sensory changes along the medial side of the calf and foot to the level of the
great toe and is fairly common after open vein harvesting. Vein dissection from
the ankle up is more likely to cause this problem than dissection from top
down. It is proposed that the former is more likely to cause avulsion of the
pretibial or infrapatellar branches of the nerve.8 Neuropathy is also more com-
mon when an open incision is closed in two layers, producing neuropraxis from
too tight a closure. These symptoms are much less frequent when the vein is
harvested endoscopically.

J. Recurrent laryngeal nerve neuropathy may contribute to vocal cord dysfunction
and hoarseness.8,170 Damage may occur during ITA mobilization at the apex of the
chest, from intubation or line placement. Aside from hoarseness, it may be suspect-
ed if the patient has ventilatory problems and an ineffective cough, and it may lead
to aspiration pneumonia. Diagnosis can be made by laryngoscopy. Symptomatic
improvement may take up to one year, but if problems persist, Teflon cord injection
or arytenoidectomy may be necessary.

K. Phrenic nerve palsy (see pages 519–520)
L. Pituitary apoplexy (see page 500)
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X. Gastrointestinal Complications
Gastrointestinal complications develop in 1–2% of patients undergoing open-heart surgery.
Because they frequently occur in critically ill patients, they are associated with a significant
mortality rate (25–75%).171–177 The common pathophysiologic mechanism is a low cardiac
output state, which produces sympathetic vasoconstriction, hypoperfusion, and hypoxia of
the splanchnic bed.178 Inadequate tissue perfusion contributes to mucosal ischemia and the
so-called acute GI focal necrosis syndrome. Changes that are seen may include stress ulcera-
tion, mucosal atrophy, bacterial overgrowth from stress ulcer prophylaxis, and loss of barrier
function with increased permeability. These changes may potentially lead to bacterial translo-
cation, sepsis, and multiorgan failure.179 Use of preventive measures and prompt, aggressive
surgical intervention are necessary to decrease the mortality associated with these complica-
tions. The incidence of GI complications and their associated mortality has been reported to
be comparable with on- and off-pump surgery. However, GI bleeding is more common after
off-pump surgery, whereas visceral ischemia is more common after on-pump surgery.
Nonetheless, splanchnic vasoconstriction may be a common mechanism.173,180

A. Routine care and common complaints. Most patients have a nasogastric tube
inserted in the operating room before heparinization or after its reversal by prota-
mine. This maintains gastric decompression during positive-pressure ventilation,
removes gastric contents to minimize the risk of aspiration, decreases gastric acidity,
and allows for the administration of oral medications and antacids in the ICU. The
tube is usually removed after extubation if bowel sounds are present. An oral diet is
then advanced from clear liquids to a regular diet.
1. Anorexia, nausea, and a distaste for food are fairly common complaints after sur-

gery and may be attributable to the side effects of medications (narcotics, mor-
phine, type IA antiarrhythmics), and possibly to mineral deficiency (especially
zinc). Bothersome nausea can be managed by a number of medications that have
fairly comparable efficacy, but significantly variable cost. In decreasing order of
cost-effectiveness, these include:
a. Droperidol 0.625–2.5 mg IV. This medication, like haloperidol, may occasion-

ally be associated with QT prolongation and the risk of torsades de pointes.181

b. Metoclopramide (Reglan) 10–20 mg IM qid. This may also stimulate gas-
trointestinal motility and decrease the incidence of distention.

c. The 5-HT3 antagonists are powerful antiemetic medications, although they
are significantly more expensive.182 They also may also be associated with a
proarrhythmic effect from QT interval prolongation.

i. Dolasetron (Anzemet) 12.5 mg IV
ii. Ondansetron (Zofran) 4 mg IV

iii. Granisetron (Kytril) 1 mg IV/PO bid 
2. Pharyngeal dysfunction with dysphagia and difficulty swallowing liquids or solids

has been noted in 1–3% of patients undergoing CABG and can lead to silent or
overt aspiration pneumonia.183,184 It is more common in older patients, insulin-
dependent diabetics, and patients with COPD, CHF, renal dysfunction, or a his-
tory of stroke. It is also fairly common after prolonged intubation, and has been
associated with intraoperative TEE.185,186 Because TEE is routine in most insti-
tutions, one must be alert to this problem in the early postoperative period if the
patient has impaired pharyngeal sensation or coughing at the time of initial oral
intake. The occurrence of pharyngeal dysfunction in patients who have not had



550 Post-ICU Care and Other Complications

intraoperative TEE has been ascribed to intraoperative cerebral injury and is
often associated with other neurologic deficits. Thus, a full neurological evalua-
tion with CT or MRI may be indicated to identify the causative mechanism.
a. If there are clinical concerns about aspiration, a modified barium swallow using

videofluoroscopy may be indicated before the patient is allowed to eat.187

b. The management of patients with pharyngeal dysphagia may include dietary
modification, postural adjustments, and working with speech therapists on
swallowing maneuvers.

3. Constipation is a common problem after surgery. Preoperative enemas are usually
not given, narcotics are used for analgesia, and elderly patients are often poorly
mobilized for several days. Milk of magnesia, bulk laxatives (e.g., Metamucil), or
stool softeners (e.g., Colace) may be helpful in older patients.

B. Differential diagnosis of acute abdominal pain
1. Manifestations. Detection of an acute intraabdominal process in critically ill

patients in the ICU setting can be difficult. It is frequently suggested by the pres-
ence of fever, an elevation in WBC count, marked tenderness to abdominal pal-
pation, hemodynamic evidence of sepsis, or positive blood cultures. Arriving at
the appropriate diagnosis can be even more challenging.

2. Etiology
a. Cholecystitis (acalculous or calculous)
b. Perforated viscus (gastric or duodenal ulceration, diverticulitis)
c. Gastritis
d. Pancreatitis
e. Visceral ischemia (mesenteric ischemia or ischemic colitis)
f. Clostridium difficile colitis
g. Severe paralytic ileus (occasionally idiopathic [Ogilvie’s syndrome], but fre-

quently associated with an acute inflammatory process or colitis)
h. Small bowel or colonic obstruction
i. Retroperitoneal bleeding
j. Severe constipation
k. UTI
l. Bladder distention

3. Risk factors
a. Preoperative factors: New York Heart Association class IV or CHF, older age,

chronic renal failure, poor nutritional status
b. Intraoperative factors: long duration of CPB, valve surgery, emergency surgery
c. Postoperative factors

i. Low cardiac output or hypotension, frequently requiring vasopressors or
an IABP (usually starting at the termination of CPB and then continuing
into the ICU)

ii. Sepsis
iii. Prolonged ventilatory support
iv. Postoperative acute tubular necrosis 
v. Blood transfusions and reexploration for bleeding

4. Evaluation
a. Review of preexisting conditions 
b. Serial abdominal examinations
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c. Laboratory tests: KUB (for obstruction or ileus), semiupright chest x-ray (for
free air under the diaphragm), liver function tests (LFTs), serum amylase and
lipase, C. difficile titer if diarrhea is present.

d. An upper abdominal ultrasound or HIDA scan should be obtained if biliary
tract obstruction is suspected.

e. Abdominal CT, peritoneal lavage, or laparoscopy may be helpful in making
the diagnosis.188

f. A mesenteric arteriogram should be obtained if mesenteric ischemia is
suspected.

5. Treatment. General surgery consultation should be obtained from the outset
because early exploration may reduce the high mortality associated with the
development of GI complications. Laparoscopy is very sensitive in evaluating the
nature of the problem, but an exploratory laparotomy may be necessary to further
assess and potentially manage the problem. Although many patients with these
complications are very ill and often septic, they are usually better able to tolerate
exploration after cardiac surgery than they had been before.

C. Paralytic ileus occasionally persists for several days after surgery. It is frequently a
benign, self-limited problem of undetermined cause, but occasionally it may reflect
sepsis or a severe intraabdominal pathologic process.
1. Contributing factors

a. Gastric distention (possibly related to vagal injury) 
b. Congestion of the hepatic or splanchnic bed (from poor venous drainage dur-

ing surgery or systemic venous hypertension) 
c. Inflammatory processes (e.g., cholecystitis, pancreatitis)
d. Retroperitoneal bleeding (from groin catheterization, but occasionally sponta-

neously in an anticoagulated patient)
e. Clostridium difficile colitis
f. Mesenteric ischemia 
g. Drugs (narcotics)

2. Evaluation
a. Serial patient examinations for inflammatory signs, distention, return of bowel

sounds.
b. Laboratory tests: KUB, CBC, amylase, LFTs, C. difficile titers.
c. “Pseudo-obstruction” is suggested by documentation of cecal dilatation to 

9 cm. Perforation is more likely to occur when the diameter reaches 12 cm,
although it may be related more to the rate of dilatation than the absolute size
of the bowel.

3. Management
a. Decompression of the bowel is accomplished by keeping the patient NPO

with nasogastric suction. This should prevent gastric distention until peri-
staltic activity returns. A rectal tube may also be beneficial when colonic dis-
tention is marked.

b. Total parenteral nutrition should be started.
c. Medications that can impair colonic motility must be stopped. This includes

narcotics, calcium channel blockers, and anticholinergic drugs.
d. All metabolic disturbances must be corrected and therapy directed at any

identifiable precipitating problem.
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e. Decompressive colonoscopy is indicated when the colonic diameter reaches
12 cm. If dilatation persists or worsens, urgent surgery is indicated.

f. Neostigmine 1 mg IV has been reported to produce rapid colonic decompres-
sion of “pseudo-obstruction.”189

D. Cholecystitis
1. Etiology. Cholecystitis is noted more commonly in older patients and those with

prolonged pump times, suggesting that hypoperfusion is a contributing factor.
Other risk factors include vascular disease, reexploration for bleeding, prolonged
ventilation, bacteremia, and nosocomial infections.190 Fasting, parenteral nutri-
tion, and narcotics can decrease gallbladder contractility and produce biliary sta-
sis. Acalculous rather than calculous cholecystitis is usually present.

2. Evaluation
a. Serial abdominal examinations may draw attention to an inflammatory

process in the right upper quadrant.
b. Liver function tests (ALT, AST, bilirubin, alkaline phosphatase) may suggest

extrahepatic biliary obstruction.
c. Right upper quadrant ultrasound or HIDA scan can identify a dilated gall-

bladder and biliary obstruction.
3. Treatment

a. Percutaneous cholecystostomy is often recommended in critically ill patients,
but it is not adequate treatment when gangrene is present.

b. Cholecystectomy (open or laparoscopic) is the preferred procedure unless the
patient is considered too ill to tolerate the procedure.

E. Upper GI bleeding
1. Etiology. Upper GI bleeding is one of the most common GI complications

encountered after both on- and off-pump surgery and usually results from stress
ulceration.180 The causative mechanism is usually decreased blood flow, mucosal
ischemia, and hypoperfusion/reperfusion injury that may be exacerbated by
increased gastric acidity.191 A thorough preoperative history and physical exami-
nation (stigmata of liver disease, stool guaiac) may identify patients at increased
risk of developing postoperative GI bleeding.

2. Risk factors191–193

a. Preoperative: older age, preexisting gastritis or ulcer disease
b. Intraoperative: long duration of CPB, valve operations, reoperations
c. Postoperative risk factors: low cardiac output, respiratory failure, anticoagula-

tion
3. Prophylaxis. Any patient with a history of ulcer disease or gastritis should

receive medications in the ICU to prevent stress-related mucosal damage and
potentially GI bleeding. In addition, any patient on prolonged ventilatory sup-
port, with sepsis, or with a coagulopathy should receive stress ulcer prophylaxis.
Although routine prophylaxis may not be necessary in patients at low risk, there
is little downside to using sucralfate during the early postoperative period of
intubation when the patient may have marginal cardiac output, visceral hypoper-
fusion, and some coagulopathy.194

a. Sucralfate 1 g q6h can be given orally or by nasogastric tube. It does not raise
the gastric pH (which increases gastric bacterial colonization) and may reduce
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the incidence of nosocomial pneumonia associated with medications that raise
the gastric pH.

b. Proton pump inhibitors and H2 blockers are effective in raising the gastric pH
and in preventing stress ulceration. Pantoprazole 40 mg IV/PO, omeprazole
20 mg qd, or ranitidine 150 mg PO bid are common medications that are
used for prophylaxis.

4. Manifestations. Drainage of bright red blood through a nasogastric tube or
vomiting of blood is an overt sign of upper GI bleeding. Slow bleeding usually
produces melena, but very rapid bleeding may produce bloody stools. Attention
should be drawn to potential GI bleeding in the critically ill or heparinized
patient with an unexplained fall in HCT or progressive tachycardia or hypoten-
sion. If GI bleeding cannot be documented, a retroperitoneal bleed should be
entertained as a possible diagnosis and evaluated by abdominal CT.

5. Evaluation and treatment. Bleeding that persists despite correction of coagula-
tion abnormalities and intensification of a medical regimen requires further
evaluation. Bleeding during anticoagulation is commonly associated with an
underlying pathologic process.
a. The proton pump inhibitors are superior to the H2 blockers in controlling and

preventing recurrent bleeding.195 A daily 40-mg dose of pantoprazole IV is
effective in raising and maintaining the gastric pH > 6, which may account for
its superiority over the H2 blockers in maintaining clotting.192

b. Ranitidine can be given as a continuous infusion (6.25 mg/h) to maintain the
gastric pH > 4, but tolerance may develop.

c. Upper GI endoscopy should be performed to identify the site of bleeding and
can be used therapeutically with laser bipolar coagulation to control hemor-
rhage. It can achieve hemostasis in > 90% of patients.193

d. Since surgery has traditionally been reserved for patients with unremitting
hemorrhage, it has been associated with a mortality rate of about 50%. If the
patient requires anticoagulation indefinitely following surgery (i.e., for a
mechanical prosthetic valve), a definitive procedure must be performed.

F. Lower GI bleeding may be manifested by bright red blood per rectum, blood-
streaked stool, or melena and must be differentiated from upper GI bleeding by
passage of a nasogastric tube.
1. Etiology

a. Mesenteric ischemia or ischemic colitis caused by periods of prolonged
hypoperfusion.

b. Antibiotic-associated colitis (usually C. difficile).
c. Bleeding from colonic lesions (polyps, tumors, diverticular disease) may be

precipitated by anticoagulation.
d. Colonic angiodysplasia. This is termed Heyde’s syndrome when associated

with aortic stenosis. It abates after aortic valve replacement with a tissue 
valve.

2. Evaluation. Once an upper GI source has been ruled out, sigmoidoscopy or
colonoscopy can be performed. A bleeding scan may identify the bleeding source.
Mesenteric arteriography should be considered if bleeding persists.

3. Treatment involves correction of any coagulopathy and elimination of precipi-
tating causes. Antibiotics (metronidazole 500 mg PO q8h or vancomycin 500 mg
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PO q6h) can be used for C. difficile colitis. Mesenteric angiography with infusion
of vasopressin (0.1–0.4 U/min) or injection of autologous clot or Gelfoam may
be considered.196 Octreotide (50 µg over 30 minutes) or somatostatin (50 µg
bolus followed by an infusion of 250 µg/h) decreases splanchnic blood flow 
and may be beneficial. Surgical intervention is rarely required for persistent
bleeding.

G. Mesenteric ischemia is usually noted in elderly patients with prolonged low cardiac
output states requiring pharmacologic or mechanical support.
1. Etiology. Nonocclusive mesenteric ischemia is the most common etiology result-

ing from splanchnic hypoperfusion from a low cardiac output state or a long
pump run. Atherosclerotic embolism from an IABP or mesenteric thrombosis
occurs less commonly.

2. Presentation. Typical manifestations are a profound ileus or abdominal pain out
of proportion to physical findings. The diagnosis can be very difficult to make in
the critically ill patient who is frequently ventilated and heavily sedated. Sepsis,
lactic acidosis, respiratory distress, GI bleeding, or diarrhea is often present as
well. The diagnosis is typically made about 5–10 days after surgery.

3. Diagnosis may be suggested by the association of the clinical picture just men-
tioned with severe acidosis, an ileus on KUB, or evidence of free abdominal fluid.
Endoscopy may be helpful in documenting colonic ischemia. Biphasic CT or
mesenteric CT angiography may show evidence of pneumatosis intestinalis,
venous gas, bowel wall thickening, arterial occlusion, or venous thrombosis.197

Standard mesenteric arteriography may identify thromboembolism but most
commonly demonstrates vasoconstriction of the peripheral mesenteric vessels.
Unfortunately, the diagnosis is frequently made at surgery when irreversible
changes have occurred. Early suspicion of mesenteric ischemia, based on a per-
sistent paralytic ileus, no bowel movement in several days despite laxatives, and a
borderline or elevated lactate level, may allow for earlier successful intervention
with vasodilator infusion.198

4. Treatment. Early diagnosis and treatment are essential to lower the mortality
rate of mesenteric ischemia, which generally exceeds 50%. If mesenteric vaso-
constriction is identified, an infusion of papaverine 0.7 mg/kg/h for up to 5 days
may be helpful, especially at an early stage of ischemia.198 When ischemia is
prolonged, irreversible intestinal necrosis may occur within hours. Emergency
abdominal exploration is indicated if bowel necrosis is suspected and can rule out
other intraabdominal pathology. Although a limited bowel resection can be per-
formed, a more likely finding is multiple areas of ischemic bowel that prohibit
extensive bowel resection. A second-look operation is indicated if the viability of
the bowel is in doubt.

H. Diarrhea developing in a patient in the ICU setting is often an ominous sign
because it may result from bowel ischemia caused by a low flow state. However, it is
frequently caused by a manageable problem, such as:
1. Side effects from medications

a. Antibiotics have been implicated in causing diarrhea from C. difficile. Titers
should be sent in triplicate and metronidazole 500 mg PO q8h or vancomycin
500 mg PO qid should be given for 7–10 days if titers are high. Rarely a
subtotal colectomy is required for severe colitis.
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b. Quinidine is infrequently used today for AF because of its proarrhythmic
effects and because it causes diarrhea in nearly every patient.

2. GI bleeding
3. Intolerance of hyperosmolar tube feedings. Dilute with more water and start at a

slower infusion rate.
I. Hepatic dysfunction, manifested by a transient low-grade elevation in LFTs,

including ALT, AST, bilirubin, and alkaline phosphatase, is not uncommon after
open-heart surgery. About 20% of patients develop transient hyperbilirubinemia, but
fewer than 1% of patients have evidence of significant hepatocellular damage that
may progress to chronic hepatitis or liver failure.199,200

1. Etiology. Significant hepatic dysfunction may result from either reduced hepatic
perfusion or systemic congestion. It is more common in patients with underly-
ing liver disease that occasionally may be undetected by normal preoperative
LFTs, but often suggested by impaired synthetic function (low albumin, high
INR). Other predisposing factors include CHF, diabetes, and hypertension.
Patients with preoperative cardiogenic shock (acute MI, papillary muscle rup-
ture, valve thrombosis) often show evidence of a “shock liver” before surgery and
are at particularly high risk for developing hepatic and multisystem organ failure
after salvage open-heart surgery.
a. Hepatocellular necrosis

i. Low cardiac output states usually requiring inotropic and/or vasopressor
support

ii. Right heart failure or severe tricuspid regurgitation (chronic passive
congestion)

iii. Posttransfusion hepatitis C or cytomegalovirus infection (late)
iv. Drugs (acetaminophen, quinidine)

b. Hyperbilirubinemia
i. Hemolysis (paravalvular leak, long pump run, sepsis, multiple transfu-

sions, drugs)
ii. Intrahepatic cholestasis (hepatitis, hepatocellular necrosis, benign postop-

erative cholestasis, parenteral nutrition, bacterial infections, medications)
iii. Extrahepatic obstruction (biliary tract obstruction)

2. Manifestations depend on the specific diagnosis. Jaundice is a common accom-
paniment of hepatocellular damage or cholestasis. Severe liver failure may result
in a coagulopathy, refractory acidosis, hypoglycemia, renal failure, or
encephalopathy.

3. Evaluation. The specific LFT abnormalities usually indicate the nature of the pro-
blem. Additional tests may include those that detect hemolysis (lactate dehydroge-
nase, reticulocyte count), assess cardiac and valvular function (echocardiography),
identify a biliary pathologic process (right upper quadrant ultrasound or HIDA
scan), or detect hepatitis (HBV, HCV serologies).

4. Treatment
a. An elevated bilirubin is usually a benign and self-limited postoperative occur-

rence. Bilirubin levels gradually return to normal when hemodynamics
improve unless there is evidence of severe underlying liver pathology. In this
situation, progressive and irreversible hepatic dysfunction may result, leading
to multisystem organ failure and death.
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b. Coagulopathy with “autoanticoagulation” may occur during a period of hepatic
dysfunction because of the impaired capacity of the liver to produce clotting
factors. In patients requiring anticoagulation, small doses of warfarin should be
used to prevent the INR from becoming elevated to dangerous levels. If this
occurs, the patient may develop cardiac tamponade or GI bleeding. In addition,
the doses of medications that undergo hepatic metabolism must be altered.

c. Stress ulcer prophylaxis should be considered using one of the proton pump
inhibitors (pantoprazole 40 mg IV/PO qd).

d. Hyperammonemia and encephalopathy can be managed with:201

i. Dietary protein restriction
ii. Lactulose 30 mL qid with sorbitol

iii. Oral neomycin 6 g daily
iv. Zinc sulfate 600 mg qd

e. Blood glucose should be carefully monitored to prevent hypoglycemia.
f. Lactic acidosis may result from impaired lactate metabolism rather than lac-

tate generation from impaired tissue perfusion. Partial correction with sodium
bicarbonate or Tris buffer (THAM), if renal function is adequate, should be
considered if the base deficit exceeds 10.

J. Hyperamylasemia is noted in a substantial number (35–65%) of patients in the
early postbypass period but is associated with clinical pancreatitis in only about
1–3% of patients. Isolated hyperamylasemia, not associated with clinical symptoms
or an elevated lipase level, most commonly arises from a nonpancreatic source, such
as the salivary glands, or from decreased renal excretion. Subclinical pancreatitis is
suggested by the presence of mild symptoms (anorexia, nausea, ileus) with elevation
of serum lipase levels. A brief period of bowel rest may be beneficial for these
patients, but no specific treatment is indicated unless there is clinical evidence of
overt pancreatitis or GI tract dysfunction.202

K. Overt pancreatitis is noted in about 1% of patients undergoing cardiac surgery, but
is a serious problem associated with a significant mortality rate. Pancreatic necrosis
has been noted in 25% of patients dying from multisystem organ failure after cardiac
surgery.203,204

1. Etiology. Pancreatitis usually represents an ischemic, necrotic injury resulting
from a low cardiac output state and hypoperfusion. Potential contributing factors
during surgery include hypothermia and nonpulsatile perfusion during bypass,
systemic emboli, and venous sludging. A persistent low-output state requiring
vasopressors is usually noted in patients developing overt pancreatitis.

2. Presentation is atypical and relatively nonspecific. Fever, elevated WBC, para-
lytic ileus, and abdominal distention occur first, with abdominal pain, tenderness,
and hemodynamic instability representing late manifestations.

3. Diagnosis is suggested by the association of abdominal pain with hyperamy-
lasemia, although most patients with fulminant pancreatitis do not have markedly
elevated amylase levels. Abdominal ultrasound or CT may demonstrate a pan-
creatic phlegmon or abscess.

4. Treatment should begin with nasogastric drainage and antibiotics. Exploratory
laparotomy with debridement and drainage is usually performed as a desperate
measure but may be the only hope for survival in patients with aggressive necro-
tizing pancreatitis.204
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XI. Nutrition
A. Reversal of the catabolic state with adequate nutrition is important during the

early phase of postoperative convalescence. The diet must provide enough calo-
ries to allow wounds to heal and to maintain immune competence. Although
limitations in salt content, fluids, and cholesterol intake are important, overly
strict control should be secondary to providing tasty, high-calorie foods that
stimulate the patient’s appetite. Too frequently, the combination of anorexia,
nausea, and an unpalatable diet prevents the patient from achieving satisfactory
nutrition.

B. If caloric intake is not satisfactory but the GI tract is functioning well, a nasogastric
feeding tube should be placed and tube feedings initiated after confirming the
position of the catheter in the stomach or, preferably, in the small bowel. Use of
metoclopramide 20 mg IV along with erythromycin 200 mg IV (in 50 mL NS
through central line or 200 mL peripherally) to stimulate gastric motility aids in the
placement of these tubes. If the GI tract cannot be used, total parenteral nutrition
provided through a central line may be necessary.

C. Most patients who require tracheostomy for prolonged ventilatory support will ben-
efit from the placement of a feeding tube. If there is no evidence of gastroesophageal
reflux, a percutaneous gastric feeding tube can be placed. If reflux is present, a feed-
ing jejunostomy tube can be placed at the time of the tracheostomy.

D. Total caloric intake should be 25 kcal/kg/day. General nutritional requirements for
adult patients include 1 mL/kg/day of water, 2–5 g/kg/day of glucose, 1.2–1.5
g/kg/day of protein, and 1.2–1.5 g/kg/day of fat, half of which should be omega-6
polyunsaturated fatty acids.205 Specific considerations in critically ill patients
include the following:
1. Multisystem organ failure increases total caloric requirements by about 10–20%.

It is associated with protein catabolism and requires an increase in protein intake
to 1.5–2 g/kg/day. Hyperglycemia may necessitate a reduction in glucose loads
and use of IV insulin. Triglyceride intolerance often necessitates a reduction in
glucose and fat intake. Increased macro- and micronutrient loss necessitates
monitoring and replacement of potassium, zinc, magnesium, calcium, and phos-
phates, as needed.

2. Patients with respiratory failure must not be overfed. A respiratory quotient
greater than 1 indicates excessive CO2 production. In this situation, a specially
formulated low-carbohydrate tube feeding should be used.

3. Protein intake should be optimized to promote nitrogen retention while
avoiding protein overload. Protein should not be restricted in patients with
acute renal dysfunction. In patients with chronic renal insufficiency, protein
intake should be reduced to 0.5–0.8 g/kg/day. In contrast, protein intake
should be increased for patients on dialysis, since hemodialysis or hemofiltra-
tion removes 3–5 g/h of protein. A tube feeding formulated for patients with
renal failure that contains high levels of protein and low levels of potassium
should be used.

4. Monitoring of visceral protein levels (transferrin and prealbumin) may indicate
the adequacy of nutrition, but levels have not been shown to correlate with
improved outcomes.
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XII. Valve-Associated Problems
A. Careful follow-up is required for all patients receiving a prosthetic valve because of the

risk of developing valve-related complications, including thromboembolism, endo-
carditis, anticoagulant-related hemorrhage, and valve degeneration.206 It has been
aptly stated that the use of a prosthetic valve replaces “one disease with another.”

B. Thromboembolism. The annual risk of thromboembolism averages 1–2% for
aortic valves and 2–4% for mitral valves, with a slightly higher incidence in patients
with mechanical valves taking warfarin than in those with bioprosthetic valves
taking only aspirin. The recommended regimens for tissue and mechanical valves
are summarized in Table 13.2 on page 532.46,47,207

C. Valve thrombosis may occur with a mechanical valve, even during therapeutic
anticoagulation. It is very rare with a bioprosthetic valve. Suspicion of mechanical
valve thrombosis is raised by loss of valve clicks on auscultation and confirmed by
fluoroscopy or two-dimensional echocardiography (see Figure 2.8). Although
thrombolytic therapy can be used in selected circumstances, an immediate opera-
tion to replace the valve is usually required.208

D. Pregnancy poses a serious problem for the woman with a prosthetic valve. The
incidence of fetal wastage is 60% if warfarin is used during the first trimester, and
there is a significant incidence of other congenital defects if pregnancy is completed
(“coumadin embryopathy”). Tissue valves have been used for women of childbear-
ing age, acknowledging the limited durability of valves in this age group.
Cryopreserved homograft valves or a pulmonary autograft (Ross procedure) can be
considered for women undergoing aortic valve replacement. One recommended
anticoagulation regimen for women with mechanical valves who desire to become
pregnant is as follows: 209

1. Stop warfarin before conception.
2. Alternatives during pregnancy:

a. Adjusted-dose unfractionated heparin (UFH) throughout pregnancy to
achieve a PTT of 2 times control (usually around 10,000 units SC q12h)

b. Adjusted-dose low molecular weight heparin (LMWH) SC q12h through-
out pregnancy to maintain a 4–6-hour postinjection antifactor Xa heparin
level > 0.5 U/mL.

c. Either UFH or LMWH as above until the 13th week of pregnancy, then
warfarin with a target INR of 2.5–3.0 until the middle of the third trimester,
followed by UFH or LMWH (often up to 20,000 U SC q12h) until
delivery.

d. Aspirin may be added to any of these regimens.
3. Before delivery, initiate intravenous heparin.
4. With the onset of labor, give heparin 5000 U SC q8h.
5. Resume warfarin after delivery.

E. Anticoagulant-related hemorrhage is a major source of morbidity in patients receiv-
ing warfarin, especially in patients over the age of 65. It is absolutely critical that care-
ful follow-up be arranged for any patient discharged on warfarin. The INR must
remain in the therapeutic range to avoid valve thrombosis or bleeding problems.

F. Prosthetic valve endocarditis may develop at any time during the life span of a
prosthetic valve with an annual risk of approximately 1–2%.210, 211 Early
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endocarditis (within 60 days of surgery) most commonly results from infection
with staphylococci (coagulase negative > aureus), fungi, gram-negative organisms,
and enterococci. This carries a significantly higher mortality than late prosthetic
valve endocarditis. The latter is most commonly caused by coagulase-negative
Staphylococcus and Streptococcus viridans. Clinical manifestations may include recur-
rent fevers, valve dysfunction with regurgitation and heart failure, cerebral or
peripheral embolization, and, most ominously, the development of conduction
defects resulting from a periannular abscess. It is critical that the patient under-
stand the need for prophylactic antibiotics when any dental or other surgically
invasive procedure is performed. The AHA recommendations detailed on page 541
should be followed.111

G. Hemolysis usually reflects the development of a paravalvular leak and is often
worse when the leak is small due to increased turbulence. It may also result from
transvalvular leaks resulting from pannus ingrowth or thrombus formation that
restricts leaflet movement and may keep one leaflet in a partially open fixed posi-
tion (Figure 2.8). Subclinical hemolysis is noted by elevation of lactate dehydroge-
nase and the reticulocyte count. The patient may also develop mild jaundice or per-
sistent anemia necessitating transfusion. Valve re-replacement is indicated for
severe hemolysis or a significant paravalvular leak.

H. Valve failure is defined as a complication necessitating valve replacement.
Mechanical valve failure is usually caused by thrombosis, thromboembolism, endo-
carditis, or anticoagulation-related bleeding, and rarely by structural failure. In con-
trast, primary tissue failure is the most common cause of bioprosthetic dysfunction
necessitating valve replacement. Porcine mitral valves not treated with any antical-
cification agents or treated with high- or low-pressure fixation degenerate more
rapidly than valves processed with improved technology, especially in young
patients. Structural valve deterioration necessitating reoperation occurs in only
about 10% of patients with aortic pericardial valves at 20 years, suggesting that
pericardial valves may fare better than porcine valves in the mitral position as well.
Nonetheless, earlier failure can occur and constant vigilance and careful follow-up
examinations are essential. Fortunately, surgery for bioprosthetic valve failure can
usually be performed on an elective basis at low risk in contrast to the high-risk
emergency surgery required for catastrophic mechanical valve failure.

XIII. Discharge Planning
A. As the length of hospital stay continues to decrease, appropriate discharge plan-

ning is essential to ensure a smooth convalescence after hospital discharge.
Patients requiring additional subacute care may be transferred to rehabilitation
hospitals or skilled nursing facilities for several days before going home. Even
when patients are well enough to be cared for at home, it is not uncommon for
separation anxiety to develop, with both patients and family members experienc-
ing difficulty handling minor problems.

B. Appropriate discharge planning should involve the patient, family members,
dietitians, nurses, physician assistants, nurse practitioners, and physicians. Patients
must be given explicit instructions as to how they will feel, how fast they should
anticipate recovery, what they must do, what they should look for, and when to
contact the hospital. Several manuals are available that discuss expectations and
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the reestablishment of standard routines at home. Phone contact from the doc-
tor’s office is very beneficial in allaying patients’ fears, answering routine ques-
tions, and dealing appropriately with potential problems. Since the definition of
operative mortality extends to 30 days after surgery, it is imperative for appropri-
ate outcomes analysis that patients be contacted at this time to see whether they
have been readmitted and see how they are faring.

C. Most patients should have an available family member or friend at home for the
first week after discharge. This provides reassurance for the patient who may not
yet be able to care for himself or herself, and it also provides an objective observer
who is able to contact the hospital if serious problems arise.

D. Medications. The patient should be provided with a list and schedule of all med-
ications. The reason each medication has been prescribed as well as possible side
effects and interactions with other medications should be discussed. If the patient
is receiving an anticoagulant such as warfarin, it is absolutely imperative that
follow-up be arranged for prothrombin times (INR) and regulation of drug
dosage. The adverse influence of alcohol and other medications and certain foods
on the level of anticoagulation must be emphasized.

E. Prophylactic antibiotics. Any patient who has received prosthetic material
(valves or grafts) must be aware of the necessity of prophylactic antibiotics if den-
tal work or other surgical procedures are contemplated. Patients should be told to
inform their physician or dentist accordingly and follow the AHA guidelines for
antibiotic prophylaxis delineated on page 541.111

F. Diet. Dietitians should meet with patients before discharge to discuss the partic-
ular dietary restrictions for their cardiac disease. This entails discussions of the sig-
nificance of low-cholesterol or low-salt diets and the provision of appropriate
dietary plans. Appropriate management of hypercholesterolemia involves use of a
“statin” medication to reduce cholesterol, stabilize coronary plaque, and perhaps
prevent progression of disease.212,213

G. The patient must participate in self-evaluation at home. A daily assessment of
pulse rate, oral temperature, and weight should be performed, and all incisions
should be inspected for redness, tenderness, or drainage. Patients should be
instructed to contact the physician’s office if any abnormalities are noted.

H. Patients should be encouraged to gradually increase their activity as tolerated.
Patients with a median sternotomy incision should be discouraged from lifting
objects heavier than 10–15 pounds because it puts strain on the healing sternum.
Driving should be avoided for 6 weeks. In contrast, there are few physical limita-
tions on patients who have small thoracotomy incisions for minimally invasive
surgery.

I. The long-term care of the patient after coronary bypass surgery entails use of
aspirin indefinitely to improve vein graft patency and for the primary and sec-
ondary prevention of myocardial infarction. In addition, control of all modifiable
risk factors (obesity, smoking, hyperlipidemia, diabetes, hypertension) with medi-
cations, changes in lifestyle, and involvement in cardiac rehabilitation programs
are essential to optimize the surgical result.214
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1 Typical Preoperative Order Sheet

1. Admit to: ______________

2. Surgery date: ____________________

3. Planned procedure: _____________________

4. Laboratory tests:

CBC with differential

PT/INR     PTT

Electrolytes, BUN, creatinine, blood sugar

Bilirubin, AST, ALT, alkaline phosphatase, albumin

Urinalysis

Electrocardiogram

Chest x-ray PA and lateral

Antibody screen      Crossmatch: ___ units PRBC

Other:

5. Treatments/Assessments

Admission vital signs

Obtain room air O2 by pulse oximetry; ABG if < 90%

Measure height and weight

NPO after midnight except sips of water with meds

Shave/Hibiclens scrub to chest and legs

Incentive spirometry teaching

6. Medications

Peridex gargle on-call to OR

Cefazolin 1 gm IV to OR with patient

Vancomycin 15 mg/kg = ____ g IV to OR with patient

Discontinue aspirin, clopidogrel, NSAIDs immediately

Stop heparin at _____

Continue heparin drip into OR

Discontinue low-molecular-weight heparin after AM dose on ______

Stop IIb/IIIa inhibitors at ______

Other:



2 Typical Orders for Admission 
to the ICU

1. Admit to ICU

2. Procedure: _____________________

3. Condition: ______________________

4. Vital signs q15 min until stable, then q30 min

5. Continuous ECG, arterial, PA tracings, SaO2 on bedside monitor  

6. Cardiac output q15 min × 1h, then q1h × 4 h, then q2–4h when stable

7. Chest tubes to chest drainage system with 20 cm H2O suction; record hourly

8. Urinary catheter to gravity drainage and record hourly

9. Elevate head of bed to 30 degrees

10. Hourly I&O

11. Daily weights

12. Advance activity after extubation (dangle, out of bed to chair)

13. GI/nutrition: NPO while intubated

Nasogastric tube to low suction

Clear liquids as tolerated 1h after extubation and removal 
of NG tube

14.  Ventilator settings

FIo2: ________ in SIMV mode

IMV rate: ______ breaths/min

Tidal volume: ______ mL

PEEP: _____cm H2O

Pressure support: ____ cm H2O

15.  Respiratory care

Endotracheal suction q4h, then prn

Wean ventilator to extubate per protocol

O2 via face mask with FIO2 0.6–1.0 per protocol

O2 via nasal prongs @ 2–6 liters/min to keep SaO2> 95%

Incentive spirometer q1h when awake

16.  Laboratory tests

STAT ABGs, CBC, electrolytes, glucose

STAT PT, PTT, platelet count if chest tube output > 100/h

STAT chest x-ray

STAT ECG

ABGs 4 h after arrival, prior to weaning and prior to extubation

HCT, K+ every 4–6 h and prn

In morning of POD #1: ECG, CXR, electrolytes, BUN, creatinine, CBC

(continued )
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17.  Pacemaker settings: Mode:  Atrial  VVI  DVI  DDD

Atrial output: ___ mA   Ventricular output ____ mA

Rate: ___ min   AV interval: ___ msecs

Pacer attached but off

18.  Notify MD/PA for:

a.  Systolic blood pressure < 90 or > 140 mm Hg

b.  Cardiac index <1.8 liters/min/m2

c.  Urine output <30 mL/h × 2 h

d.  Chest tube drainage >100 mL/h

e.  Temperature >38.5oC

19.  Medications

Allergies _______________

a.  IV drips

Dextrose 5% in 0.45 NS 250 mL via Cordis/triple lumen at KVO

Arterial line and distal Swan-Ganz port: heparin 250 U/250 mL NS at 3 mL/h

Epinephrine 1 mg/250 mL D5W: _____ µg/min to maintain cardiac index >2.0

Milrinone 20 mg/100 mL NS: _____ µg/kg/min

Norepinephrine 8 mg/250 mL D5W: _____ µg/min to keep systolic BP >100

Phenylephrine 40 mg/250 mL D5W: _____ µg/min to keep systolic BP >100

Nitroprusside 50 mg/250 mL D5W: _____ µg/kg/min to keep systolic BP <130

Nitroglycerin 100 mg/250 mL D5W: _____ µg/kg/min

Lidocaine 2 g/250 mL D5W: _____ mg/min IV; wean off at 06:00 POD #1

Diltiazem:  100 mg/100 mL D5W: _____ mg/h

Other:  _____________

Other:  _____________

b.  Antibiotics

Cefazolin 1 g IV q8h for 6 doses

Vancomycin 1 g IV q12h for 4 doses

c.  Sedatives/analgesics

Propofol infusion 10 mg/mL: 25–50 µg/kg/min per protocol

Midazolam 2 mg IV q2h prn agitation; stop after extubation

Morphine sulfate 25 mg/100 mL D5W: 0.01–0.02 mg/kg continuous IV
infusion; supplement with 2–5 mg IV q1–2h prn for breakthrough pain;
discontinue in AM POD #1

Meperidine 25 mg IV prn shivering

Ketorolac 15–30 mg IV q6h prn for breakthrough pain; d/c after 72 h

(continued )
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d.  Other medications

Metoprolol 25 mg PO/per NG tube starting 8 h after arrival, then q12h;
hold for HR <60 or SBP <100

Digoxin 0.25 mg IV q6h × 2 doses starting 8 h after arrival; then 0.25 mg
PO q6h × 2 doses, then 0.25 mg PO qd; hold for HR <60

Magnesium sulfate 2 g IV on POD #1 in AM

Sucralfate 1 g per NG tube q6h until NG tube removed

Pantoprazole (Protonix) 40 mg PO qd

Aspirin  325 mg  81 mg PO qd (starting 6 hours after arrival); hold for
platelet count <75,000 or chest tube drainage >50 mL/h

Warfarin _____ mg starting _____ ; check with HO for daily dose

e.  PRN medications

Acetaminophen 650 mg PO/PR q4h prn temp > 38.5oC

Droperidol 0.625–1.25 mg IV q6h prn nausea

Ondansetron 4 mg IV prn nausea

KCl 80mEq/250 mL D5W via central line to keep K+ > 4.5 mEq/liter:

K+ 4.0–4.5 KCl 10 mEq over 30 min

K+ 3.5–3.9 KCl 20 mEq over 60 min

K+ < 3.5 KCl 40 mEq over 90 min

Initiate hyperglycemia protocol if BS > 240 mg/dL on admission or 
>180 mg/dL 8 h after admission

Other
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3 Transfer Orders from the ICU

ALLERGIES:
1. Transfer to ________________

2. Procedure: ___________________

3. Condition: __________________

4. Vital signs q4h × 2 days, then qshift

5. ECG telemetry

6. I&O q8h

7. Daily weights

8. Foley catheter to gravity drainage; D/C at ___________ ; due to void in 8 h

9. SpO2 q8h and 1 time before and after ambulation

10. Chest tubes to –20 cm H2O suction

11. Diet

NPO

Clear liquids/no added salt (NAS)

Full liquids/NAS

NAS, low fat, low cholesterol diet

Fluid restriction ___ mL per 24 hours (IV + PO)

_____ cal ADA, NAS low cholesterol diet, if diabetic

12. Activity

Bed rest

OOB and ambulate with assistance per protocol

13. Elastic antiembolism (TEDs) stockings

14. Dry sterile dressing changes qd until POD #4

15. Temporary pacemaker settings: 

Pacemaker on: Mode: Atrial VVI DVI DDD

Atrial output ____ mA      Ventricular output ____ mA

Rate ___ /min        AV interval: ____ msecs

Pacer attached but off

Detach pacer but keep at bedside

16. Respiratory care

Oxygen via nasal prongs at 2–6 L/min to keep SpO2 > 92%

Incentive spirometer q1h when awake

17. Wire and wound care per protocol

(continued )
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18. Laboratory studies

Chest x-ray after chest tube removal

Daily PT, PTT if on heparin/warfarin

Daily platelet count if on heparin

Glucose via fingerstick/glucometer AC and qHS in diabetics

Chest x-ray, ECG, CBC, electrolytes, BUN, creatinine day prior to discharge

MEDICATIONS:
1. Antibiotics

Cefazolin 1 g IV q8h for ____ more doses (6 doses total)

Vancomycin 1 g IV q12h for ___ more doses (4 doses total)

2. Cardiac medications

Metoprolol __ mg PO q12h. Hold for HR < 60 and SBP < 100

Digoxin 0.25 mg PO qd. Hold for HR < 60

Antihypertensives: 

Diltiazem 100 mg/100 mL NS @ ___ mg/h × 24 h, then 30 mg PO qid (radial
artery grafts)

3. Anticoagulants/antiplatelet agents

Enteric-coated aspirin 325 mg PO qd (coronary bypass patients); hold for
platelet count < 75,000

Enteric-coated aspirin 81 mg (if on warfarin)

Heparin 25,000 U/500 mL D5W at _________ U/h starting on _____ 
(per protocol)

Coumadin ___ mg PO qd starting on ____ ; daily dose check with HO

4. Pain medications

Morphine sulfate via PCA pump or 10 mg IM q3h prn severe pain

Ketorolac 15–30 mg IV q6h prn pain, D/C after 72 hours

Acetaminophen with oxycodone (Percocet) 1 tab PO q4h prn pain

Acetaminophen with codeine (Tylenol #3) 1–2 tabs PO q4h prn pain

5. GI medications

Pantoprazole (Protonix) 40 mg PO qd

For nausea:

Metoclopramide 10 mg IV/PO q6h prn

Prochlorperazine 10 mg PO/IM q6h prn

Milk of magnesia 30 mL PO qhs prn

Metamucil 12 g in H2O qd prn constipation

Docusate (Colace) 100 mg PO bid

Dulcolax suppository PR qd prn constipation

(continued )
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6. Diabetic patients

Oral hypoglycemic: _______

____ units regular Humulin insulin SC ____ qAM ____ qPM

____ units NPH Humulin insulin SC ____ qAM ____ qPM

Sliding scale: treat fingerstick/glucometer BS according the following scale at
06:00, 11:00, 15:00, and 20:00

161–200, give ___ units regular Humulin insulin SC
201–250, give ___ units regular Humulin insulin SC
251–300, give ___ units regular Humulin insulin SC
> 300, call house officer

7. Other medications

Acetaminophen 650 mg PO q3h prn temp > 38.5oC

Chloral hydrate 0.5–1.0 g PO qhs prn sleep

Furosemide ____ mg IV/PO q ____ h

Potassium chloride ____ mEq PO bid (while on furosemide)

Albuterol 2.5 mg/2.5 mL NS via nebulizer q6h prn

Other medications:

8. Saline lock, flush q8h and prn



4 Typical ICU Flowsheet
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5 Heparinization Protocol for
Cardiac Surgery Patients

Indication: ________________
1. Patient weight: ___ kg
2. PT, PTT, CBC and platelet count prior to starting heparin
3. Initial PTT 6 h after starting infusion (4 h if a bolus is given)
4. Recheck PTT after changing infusion rate per chart
5. Daily PTT in AM
6. Check platelet count daily if < 100,000 and qod if > 100,000 while on heparin
7. Guaiac all stools
8. Notify house officer for any bleeding, PTT < 35 or > 100 seconds
9. Discontinue all previous heparin orders. Hold heparin bolus and drip for 12 h after

last dose of low-molecular-weight heparin
10. Heparin bolus

No bolus
Give IV bolus of 80 units/kg = _____ units (round to nearest 100)

11. Heparin infusion 25,000 units/250 mL D5W @ _____ units/h
∗ 15 units/kg for unstable angina, atrial fibrillation, prosthetic heart valves 

(therapeutic range 50–70 seconds)
∗ 18 units/kg for deep venous thrombosis or pulmonary embolism (therapeutic range

60–85 seconds)
12. Heparin adjustment schedule (for postoperative AF or prosthetic heart valves)

PTT Infusion Rate Next PTT 

< 40 Bolus with 40 units/kg and increase 4 h
drip by 4 units/kg/h

41–50 Bolus with 25 units/kg and increase 6 h
drip by 2 units/kg/h

51–70 No change Daily once 2 PTTs 
6 h apart are in
therapeutic range

71–80 Reduce by 1 unit/kg/h 6 h

81–90 Reduce by 2 units/kg/h 6 h

91–100 Stop for 1 h and reduce 4 h
by 3 units/kg/h

> 100 Stop for 2 h & reduce 4 h
by 4 units/kg/h



6 Hyperglycemia Protocol for
Cardiac Surgery Patients

Goal: to maintain blood sugar (BS) between 110 and 180 mg/dL after surgery
1. Check glucometer BS q2h; increase to q1h during rapidly changing conditions and

decrease to q4h if no changes in insulin drip rate for 6 h and serum BS < 180 on 3 con-
secutive measurements

2. Correlate glucometer BS to serum BS daily
3. Maintain serum potassium > 4 mEq/L
4. Page house officer for BS < 90 or > 320
5. Initiate protocol for BS > 240 on admission to ICU or BS > 180 at 8 h

BS Regular Insulin IV Bolus Infusion Rate*

181–200 No bolus 0.5 unit/h

201–240 3 units 1 unit/h

241–280 5 units 1 unit/h

281–320 10 units 2 units/h

*Regular humulin insulin 100 units in 100 mL NS

6. Adjustment protocol of insulin infusion
<95 IV bolus with 12.5 g (25 mL) of 50% dextrose and lower infusion by 1 unit/h
96–110 Lower infusion by 0.5 unit/h
111–180 No change in infusion rate
181–225 Increase infusion rate by 0.5 unit/h
226–250 IV bolus with 5 units and increase infusion by 0.5 unit/h
251–320 IV bolus with 10 units and increase infusion by 1 unit/h
>320 Page house officer

7. Transitioning from infusion to SC insulin:
24 h requirement in units divided by 8 = × units = ____ units
Give first SC dose 30 min before stopping insulin infusion

BS adjustment to insulin regimen
≤ 80 Page house officer
81–120 Give ___ units SC q6h (× – 4 units)
121–160 Give ___ units SC (× – 2 units)
161–200 Give ___ units SC q6h (× units)
201–240 Give ___ units SC q6h (× + 2 units)
> 240 Page house officer
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7 Doses of Parenteral Medications
Commonly Used in the ICU 
and Their Modifications in 
Renal Failure

Drug Class Usual Dosage Route of Adjustment
Elimination∗ in Moderate

Renal Failure

Analgesics

Fentanyl 50–100 µg IV → H No change
50–200 µg/h

Ketorolac 30–60 mg IV q6h (×72 h) R Reduce

Meperidine 50–100 mg IM q3h H Use with caution  

Morphine 2–10 mg IV/IM q2–4h H No change

Antacids

Pantoprazole 40 mg IV over 15 min H No change
(Protonix)

Ranitidine 50 mg IV q8h or R Reduce
(Zantac) 6.25 mg/h

Antianginals

Esmolol 0.25–0.5 mg/kg IV → M No change
0.05–0.2 mg/kg/min IV

Metoprolol 5 mg IV q15 min × 3 H No change

(continued )
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Drug Class Usual Dosage Route of Adjustment
Elimination∗ in Moderate

Renal Failure

Antiarrhythmics (see also Table 11.12, pages 443, 444–449)

Amiodarone 150 mg IV → H No change
1 mg/min × 6 h →
0.5 mg/min × 18 h, 
then 1 g/day

Digoxin 0.125–0.25 mg IV qd R Reduce

Lidocaine 1 mg/kg IV → H No change
1–4 mg/min

Procainamide 10 mg/kg IV → R > H Reduce
1–4 mg/min

Antibiotics (Prophylactic Doses)

Cefamandole 1 g IV q4–6h R Reduce

Cefazolin 1 g IV q8h R Reduce

Ceftriaxone 1 g IV q24h R Reduce

Vancomycin 15 mg/kg IV, then R Reduce
1 g IV q8–12h

Antiemetics

Dolasetron 12.5 mg IV H/R No change
(Anzemet)

Droperidol 0.625–1.25 mg IV H No change
(Inapsine)

Granisetron 1 µg/kg IV H No change
(Kytril)

Metoclopramide 10–20 mg IM/IV qid R >H Reduce
(Reglan)

(continued )



Appendix 7 585

Drug Class Usual Dosage Route of Adjustment
Elimination∗ in Moderate

Renal Failure

Antiemetics (cont.)

Ondansetron 4–8 mg IV H No change
(Zofran)

Prochlorperazine 5–10 mg IM q4h H No change
(Compazine)

Antihypertensives (see Table 11.5, page 391)

Diuretics

Acetazolamide 250–500 mg IV q8h R Use with caution
(Diamox)

Bumetanide 1–5 mg IV q12h R > H Use with caution
0.5–2 mg/h drip

Chlorothiazide 500 mg IV qd R Use with caution

Ethacrynic acid 50–100 mg IV q6h H >R Use with caution

Furosemide 10–500 mg IV q6h R > H Use with caution
(10–40 mg/h) drip

Inotropic Agents (see Table 11.4, page 360)

Paralytic Agents (see Table 4.3, page 147)

Atracurium 0.4–0.5 mg/kg IV → M No change
0.3 mg/kg/h

Doxacurium 0.06 mg/kg → R Reduce
0.005 mg/kg q30 min

Pancuronium 0.1 mg/kg IV → R > H No change
0.01 mg/kg q1h or 
2–4 mg/h

(continued )
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Drug Class Usual Dosage Route of Adjustment
Elimination∗ in Moderate

Renal Failure

Paralytic Agents (cont.)

Vecuronium 0.1 mg/kg IV → H No change
0.01 mg/kg q30–45 min
or 2–6 mg/h

Rocuronium 0.6–1.2 mg/kg IV H No change

Psychotropics/Sedatives

Dexmedetomi- 1 µg/kg load, H No change
dine (Precedex) then 0.2–0.7 mcg/kg/h

Haloperidol 1–5 mg IM/IV q6h H No change
(Haldol)

Lorazepam 1–2 mg IV/2–4 mg H No change
(Ativan) IM q6h

Midazolam 2.5–5 mg IV q1–2h H No change
(Versed)

Propofol 25–50 µg/kg/min M No change
(Diprivan)

Other

Aminophylline 5 mg/kg IV load → H No change
0.2–0.9 mg/kg/h

Flumazenil 0.2 mg over 30 sec, then H No change
0.3 mg, then 0.5 mg 
up to 3 mg max/h

Naloxone 0.4–2 mg IV H No change

∗ Medications metabolized by the liver do not require reduction in dosage for renal failure; medica-
tions metabolized by the kidneys must be adjusted according to the serum creatinine or, more
precisely, by the glomerular filtration rate (creatinine clearance). The reader should refer to the
Physicians’ Desk Reference for complete prescribing information. 

H = hepatic metabolism; R = renal elimination; M = metabolized in the bloodstream.
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8 Doses of Nonparenteral
Medications Commonly Used
After Heart Surgery and Their
Modifications in Renal Failure

Drug Class Usual Dosage Route of Adjustment
Elimination in Moderate

Renal Failure

Analgesics

Acetaminophen 650 mg PO q4h R Reduce

Ketorolac 20 mg PO → R Reduce
(Toradol) 10 mg q4–6h

Ibuprofen 400–800 mg PO tid R Reduce

Oxycodonea 4.5 mg PO q6h H No change

Antacids/antireflux medications

H2 blockers

Famotidine 20–40 mg PO HS R > M Reduce
(Pepcid)

Nizatidine 150 mg PO bid or R Reduce
(Axid) 300 mg HS

Ranitidine 150 mg PO bid R Reduce
(Zantac)

(continued )
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Drug Class Usual Dosage Route of Adjustment
Elimination in Moderate

Renal Failure

Proton-pump inhibitors

Pantoprazole 40 mg PO qd H No change
(Protonix)

Omeprazole 20 mg PO qd H No change
(Prilosec)

Others

Sucralfate 1 g PO qid R Reduce
(Carafate)

Antianginalsb

a -Blockers

Atenolol 25–50 mg PO qd R Reduce

Metoprolol 25–100 mg PO bid H No change

Calcium channel blockers

Diltiazem 30–60 mg PO tid H No change

Nicardipine 20–40 mg PO tid H No change

Nifedipine 10–30 mg PO/SL tid H No change

Verapamil 80–160 mg PO tid H No change

Nitrates

Isosorbide 5–40 mg PO tid H No change
dinitrate

Isosorbide 20 mg PO bid – No change
mononitrate (7 h apart)

Nitropaste 1–3" q4h H No change

(continued )
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Drug Class Usual Dosage Route of Adjustment
Elimination in Moderate

Renal Failure

Antiarrhythmics (see Table 11.12, page 443, 444–449)

Amiodarone 400 mg tid weaned to H No change
200 mg qd

Digoxin 0.125–0.25 mg qd R Reduce

Procainamide Procan SR R > H Reduce
500–1000 mg q6h 

Procanbid 
500–1000 mg bid 

375 mg PO q3–4h

Sotalol 80 mg bid R Reduce

Antibiotics

Cephalexin 500 mg PO qid R Reduce

Ciprofloxacin 500 mg PO bid R Reduce

Antidiabetic Drugs (oral hypoglycemics)

Chlorpropamide 250 mg qd R Avoid
(Diabinese)

Glipizide 5 mg qAM H No change
(Glucotrol)

Glyburide 2.5–5 mg qAM H = R Use with caution
(Micronase, 
DiaBeta)

Metformin 500–1000 mg bid R Avoid
(Glucophage)

Pioglitazone 15–30 mg qd H No change
(Actos)

Rosiglitazone 4–8 mg qd H No change
(Avandia)

(continued )
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Drug Class Usual Dosage Route of Adjustment
Elimination in Moderate

Renal Failure

Antiemetics

Dolasetron 100 mg PO H/R No change
(Anzemet)

Metoclopramide 10–20 mg PO qid R > H Reduce
(Reglan)

Ondansetron 8–16 mg PO H No change
(Zofran)

Prochlorperazine 5–10 mg PO q6h H No change
(Compazine)

Antihypertensives

Angiotensin-converting enzyme (ACE) inhibitors

Captopril 6.25–50 mg PO bid R Avoid
(Capoten)

Enalapril 2.5–5 mg PO qd R Avoid
(Vasotec)

Lisinopril 10 mg PO qd R Avoid
(Zestril)

Quinapril 10 mg PO qd R Avoid
(Accupril)

Angiotensin II receptor blockers (ARBs)

Candesartan 8–32 mg PO qd or in H No change
(Atacand) 2 divided doses

(continued )
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Drug Class Usual Dosage Route of Adjustment
Elimination in Moderate

Renal Failure

Angiotensin II receptor blockers (ARBs) (cont.)

Irbesartan 150–300 mg PO qd H No change
(Avapro)

Losartan 25–100 mg PO qd or in H No change
(Cozaar) 2 divided doses

Valsartan 80–160 mg PO qd H No change
(Diovan)

a -blockers (see also antianginals)

Labetalol 100–400 mg PO qid H No change
(Trandate, 
Normodyne)

Calcium channel blockers (see also antianginal medications)

Amlodipine 2.5–10 mg PO qd H No change
(Norvasc)

Nicardipine 20–40 mg PO tid H No change
(Cardene)

Others

Clonidine 0.1–0.3 mg PO bid R Reduce
(Catapres)

Doxazosin 1–8 mg PO qd H No change
(Cardura)

Prazosin 1–7.5 mg PO bid H No change
(Minipress)

(continued )
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Drug Class Usual Dosage Route of Adjustment
Elimination in Moderate

Renal Failure

Cholesterol-lowering medications

Atorvastatin 10 mg PO qd H No change
(Lipitor)

Ezetimibe (Zetia) 10 mg PO qd H No change

Fluvastatin 20–40 mg PO qd H No change
(Lescol)

Lovastatin 20–40 mg PO qd H No change
(Mevacor)

Pravastatin 10–20 mg PO qd H No change
(Pravachol)

Rosuvastatin 10–20 mg PO qd H No change
(Crestor)

Simvastatin 5–10 mg PO qd H No change
(Zocor)

Diuretics

Acetazolamide 250–500 mg PO qid R Reduce
(Diamox)

Furosemide 10–200 mg PO bid R > H No change
(Lasix)

Hydrochlorothiazide 50–100 mg PO qd R No change
(Hydrodivril)

Metolazone 5–20 mg PO qd R No change
(Zaroxolyn)

Diuretics (Potassium Sparing)

Amiloride 5–10 mg PO qd R Avoid
(Midador)

(continued )



Appendix 8 593

Drug Class Usual Dosage Route of Adjustment
Elimination in Moderate

Renal Failure

Diuretics (Potassium Sparing) (cont.)

Spironolactone 25 mg qd R Avoid
(Aldactone)

Eplerenone 25–50 mg qd H No change
(Inspra)

Psychotropics/Sedatives/Antidepressants

Alprazolam 0.25–0.5 mg PO tid H, R Reduce
(Xanax)

Amitriptyline 10–20 mg qhs or bid H No change
(Elavil)

Bupropion 100 mg PO bid H No change
(Wellbutrin)

Buspirone 7.5 mg PO bid ? No change
(Buspar)

Citalopram 20 mg PO qd H No change
(Celexa)

Chlordiazepoxide 5–25 mg PO tid ? No change
(Librium)

Diphenhydramine 50 mg PO HS H No change
(Benadryl)

Fluoxetine 20–40 mg PO qd H No change
(Prozac)

Haloperidol 0.5–2.5 mg PO tid H No change
(Haldol)

Lorazepam 1–2 mg PO bid or HS H No change
(Ativan)

(continued )



Drug Class Usual Dosage Route of Adjustment
Elimination in Moderate

Renal Failure

Psychotropics/Sedatives/Antidepressants (cont.)

Paroxetine 20–50 mg PO qd H/R Reduce
(Paxil)

Sertraline 50–200 mg PO qd H No change
(Zoloft)

Venlafaxine 25 mg PO bid or tid R Reduce
(Effexor)

Sleep Medications

Chloral hydrate 500–1000 mg PO HS H No change

Diphenhydramine 25–50 mg PO HS H No change

Temazepam 15–30 mg PO HS H No change
(Restoril)

Triazolam 0.125–0.25 mg PO HS H No change
(Halcion)

Zaleplon 5–10 mg PO HS H No change
(Sonata)

Zolpidem 10 mg PO HS H No change
(Ambien)

Other

Carbamazepine 200 mg bid H No change
(Tegretol)

(continued )
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Drug Class Usual Dosage Route of Adjustment
Elimination in Moderate

Renal Failure

Other (cont.)

Gabapentin 300 mg qd–600 mg tid R Reduce
(Neurontin)

Theophylline 300 mg PO bid H No change
(Theo-Dur)

Medications metabolized by the liver do not require reduction in dosage for renal failure; medications
metabolized by the kidneys must be adjusted according to the serum creatinine, or more precisely, by
the glomerular filtration rate. The reader should refer to the Physicians’ Desk Reference for complete
prescribing information
a = Usually given with acetaminophen 325 mg (Vicodin or Percocet).
b = Antianginal medications given four times a day (qid) are usually taken 4 h apart during the day-
time. Other medications should generally be taken at equally spaced intervals.
H = hepatic metabolism; R = renal elimination; M = metabolized in bloodstream.



9 Drug and Food Interactions with
Warfarin (Coumadin)

Potentiation Inhibition
(Increase INR) (Decrease INR) No Effect

Acetaminophen Azathioprine Alcohol (if no liver disease)
Alcohol (if liver disease) Barbiturates Antacids
Amiodarone Carbamazepine Atenolol
Anabolic steroids Chlordiazepoxide Bumetanide
Cefamandole Cholestyramine Diltiazem
Cefazolin Cyclosporine Famotidine
Chloral hydrate Dicloxacillin Fluoxetine
Cimetidine Multivitamins Ibuprofen
Clofibrate Nafcillin Ketoconazole
Erythromycin Phenytoin Ketorolac
Floxin-antibiotics Rifampin Metoprolol
Fluconazole Sucralfate Nizatidine
Isoniazid Trazodone Ranitidine
Lovastatin Vancomycin
Metronidazole Alfalfa
Omeprazole Avocado
Phenylbutazone Green leafy vegetables
Propranolol Green tea
Quinidine Parsley
Sulfamethoxazole/ Soybean oil

Trimethaprim (Bactrim)
Tamoxifen

Garlic
Ginger
Ginkgo Biloba
Grapefruit juice

Reprinted in part from Hirsh J, Dalen JE, Anderson DR, et al. Oral anticoagulants mechanism of
action, clinical effectiveness, and optimal therapeutic range. Chest 2001;119:85–215.
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Definitions from the STS Data
Specifications (2004)

Preoperative Conditions
1. Chronic lung disease

a. Mild: FEV1 60–75% of predicted, and/or on chronic inhaled or bronchodilator
therapy

b. Moderate: FEV1 50–59% of predicted, and/or on chronic steroid therapy aimed at
lung disease

c. Severe: FEV1 < 50% of predicted, and/or room air pO2 < 60 torr or  pCO2 > 50 torr
2. Peripheral vascular disease:

a. Claudication either with exertion or at rest
b. Prior amputation for arterial insufficiency; aortoiliac occlusive disease reconstruction;

peripheral vascular bypass surgery, angioplasty, or stent; documented AAA, AAA
repair, or stent

c. Positive noninvasive testing documented
d. Does NOT include carotid disease or procedures originating above the diaphragm

3. Cerebrovascular disease: any of the following:
a. Unresponsive coma > 24 h
b. CVA (symptoms > 72 h after onset)
c. Reversible ischemic neurologic deficit (RIND) (recovery within 72 h after onset)
d. Transient ischemic attack (TIA) (recovery within 24 h)
e. Noninvasive carotid test with > 75% occlusion
f. Prior carotid surgery

4. Diabetes: history of diabetes, regardless of duration of disease or need for antidiabetic
agents

5. Renal failure: documented history of renal failure and/or history of creatinine > 2.0 
6. Hypercholesterolemia: any of the following: total cholesterol > 200, LDL > 130, HDL

< 30, or triglycerides > 150 mg/dL
7. Hypertension: history of hypertension diagnosed and one of the following:

a. Treated with medications, diet, and/or exercise 
b. BP > 140 systolic or > 90 diastolic on at least two occasions
c. Currently on antihypertensive therapy

8. Congestive heart failure as evidenced within the preceding two weeks by: presence of
paroxysmal nocturnal dyspnea, dyspnea on exertion, pulmonary congestion on CXR, or
pedal edema/dyspnea and receiving diuretics or digoxin

9. Stable angina: angina controlled by oral or transcutaneous medication. May be pain free
with/without medication but with a history of angina.

10
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10. Unstable angina: angina that necessitates the initiation, continuation, or increase of
angina control therapies that may include a nitroglycerin drip, heparin drip, or IABP
placement. It may be characterized by any of the following:
a. Rest angina
b. New-onset exertional angina of at least CCS class III
c. Recent acceleration of pattern and increase of one CCS class or to at least CCS 

class III
d. Variant angina
e. Non–Q-wave infarction
f. Postinfarction angina

11. Urgency
a. Emergent salvage: patient is undergoing CPR en route to the OR or prior to anes-

thesia induction
b. Emergency: patient’s clinical status includes any of the following:

i. Ischemic dysfunction: (1) ongoing ischemia including rest angina despite maximal
medical therapy, (2) acute evolving MI within 24 h before surgery, or (3) pul-
monary edema requiring intubation

ii. Mechanical dysfunction with shock with or without circulatory support
c. Urgent: all of the following:

i. Not elective or emergent
ii. Procedure required during same hospitalization in order to minimize chance of

further clinical deterioration
iii. Any of the following may be included: worsening or sudden chest pain, CHF, acute

MI, compelling anatomy, IABP, unstable angina with IV NTG or rest angina
d. Elective: the patient’s cardiac function has been stable for days or weeks prior to the

operation. The procedure could be deferred without increased risk of compromised
cardiac output.

Postoperative Complications
1. Operative mortality: death occurring during the hospitalization in which the operation

was performed (even if after 30 days) or death occurring after hospital discharge, but
within 30 days, unless the cause of death is clearly unrelated to the operation.

2. Stroke
a. Permanent: central neurologic deficit persisting postoperatively for > 72 h
b. Transient: neurologic deficit lasting < 24 h (TIA) or < 72 h (RIND)

3. Renal failure: worsening of renal function with increase in serum creatinine to > 2.0 and
2 × the most recent preoperative creatinine level; new requirement for dialysis

4. Prolonged ventilation: the patient has pulmonary insufficiency requiring mechanical
ventilatory support for > 24 h postoperatively

5. Myocardial infarction
a. Within 24 h of surgery: CK-MB > 5 times upper limit of normal with or without new

Q waves in two or more contiguous leads
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b. After 24 h:
i. Evolutionary ST-segment elevation

ii. Development of new Q waves in two or more contiguous leads
iii. New left bundle branch block on ECG
iv. CK-MB > 3 times upper limit of normal

6. Deep sternal wound infection: infection involving muscle, bone, and/or mediastinum
requiring operative intervention with all of the following:
a. Wound opened with excision of tissue or reexploration of mediastinum
b. Positive culture
c. Treatment with antibiotics



Technique of Thoracentesis

A. The level of the fluid should be determined on chest x-ray and confirmed by dullness to
percussion. The skin is prepped and draped. One percent lidocaine is used for local anes-
thesia of the skin. A 22-gauge needle is passed to the upper border of the rib, and the
periosteum is anesthetized. The needle is then passed over the rib into the pleural space.

B. When the pleural space has been entered, fluid should be aspirated to confirm that the
effusion has been located. A larger “intracatheter” needle is then passed into the pleural
cavity, the plastic catheter advanced, and the metal needle withdrawn to prevent injury
to the lung as it expands to appose the parietal pleura. The fluid is then aspirated into
collection bottles.

11
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Technique for Tube
Thoracostomy12

Skin incision. One percent lidocaine is used for local anesthesia. A subcutaneous wheal is
raised over the fifth or sixth intercostal space in the midaxillary line. The needle is passed to
the upper border of the rib and the periosteum is anesthetized. Fluid should be aspirated
from an effusion to confirm its location. A 1-cm incision is then made.

Pleural entry. The dissection is carried down to and through the intercostal muscles with a
Kelly clamp, the parietal pleura is penetrated, and the pleural cavity is entered. Finger dissec-
tion should be used only if loculations are known to be present.
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Chest tube placement. The chest tube is inserted and directed towards the apex for air and
posteriorly for fluid. The tube should be clamped during insertion if fluid is being drained.
The tube is then secured with a 2-0 silk suture. A trocar can be used as a stent to advance
the tube but should never be used to penetrate the pleura. 
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Technique for Insertion of
Percutaneous Tracheostomy
Tube

13

(A)

This procedure should be performed with the assistance of  an individual trained in airway
management and bronchoscopy.  The diagrams represent an overview of the procedure
derived from the package insert for the Ciaglia percutaneous tracheostomy set manufactured
by Cook Critical Care. (Reproduced with permission from Cook Critical Care.)



(B)
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(C)
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(D)

(E)



Body Surface Area Nomogram
for Adults14
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Abciximab, 96t, 98, 107, 271, 282
Abdominal aortic aneurysm, 104
Abdominal pain, 550–551, 554
Abdominal paradox, 313
AbioCor TAH, 387
Abiomed AB ventricle, 377, 384, 386f
Abiomed BVS® 5000, 377, 379, 384, 385f, 386f
Accupril (quinapril), 590a
ACE. See Angiotensin-converting enzyme

inhibitors
Acetaminophen, 224b, 516b, 555
Acetazolamide, 303, 497, 585a, 592a
Acetylcysteine, 77, 105, 477
Acidosis

hydrogen ion, 401t
hyperkalemia and, 491
lactic, 495, 554, 556
metabolic, 302, 347, 494–496
respiratory, 303
treatment of, 495–496

Activated clotting time (ACT)
antiphospholipid syndrome and, 97
aortic aneurysms and, 39
aprotinin and, 151
argatroban and, 156
bivalirudin and, 156
CPB and, 180, 190t, 193
heparin and, 153–154, 164, 186–187
lepirudin and, 156 
protamine for, 270
for VADs, 379

Actos (pioglitazone), 589a
Acute coronary syndrome, 4
Acute lung injury, 312
Acute respiratory insufficiency, 312–317, 314b
Acute tubular necrosis (ATN), 476t, 481–482,

486. See also Renal failure
Adenosine, 449

for myocardial perfusion imaging, 68
for right ventricular dysfunction, 356–357
for supraventricular tachycardia, 436, 449

Adrenal insufficiency, 499–500
Adsorption atelectasis, 301

Adult respiratory distress syndrome (ARDS),
100–101, 315–318, 323. See also Acute or
chronic respiratory insufficiency

Advanced cardiac life support (ACLS), 400
AEG. See Atrial electrogram
AF. See Atrial fibrillation
Afterload, 342, 351 
Aggrastat (tirofiban), 3, 96t, 98, 154, 271
Air embolism, 195

cardiopulmonary bypass and, 180, 194t, 195
left atrial lines and, 229, 230
from Swan-Ganz catheters, 228

Albumin, 283, 472, 473
for expansion of extravascular volume
hetastarch versus, 159, 180

Albuterol, 329, 516b
Alcohol, drug interactions with, 596a
Alcohol abuse

preoperative risks with, 94b, 101, 114t
withdrawal from, 101, 545, 546

Alcohol septal ablation, 32
Aldactone (spironolactone), 497, 593a
Alfentanil, 146t, 147t, 148
Alkaline phosphatase, 105, 108b, 552, 573a
Alkalosis

contraction, 497
hypokalemia and, 492
metabolic, 303, 496–497
respiratory, 302
treatment of, 497

Allergies
anaphylaxis from, 161, 361
contrast media, 77, 476t, 477
protamine, 161–162

Alpha-agents, 347t, 353
inotropics and, 358–359
pulmonary vascular resistance and, 355
renal function and, 473
for VADs, 379
for vasodilated states, 368–369
weaning from, 370

Alprazolam, 593a
Alupent (metaproterenol), 329

Note: Page numbers with an f indicate figures; those with a t, tables; those with a b, boxes; those with
an a, appendices.

Index
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Alveolar-arterial oxygen difference, 301
Alveolar ventilation, 302–304
Ambien (zolpidem), 594a
Amicar. See ε-aminocaproic acid
Amiloride, 497, 592a
ε-aminocaproic acid, 151–152

doses of, 150b, 152, 238t
for intraoperative bleeding, 272
for renal dysfunction, 480

Aminoglycosides, 476
Aminophylline

for bronchospasm, 329
dosage of, 586a
for protamine reaction, 162

Amiodarone, 442, 447
adverse effects of, 447
for atrial fibrillation, 429, 431b, 433, 434
for cardiac arrest, 402, 402t
digoxin with, 447, 450
dofetilide with, 448
dosage of, 443f, 447, 584a, 589a
drug interactions with, 447
indications for, 447
postoperative use of, 238t, 353
preoperative concerns with, 100–101, 107
pulmonary toxicity from, 100–101
for ventricular tachycardia, 40, 441

Amitriptyline, 548, 593a
Amlodipine, 396t, 397–398, 591a
Amoxicillin, 541t
Ampicillin, 541t
Amyl nitrite for thiocyanate toxicity, 393
Analgesia, 238t, 241–242

epidural, 250
renal failure and, 583a, 587a
ventilation and, 297, 299

Anaphylaxis, 161, 361
Anemia

after CPB, 528–529
from hemolysis, 559
after OPCAB, 251
transfusions and, 278–280, 353, 529

Anesthesia, 131–167
consent for, 109b
dosages for, 147t
hemodynamics of anesthetic drugs, 146t
induction of, 145–146, 146t
maintenance of, 145–148, 146t, 147t
metabolism of, 147t
for off-pump surgery, 141, 163–166, 164b
preoperative consultation for, 93, 131–132
preoperative medications for, 102, 107–109
pulmonary dysfunction after, 295–297

for specific procedures, 140–145
Aneurysm. See also Aortic aneurysm

left ventricular, 11–13, 12f, 13f, 141, 258
thoracic aortic, 37–40, 257–258

Angina
aortic stenosis and, 15
coronary bypass surgery for, 6t–7t
HOCM with, 31
left ventricular aneurysm with, 11

Angiography
aortic, 72f, 81
coronary, 73–77, 74f–76f
CT, 81
emergency, 406
hematocrit after, 8
indications for, 3
magnetic resonance, 83–86
mesenteric, 554
projections for, 74f–76f
radionuclide, 68

Angioplasty, 4
Angiotensin-converting enzyme (ACE)

inhibitors
for hypertension, 398
indications for, 399–400
postoperative, 353, 358
preoperative, 107, 131
renal dysfunction and, 476t, 478, 484–485, 590a

Angiotensin II receptor blockers (ARBs),
484–485, 590a–591a

Annuloaortic ectasia, 22, 37, 38
Antianginal drugs, 107, 583a, 588a
Antiarrhythmics, 442–451, 443t, 444t

for atrial fibrillation, 434–435
classification of, 442
dosages for, 443t, 584a, 589a
electrophysiologic properties of, 444t
postoperative, 584a
preoperative, 107
therapeutic levels for, 443t

Antiarrhythmics Versus Implantable
Defibrillator (AVID) trial, 40

Antibiotics, 157, 515b
causing diarrhea, 554
prophylactic, 107–110, 321, 534, 540, 541t,

560, 584a
renal function and, 476, 484, 584a, 589a

Anticoagulation
after aortic valve surgery, 253
for atrial fibrillation, 431b, 433
complications of, 119t
for CPB, 152–156, 155t
for DHCA, 197
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drug dosages for, 533–534
hemorrhage from, 558
mediastinal bleeding and, 269
after mitral valve surgery, 256
operative risks with, 118–120
postoperative, 529–534, 532t
preoperative, 93, 95–98, 96t, 107, 131–132
for prosthetic valves, 532t
protocol for, 581a
for pulmonary embolism, 521
reversal of, 159–163

Antidepressants, 593a–594a
Antiembolism stockings, 312, 519, 521
Antiemetics, 549, 584a–585a, 590a
Antifibrinolytic drugs

for CPB, 149–152
doses of, 150b
for off-pump surgery, 164–165
perioperative bleeding and, 270b, 272
for renal dysfunction, 479–480

Antihypertensives, 390–400, 391b, 396b
dosages for, 585a, 590a–593a
selection of, 399–400
types of, 392–399

Antiinflammatory drugs. See nonsteroidal 
antiinflammatory drugs

Antiphospholipid syndrome, 99
Antiplatelet therapy, 249–250, 531–532, 532t
Antithrombin III deficiency, 99, 193, 282
Antithrombin III concentrate, 99, 154, 193
Anxiety disorders, 547
Anxiolytics, 146t, 147t, 586a, 593a
Anzemet (dolasetron), 546, 549, 584a, 590a
Aorta

calcification of, 61, 73, 81, 85f
CT assessment of, 81, 83f, 84f
hemodynamic norms for, 71t
root shot of, 72f, 81

Aortic aneurysm
anesthesia for, 144
arch aneurysm, 39
ascending, 22f, 38–39, 186
Crawford classification of, 37f
descending, 37–40, 37f, 84f, 104

anesthesia for, 144
left heart bypass for, 197–198, 197f
postoperative care for, 257–258

imaging of, 84f, 86
Marfan’s syndrome with, 37, 38

Aortic arch repair, 39, 144
Aortic dissection, 33–35, 34f, 36f

anesthesia for, 143
cardiac catheterization and, 69

classification of, 33, 34f
CT for, 77, 82f
echocardiography for, 79f, 80t
from IABP, 375
left heart bypass for, 197–198, 197f
medical management of, 34
MRI for, 83, 85f
postoperative care for, 256–257

Aortic insufficiency. See Aortic regurgitation
Aortic regurgitation (AR), 21–22, 22f

aortic dissection with, 35
echocardiography for, 80t
pathophysiology of, 21
postoperative care for, 252–253
surgery for, 22f

Aortic stenosis (AS), 14–18
anesthesia for, 141
calculation of gradient in, 16
echocardiography for, 80t
Heyde’s syndrome with, 553
left heart catheterization of, 69f
low cardiac output and, 247
mortality with, 16
pathophysiology of, 14–16
postoperative care for, 252
surgery for, 16–18, 18f–20f

Aortic valve
area, calculation of, 16
imaging of, 137f, 139
repair of, 22
replacement of, 22, 532–533

heart block and, 253, 422
preoperative risk with, 114t

Aortic valve area (AVA), 16
Aortography, 86

digital, 84f
root shot by, 72f, 81

Aprotinin, 96, 179
ACT and, 151
adverse effects of, 151
after cardiopulmonary bypass, 143
for CPB, 149–151
for DHCA, 197
dosage of, 150–151, 150b, 238t, 279
indications for, 150
for intraoperative bleeding, 39, 144, 271, 272
for LVAD, 388
mechanisms of action of, 149
for postoperative bleeding, 279
problems with, 257
for renal dysfunction, 480

ARBs. See Angiotensin II receptor blockers
ARDS. See Adult respiratory distress syndrome
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Argatroban, 155t, 156, 531
Arginine vasopressin

for vasodilatory shock, 193, 195, 245, 349b,
353, 379, 539

Arrhythmias, 418–442, 522
acute respiratory insufficiency with, 313, 316–317
assessment of, 419
etiology of, 419
IABP and, 374
off-pump surgery and, 165
treatment of, 420t
ventricular, 7t, 378, 388, 522

Arterial blood gases (ABGs)
extubation criteria and, 309b
ventilator support and, 298–300, 302

Arterial lines
in ICU, 226
removal of, 231

Arterial oxygen saturation, 344, 345
Aspirin

clopidogrel with, 97
heparin and, 154
ibuprofen and, 526
after mitral valve surgery, 256
postoperative, 224b, 249–250, 253, 515b,

531–533, 532t
preoperative, 8, 95–96, 96t, 107, 131, 271

Assist-control (A/C) ventilation, 322
Asthma, 114t, 329–330
Asystole, 401, 403
Atacand (candesartan), 590a
Atelectasis

and acute respiratory insufficiency, 313
from ITA harvesting, 296
prevention of, 311
ventilator settings and, 298

Atenolol, 330, 447, 588a
Atheroembolism, 476t
Atherosclerosis

aortic, 37, 64, 375
neurologic complications with, 542

Ativan (lorazepam), 109, 132, 146t, 147t, 546,
586a, 593a

Atorvastatin, 592a
Atracurium, 146t, 147t, 148, 585a
Atrial electrogram (AEG), 408–409, 409f, 419.

See also specific arrhythmia
Atrial fibrillation (AF), 43–45, 44f, 45f,

427–435, 522, 542
anesthesia for, 145
after CABG, 249
causes of, 427–428
complications from, 43, 427

diagnosis of, 64, 428f
digoxin and, 43, 249, 432–433, 450–451
HOCM with, 31
management of, 43, 430–435, 431b
from mitral stenosis, 23
mitral valve surgery and, 255
after OPCAB, 251
pathophysiology of, 43, 427
preoperative evaluation of, 106
prevention of, 428–429, 431b, 446
pulmonary embolism and, 521
surgery for, 44–45, 44f, 45f, 255–256
treatment of, 420t, 446, 447, 448, 450
warfarin for, 532t

Atrial flutter, 420t, 427–435, 428f. See also Atrial
fibrillation

beta-blockers for, 446
calcium channel blockers for, 448
management of, 430, 431b
postoperative, 522

Atrial natriuretic factor (ANF), 470
Atrial pacing, 410–413, 412f

for digoxin toxicity, 451
for prevention of atrial fibrillation, 429, 431b
for PVCs, 438
transesophageal, 418

Atrioventricular nodal reentrant tachycardia
(AVNRT), 435–436, 446, 448

Atrioventricular pacing, 412t, 413–415, 414f,
423–424

Atrioventricular reentrant circuit (AVRT), 435–436
Atropine, 403, 451
Atrovent (ipratropium), 329
Autoanticoagulation, 556
Autotransfusion, 5, 106–107, 238t, 270b, 272, 281
Avandia (rosiglitazone), 589a
Avapro (irbesartan), 591a
AVNRT. See Atrioventricular nodal reentrant

tachycardia
Axid (nizatidine), 587a
Azotemia, 481–482, 481t. See also acute renal

failure

Bactroban (mupirocin), 110, 537
Bair Hugger, 239, 240
Barotrauma, 316, 323
Batista operation, 46
Benadryl (diphenhydramine), 593a, 594a
Bentall procedure, 22f, 35, 38
Benzodiazepines, 146, 546
Beta-blockers, 394–395, 442

adrenergic rebound in, 427
adverse effects of, 447
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for aortic dissection, 34
aortic regurgitation and, 21
aortic stenosis and, 17
for atrial fibrillation, 43, 249, 428–434, 431b
bronchospasm and, 329, 330
calcium channel blockers with, 426, 449
for coronary artery disease, 3, 5
dosages of, 391b, 446–447
hemodynamics of, 394
for HOCM, 31, 33
indications for, 394, 399, 446
intravenous, 394–395
in low cardiac output states, 247, 358
myocardial ischemia and, 352
after OPCAB, 251
overdose of, 401t
PDE inhibitors and, 363
preoperative use of, 107
renal function and, 588a, 591a
for sinus tachycardia, 425–426

Biliary tract obstruction, 555
Bioimpedance, 342–343
Biologic glue, 35, 256, 257
Biphasic intermittent positive airway pressure

(BiPAP), 298, 310–311, 323, 325
Bipolar disorder, 547
Bioprosthetic valves. See tissue valves
Birth defects, 558
Bivalirudin, 154–156, 155t, 531
Biventricular assist device (BiVAD),

381–382
cannulation for, 379f
complications with, 388
indications for, 378b

Biventricular failure, 62f
Blood filtration. See Hemofiltration
Blood substitutes, 283
Body surface area, 606a
Body water distribution, 469–470
Bowel necrosis, 554
Brachial plexus injuries, 547–548
Bradycardia

sinus, 419–421, 421f, 450
treatment of, 403

British Pacing and Electrophysiology Group
(BPEG), 409–410, 411t, 412t

Bronchitis, 296
Bronchodilators, 316, 329, 360–361
Bronchoscopy

for atelectasis, 317
for tracheostomy, 321

Bronchospasm, 329–330, 361, 364
B-type natriuretic peptide (BNP), 100, 427

Bumetanide, 484b, 485, 585a
Bundle branch block, 106
Bupivacaine, 250
Bupropion, 593a
Buspar (buspirone), 593a
Buspirone, 593a

CABG. See Coronary artery bypass grafting
CAD. See Coronary artery disease
Calcium channel blockers, 107, 353, 395–398, 442

adverse effects of, 449
aortic stenosis and, 17
for atrial fibrillation, 43, 431b
beta-blockers with, 426, 449
for coronary spasm, 249, 408
dosages of, 391b, 448–449, 588a, 591a
hemodynamics of, 395, 396t
for HOCM, 33
indications for, 395, 399, 448
for low cardiac output, 247, 358
overdose of, 401t
for supraventricular tachycardia, 436
triiodothyronine with, 367

Calcium chloride
for cardiac arrest, 403–404
dosage for, 366
hemodynamics of, 359t, 366
for hypocalcemia, 493
indications for, 366
for transfusions, 279

Calcium gluconate, 492
Canadian Implantable Defibrillator Study

(CIDS), 40
Candesartan, 590a
Candidiasis, 388
Cannulation

for circulatory assist devices, 379f
for CPB, 182–186, 185f, 187t

Capillary leak syndrome, 244–246
Capoten (captopril), 590a
Captopril, 590a
Carafate (sucralfate), 224b, 552–553, 588a
Carbamazepine, 594a
Carbicarb, 496
Cardene. See Nicardipine
Cardiac arrest, 400–404, 402t
Cardiac Arrest Study Hamburg (CASH) trial, 40
Cardiac catheterization, 69–73, 69f–73f, 70t, 71t

contraindications for, 69
hemodynamic norms during, 71t
information from, 70t
left heart, 69f, 70f, 71
right heart, 71
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Cardiac index (CI), 242, 244, 346, 349b
during rewarming, 246
vasoactive drugs and, 359t

Cardiac massage, 402, 403
Cardiac output (CO), 16, 341–343, 343t

after cardiac surgery, 242–248
diastolic dysfunction with, 247–248
epinephrine for, 361
Fick, 71
hypotension with, 352–353
management of, 349–353, 349b
mitral valve surgery and, 255
from Swan-Ganz catheter, 132, 134f, 342
thermodilution, 132, 342
urine output and, 246
vasoconstriction and, 244 

Cardiac tamponade, 47–48
cardiac arrest from, 401t
delayed, 524–526, 525f
diagnosis of, 284, 524
echocardiography for, 80t, 81t, 284, 524
ketamine and, 146
mediastinal bleeding and, 240, 267, 277b, 284
after mitral valve replacement, 256
operative mortality of, 119t, 119–120
resternotomy for, 284–285

Cardiac transplantation
for CHF, 47
circulatory assist devices before, 47, 377
isoproterenol and, 355
low cardiac output with, 247–248
pulmonary hypertension and, 354

Cardiomyopathy, hypertrophic obstructive,
31–33, 32f, 141

Cardioplegia, 207–212, 209t, 210f
additives for, 212
antegrade, 211
catheter for, 211f
conduction abnormalities after, 421
reperfusion after, 212
retrograde, 211–212, 214
strategies for, 212–214, 213f
temperature for, 210–211
warm, 210–211, 214

Cardiopulmonary bypass (CPB), 179–196
ACT for, 180, 190t, 193
adverse effects of, 179, 296
air embolism from, 195
anemia after, 528–529
anticoagulation for, 152–156, 155t, 186–192
ARDS and, 318
aspirin and, 95–96
cannulation for, 182–186, 185f, 187t
checklists for, 182, 183f, 184f

circuit of, 180–182, 181f
cirrhosis and, 101
clopidogrel and, 96–97
coagulopathy after, 143, 163, 267
complications of (with), 157–159, 193–196,

269, 529, 541–542
fast-track recovery after, 237–243, 238t
flow rates for, 187t, 189–191, 190t, 194
gas exchange for, 192
hematocrit and, 190t, 191, 528–529
hemodynamic support after, 242
hypertension during, 157
hypotension during, 157, 194–195
hypothyroidism and, 499
inflammatory response to, 245, 469–470
mediastinal bleeding after, 240, 272
perfusion records for, 182, 183f, 184f
pH management for, 192
postoperative care for, 237–258
preparations for, 149–157, 150b, 155t
pulmonary dysfunction from, 296
renal dysfunction and, 158–159, 470–471
retrograde autologous priming for, 187–189, 272
rewarming after, 237–240, 238t, 244–246, 272
temperature management for, 191–192
termination of, 159–163, 192–193, 366
thrombocytopenia and, 269, 529
ventilatory support after, 241

Cardiopulmonary resuscitation (CPR), 400–404,
401t, 402t

Cardiotomy suction, 180, 181f, 272
Cardiovascular management, 341–451, 343t
Cardioversion. See also Implantable 

cardioverter-defibrillator
for atrial fibrillation, 430, 433–435
for supraventricular tachycardia, 436

Cardizem. See Diltiazem 
Cardura (doxazosin), 591a
Cariporide, 212
Carotid bruits, 103, 542
Carotid endarterectomy (CEA), 101–103,

114t, 543
Catapres (clonidine), 400, 591a
Catastrophic pulmonary vasoconstriction, 354
Catecholamines, 358–365, 368–371
Catheterization. See Cardiac catheterization
CEA. See Carotid endarterectomy
Cefamandole, 108, 534, 584a
Cefazolin

postoperative, 223b, 515b, 541t, 584a
preoperative, 107, 110, 534

Ceftriaxone, 584a
Cefuroxime, 108
Celexa (citalopram), 593a
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Cellulitis, 540
Central venous pressure (CVP), 226–227,

254, 355b
Centrifugal pumps, 180, 377, 383–384 
Cephalexin, 541t, 589a
Cephalosporins, 107–108, 476, 534
Cerebral oximeter, 157–158, 158f
Cerebrospinal fluid (CSF) drainage, 257–258
Cerebrovascular accident (CVA). See Neurologic

complications
management of, 544
nosocomial infections and, 535
as preoperative risk factor, 116t, 542, 597a
prevention of, 182
from VADs, 388

Chest pain, postoperative, 517
Chest tubes

antibiotics and, 534
in ICU, 230
mediastinal bleeding and, 267–268, 273, 276
placement of, 601a–602a
pneumothorax and, 328
removal of, 231–232

Chest x-ray, 61–64, 62f, 63f
for acute ventilatory insufficiency, 314
for diaphragmatic dysfunction, 520
for mediastinal bleeding, 273, 275
for pneumothorax, 328
postoperative, 221b, 298
preoperative, 61–64, 62f, 63f, 105 

CHF. See Congestive heart failure
Child-Pugh classification, 101
Chloral hydrate, 516b, 594a
Chlordiazepoxide, 546, 593a
Chlorhexidine gluconate, 108b, 535
Chlorothiazide, 474, 484b, 485, 585a
Chlorpropamide, 589a
Cholecystitis, 552
Cholestasis, 555
Cholesterol-lowering drugs, 592a
Chronic obstructive pulmonary disease (COPD)

acute respiratory insufficiency and, 313
bronchospasm and, 329
hypercarbia from, 318
hypoxemia from, 317
PEEP in, 316
pneumothorax and, 328
postoperative complications from, 296
as preoperative risk factor, 99–101, 114t,

116t, 597a
ventilator settings for, 298

CI. See Cardiac index
Ciaglia percutaneous dilatational tracheostomy,

321, 603a–605a

Ciprofloxacin, 589a
Circulatory assist devices, 377–389, 379f

cannulation for, 379f
indications for, 377–378, 378b
types of, 385f–387f

Cirrhosis, 101, 114t
Citalopram, 593a
Citrate-phosphate-dextrose (CPD), 209t, 279
Clarithromycin, 541t
Cleveland Clinic risk model, 113t, 115
Clindamycin, 541t
Clonidine, 240, 400, 591a
Clopidogrel

aspirin with, 97
contraindications to, 3
perioperative bleeding from, 96–97, 271
platelet transfusions and, 281
postoperative, 250
preoperative, 8, 96–97, 96t, 107, 131, 271
stenting and, 4

Clostridium difficile, 551, 553–554
CO. See Cardiac output
Coagulopathy

after CPB, 143, 163, 267
hepatic dysfunction and, 556
after hypothermia, 39
after OPCAB, 251, 267
perioperative bleeding and, 94t, 96
surgical concerns with, 99
after thoracic aneurysm repair, 257
transfusions for, 279–283
treatment of, 163, 276–279

Cockcroft and Gault equation, 475
Cognitive deficits, 546–547
Cold hemagglutinin disease, 195–196
Cold-reactive autoimmune diseases, 195–196
Colitis, 551, 553–554
Colonic angiodysplasia, 553
Comorbidity risks, 111, 113t–116t
Compazine (prochlorperazine), 515b, 585a, 590a
Complete heart block, 253, 415, 418, 423–424,

424f
Computed tomography (CT), 77–81, 82f, 83f

for aortic dissection, 34–35
contrast-enhanced, 81
electron beam, 81
of myxoma, 79f
for pericardial disease, 47

Conduction abnormalities, 253, 421–424,
422f–424f

Congestive heart failure (CHF)
aortic regurgitation and, 21
classification of, 4b, 95 
diastolic dysfunction and, 358



614 Index

Congestive heart failure (CHF) (Cont.)
echocardiography in, 81
endocarditis and, 30
end-stage, 46–47
extubation and, 305
HOCM with, 31
hypoxemia from, 317
left ventricular aneurysm and, 11
from mitral stenosis, 23
mortality with, 46
myocardial viability and, 68
as preoperative risk factor, 114t, 597a
pulmonary embolism and, 521
surgical indications for, 46–47
transplant for, 47
ventricular arrhythmias in, 439

Consent, 109b, 111, 132
Constipation, 550
Constrictive pericarditis, 47, 48, 50, 526–527
Contractility, 342–343, 351
Contrast-induced nephropathy, 77, 476t, 477
Controlled mandatory ventilation (CMV), 322
COPD. See Chronic obstructive pulmonary

disease
Coronary angiography, 73–77

left, 74f–75f
right, 76f

Coronary artery bypass grafting (CABG), 9–11,
9f, 10f. See also Off-pump coronary
artery bypass

anesthesia for, 140–141
aortic dissection and, 38
aortic stenosis and, 17
care after, 248–250, 531–532
carotid endarterectomy with, 102, 103, 543
CEA with, 102, 103
critical pathway for, 512t–513t
diabetes and, 101
indications for, 5, 6t–7t
perioperative MI and, 119t, 249, 404–407, 422
neurologic complications after, 541–542
neurologic evaluation before, 101–102
preoperative risks with, 111–120,

113t–119t
pulmonary dysfunction after, 295–297
radial graft for, 102
ventricular septal defect and, 14

Coronary artery disease (CAD), 3–11
angiography for, 73–77
bypass grafting for, 6t–7t, 9–11, 9f, 10f
carotid bruits and, 103
classification of, 4b, 6t–7t, 95
echocardiography for, 80t

indications for surgery in, 4–5, 6t–7t
management of, 3
pathophysiology of, 3
procedure selection for, 3–4

Coronary vasospasm, 397, 407–408
Cortisol, 470
Coudé catheter, 102
Coumadin. See Warfarin 
Cox-Maze III operation, 44–45, 255–256
Cozaar (losartan), 591a
Crawford classification, 37f
Creatine kinase, 249, 405
Crestor (rosuvastatin), 592a
Critical illness polyneuropathy, 547
Cryoprecipitate, 271, 277b, 278, 282 
Crystalloid cardioplegia, 208
Cuff leak, 310, 325
CURE trial, 96
CVA. See Cerebrovascular accident
Cyanide toxicity, 392–393
Cyclokapron (tranexamic acid), 150b, 152,

271, 272
Cytomegalovirus, 280, 555

Dalteparin, 97
Danaparoid, 155t, 156, 531
DDAVP (desmopressin), 278, 500
DDD pacing, 410, 412t, 413–417
DeBakey classification of aortic dissections, 33
DeBakey Micromed, 377, 384
Deep hypothermic circulatory arrest (DHCA),

196–197
Deep vein thrombosis (DVT), 519, 521
Defibrillation, 402, 435. See also Implantable

cardioverter-defibrillator
Delayed tamponade, 524–526, 525f 
Delirium, 544–546
Demerol (meperidine), 223b, 238t, 277, 304,

390, 583a
Dental concerns, 17, 94b, 103

AHA recommendations for endocarditis 
prophylaxis, 541t

Depression, 547
Desflurane, 148
Desmopressin, 278, 500
DeVega repair, 28, 29f
Dexamethasone, 149, 238t, 500

for airway edema, 310
for fast track protocol, 238t
for pituitary apoplexy, 500

Dexmedetomidine, 148, 240
dosage of, 299, 586a
postoperative, 242, 299, 586a
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DHCA (deep hypothermic circulatory arrest),
35, 38–39, 196, 197

DiaBeta (glyburide), 589a
Diabetes insipidus, 500
Diabetes mellitus

hyperglycemia and, 497–498, 528
postoperative complications with, 101
preoperative risk with, 93, 94b, 107, 114t,

116t, 597a
Diabetic ketoacidosis, 494, 498
Diabinese (chlorpropamide), 589a
Dialysis, 487–491, 488t, 490f

preoperative risk with, 114t, 116t
Diamox (acetazolamide), 303, 497, 585a, 592a
Diaphragmatic dysfunction, 297, 318–319,

519–520
Diarrhea, 554–555
Diastolic arrest, 208
Diastolic dysfunction, 247–248, 358, 363, 367
Diastolic filling period (DFP), 23
Diazepam, 546
Diclofenac, 242
Diet. See Nutrition
Digibind, 401t, 436, 451
Digoxin, 449–450

amiodarone with, 447, 450
atrial fibrillation and, 43, 249, 432–433,

450–451
dosage of, 449–450, 584a, 589a
indications for, 449
isoproterenol and, 451
for PACs, 427
postoperative, 224b, 515b
preoperative, 107
toxicity from, 401t, 436, 450–451
ventricular ectopy from, 443–444, 444t
verapamil with, 449, 450, 588a

Dilantin (phenytoin), 442, 451
Diltiazem, 397

adverse effects of, 449
for atrial fibrillation, 420t, 431b, 432–433
and coronary bypass grafting, 9 
for coronary spasm, 249, 408
dosage of, 391b, 397, 448–449, 588a
hemodynamics of, 396t, 397
indications for, 397, 399, 448
postoperative, 223b, 515b
preoperative, 107
renal function and, 479, 588a
for supraventricular tachycardia, 436

Diovan (valsartan), 591
Dip-and-plateau pattern, 48f
Diphenhydramine, 593a, 594a

2,3-Diphosphoglycerate (2,3-DPG), 344
Diprivan. See Propofol 
Dipyridamole, 68, 154
Discharge planning, 559–560
Disopyramide, 31, 442, 445–446
Diuretics

for acute respiratory insufficiency, 316
in low cardiac output states, 247, 347t, 358 
and metabolic alkalosis, 497 
mitral stenosis and, 253
for oliguria, 484b, 485–486
perioperative, 246, 251 
postoperative, 473–474, 585a
potassium-sparing, 592a–593a
preoperative, 107
thiazide, 485
tolerance to, 474
and ventilation, 303, 311

Dobutamine
dosage of, 360t, 363
hemodynamics of, 359t, 362
indications for, 362
for low cardiac output, 160, 355
MRI, 83

Dobutamine stress echocardiography (DSE),
68–69, 77

Dofetilide, 442, 443f, 448
adverse effects of, 448
for atrial fibrillation, 431b, 435
dosage of, 448
indications for, 448

Dolasetron, 546, 549, 584a, 590a
Dopamine

dosage of, 360t, 362
furosemide with, 486
hemodynamics of, 359t, 361–362
indications for, 362, 403
for oliguria, 479, 484b, 486

Dopexamine, 368
Dor procedure, 13f, 42, 46
Doxacurium, 146t, 147t, 585a
Doxapram, 240
Doxazosin, 591a
Droperidol, 224b, 549, 584a
Drugs. See Medications
Drug abuse. See Substance abuse
Dual site atrial pacing, 429, 431b
Duodenal ulcer, 94b, 102, 550, 552–553
DVT. See Deep vein thrombosis
Dysphagia, 549–550

Early postoperative care, 237–258
Early extubation, 146, 238t, 241, 304–305, 305t
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Ecarin clotting time (ECT), 156
ECG. See Electrocardiography
Echocardiography, 77, 78f, 79f, 80t, 81t

in aortic dissection, 34–35, 143
in aortic stenosis, 16, 17
and cardiac output, 228, 229f
and cardiac tamponade, 284
complications with, 136–137
for detection of intraoperative myocardial

ischemia, 406
dobutamine stress, 68–69, 77
for endocarditis, 30
exercise, 68
indications for, 77, 80t, 81t, 135t
in low cardiac output states, 247, 349
for mediastinal bleeding, 273
and mitral regurgitation, 27
for off-pump surgery, 164
of pericardial effusions, 524, 525f
perioperative, 135–140, 149, 159–160,

183–184, 195
pharyngeal dysfunction and, 549–550
postoperative, 81t, 251
preoperative, 80t
recommended views for, 136f–139f, 137–140
transgastric, 138–139, 139f
for VADs, 379–381

ECMO (extracorporeal membrane 
oxygenation), 377, 382–383

Effective refractory period (ERP), 442–444, 444t
Effexor (venlafaxine), 594a
Ejection fraction, 72f, 114t
Elavil (amitriptyline), 548, 593a
Electrocardiography (ECG), 64–65, 419. See also

specific arrhythmias
AEG with, 408
of atrial fibrillation/flutter, 428f
of AV junctional tachycardia, 436f
cardiac arrest and, 401
coronary spasm and, 407
for exercise stress test, 65–66, 66f
of heart block, 422f–424f
of hyperkalemia, 491–492
of hypocalcemia, 493
of hypokalemia, 492
in ICU, 219–221, 221b, 224, 225f
monitoring, 132, 521–522
PMI and, 405–406
postoperative, 249, 250, 251
preoperative, 64–65, 105–106
of PVCs, 438f
of sinus tachycardia, 425f
of slow junctional rhythm, 437f

of torsades de pointes, 442f
of ventricular fibrillation, 441f
of ventricular tachycardia, 440f

Electroencephalography (EEG), 146, 196
Electron beam computed tomography (EBCT), 81
Elephant trunk procedure, 39
Emphysema, 328. See also Chronic obstructive

pulmonary disease
Enalapril, 590a
Enalaprilat, 391b, 398
Encephalopathy, 544–546, 556
End-diastolic pressure, 70t
Endoaneurysmorrhaphy technique, 13f
Endocarditis, 30–31

AHA recommendations for prevention of,
541t

anesthesia for, 143
aortic valve, 21, 31, 69
echocardiography for, 78f, 80t
fungal, 388
glomerulonephritis and, 476t
mitral valve, 27, 30, 31
as preoperative risk factor, 30–31, 114t
prevention of, 540, 541t
prosthetic valve, 17, 30–31, 73, 535, 558–559
tricuspid valve, 28, 31
VADs and, 388

Endothelin-receptor antagonists, 355b, 357
Endoventricular patch plasty, 13
Enflurane, 148
Enoxaparin, 97. See also low-molecular-weight

heparin
Enoximone, 368
Enterococcal infections, 108, 534
Epidural analgesia, 250
Epinephrine

for cardiac arrest, 402t, 403
dosage of, 360t, 361
hemodynamics of, 359t, 360–361
indications for, 361
metabolic acidosis from, 494
postoperative use of, 160, 223b, 248, 330
racemic, 329
renal function and, 470

Eplerenone, 497, 593a
Epogen (erythropoietin), 106, 529
Epoprostenol, 154, 356–357
Eptifibatide, 3, 96t, 98, 271
Erythropoietin, 106, 529
Erythromycin, 557
Esmolol, 238t, 394

for aortic dissection, 34
for atrial fibrillation, 432
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bronchospasm and, 330
dosage of, 391b, 394, 447, 583a
indications for, 399
for sinus tachycardia, 426

Esophageal Doppler, 228, 229f
Esophageal varices, 137
Ethacrynic acid, 585a
Etomidate, 146t, 147t
Exercise stress test, 65–68, 66f, 67f
Extracorporeal circulation, 196–198, 197f
Extracorporeal membrane oxygenation

(ECMO), 377, 382–383
Extubation. See also Ventilatory support

criteria for, 309, 309b
delayed, 295
early, 146, 238t, 241, 304–305, 305t
respiratory care after, 310–312, 311b
weaning and, 324–325

Ezetimibe, 592a

Factor V Leiden deficiency, 99
Famotidine, 587a
Fanconi translaryngeal tracheostomy, 321
18F-Deoxyglucose (FDG) uptake, 68
Fenoldopam, 77, 105, 398–399, 477, 478

dosage of, 391
for oliguria, 486
for renal perfusion, 144, 238t

Fentanyl, 148, 241, 303
for anesthesia, 141
dosage of, 147t, 238t, 583a
hemodynamics of, 146t

Fever, 518–519, 521
Fibrinolysis, 274, 275f, 276f
First-degree heart block, 415
Fick equation, 71, 345
Fludrocortisone, 500
Fluid management, 242–246, 469–474,

527–528
Flumazenil, 310, 586a
Fluoroscopy, 73f, 520
Fluoxetine, 593a
Fluvastatin, 592a
Foley catheter, 102, 230, 535
Fresh frozen plasma (FFP), 282

for heparin resistance, 153–154, 282
for overanticoagulation, 533–534
for postoperative bleeding, 277b, 278, 282

Functional classification of New York Heart
Association, 4b, 95

Furosemide, 316, 474, 516b
dopamine with, 486
renal function and, 479, 484b, 485, 585a, 592a

Gabapentin, 595a
Garlic, 99, 596a
Gastrointestinal (GI) complications, 549–556

bleeding as, 94b, 102, 487, 552–554
ulcer disease as, 94b, 102, 321, 553

Gentamicin, 541t
Gingko preparations, 99, 269
Glipizide, 589a
Glomerulonephritis, 476t
Glucophage (metformin), 77, 102, 478, 589a
Glucose-insulin-potassium (GIK), 367
Glucotrol (glipizide), 589a
Glyburide, 589a
Glycoprotein IIb/IIIa inhibitors

heparin and, 154
preoperative, 98, 107, 132, 271

Gorlin formula, 16, 71
Granisetron, 549, 584a

Halcion (triazolam), 594a
Haldol (haloperidol) 440, 545, 586a, 593a
Haloperidol, 440, 545, 586a, 593a 
Heart block, 421–424, 422f–424f

aortic valve replacement and, 253
AV pacing for, 415
digoxin and, 450
evaluation of, 106
treatment of, 420t, 422–424

HeartMate, Thoratec, 377, 382–386, 387f, 388
Heart rate

anesthetic effects on, 146t
control of, 430–433, 431b
low cardiac output and, 351
after MIDCAB, 250
vasoactive drugs and, 359t

Hemagglutin disease, cold, 195–196
Hematocrit

after angiography, 8
after cardiac surgery, 238t
during CPB, 190t, 191, 528–529
postoperative bleeding and, 270b, 273–274
transfusions and, 278, 280, 317, 344

Hemiparesis/hemiplegia. See also neurologic
complications

after thoracic aortic surgery, 258
Hemodialysis. See Dialysis
Hemodilution, 471
Hemodynamic norms, 71t

anesthetics and, 146t
formulas for, 343t

Hemodynamic support, 347
pacemaker for, 409, 410f
postoperative, 242–246, 273, 315
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Hemofiltration, 280, 282, 306, 477
types of, 488–491, 488t, 490f

Hemoglobin
after angiography, 8
oxygen saturation and, 300–301, 300f, 344

Hemoglobin-based oxygen carriers (HBOCs),
283

Hemoglobulinuria, 196
Hemolysis, 559
Hemopump, 384
Heparin

ACT and, 153–154, 164, 186–187, 190t
antibodies to, 530
after aortic valve surgery, 253
for atrial fibrillation, 431b, 433
CPB and, 153–154, 160–161,

186–187, 272
indications for, 8, 97
low-molecular-weight, 3, 97, 108b, 256,

270–271, 533
mediastinal bleeding and, 268b, 269
for OPCAB, 164, 252
postoperative, 160–161, 515b
pregnancy and, 558
preoperative, 8, 97, 107, 132, 270
protamine and, 97, 99, 160–161, 270b
protocol for, 581a
for pulmonary embolism, 521
rebound, 161, 274
removal device for, 162
resistance to, 153–154
for stroke, 544
unfractionated, 97
for VADs, 379

Heparinase-I, 162
Heparin-induced thrombocytopenia, 8, 97, 104,

187, 270
anticoagulation during CPB with, 154, 155t,

156–157
postoperative, 529–531

Hepatitis, alcoholic, 101
Hepatitis C, 106, 280, 555
Hepatocellular necrosis, 555
Hepcon system, 160
Hespan. See Hetastarch 
Hetastarch, 283, 472–473

albumin versus, 159, 180
contraindications to, 245
dosage of, 245

Hexadimethrine, 162
Hextend, 472–473
Heyde’s syndrome, 553
Hirudin, recombinant (lepirudin) 155t,

156, 531

Histamine blockers, 553, 587a
HIT. See heparin-induced 

thrombocytopenia
HOCM. See Hypertrophic obstructive

cardiomyopathy
Human immunodeficiency syndrome (HIV),

106, 280
Hydralazine, 398
Hydrochloric acid, for alkalosis, 497
Hydrochlorothiazide, 485, 592a
Hydrocortisone, 500
Hydrogen ion acidosis, 401t
Hyperadrenergic state, 427
Hyperammonemia, 556
Hyperamylasemia, 556
Hyperbilirubinemia, 555
Hypercalcemia, 451
Hypercarbia, 303–304, 318–319
Hypercholesterolemia, 597a
Hyperdynamic left ventricle, 248
Hyperglycemia, 497–498, 528

hypokalemia and, 492
nosocomial infections and, 535
postoperative, 243
protocol for, 582a
treatment of, 498

Hyperkalemia, 491–492, 528
calcium chloride for, 366
cardiac arrest from, 401t
causes of, 491
dialysis for, 488t
diuretics for, 246
manifestations of, 491–492

Hypernatremia, 500
Hyperosmolar, hyperglycemic, nonketotic coma,

498
Hypertension

after anesthesia, 241
aortic stenosis and, 252
hypothermia with, 243–244
inotropes and, 244
low cardiac output and, 247
medications for, 390–400, 391b, 396b
postoperative, 522
as preoperative risk factor, 114t, 597a
pulmonary, 254, 353–358
systemic, 389–390
treatment of, 390

Hypertonic saline, 473
Hypertrophic obstructive cardiomyopathy

(HOCM), 31–33, 32f, 141
Hypocalcemia, 493
Hypocarbia, 302–303
Hypoglycemia, 499, 556
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Hypoglycemic drugs, 498
anesthesia and, 93, 131
postoperative, 589a–590a
preoperative, 107

Hypokalemia, 492–493
atrial fibrillation/flutter from, 428
causes of, 492
digoxin toxicity and, 450, 451
postoperative, 237, 302, 401t
treatment of, 493

Hypomagnesemia, 493–494
atrial fibrillation/flutter from, 428
digoxin toxicity and, 450
treatment of, 494

Hypophysectomy, 500
Hypotension

cardiac arrest and, 403
CPB and, 157, 194–195
low cardiac output with, 352–353
postoperative, 523
prevention of, 244–245
renal dysfunction and, 476t
vasodilation and, 244–246

Hypothermia
aortic aneurysms and, 38–39
cardiac arrest from, 401t
complications of , 165, 250
CPB and, 191–192
metabolic acidosis from, 302
for myocardial protection, 210–211
OPCAB and, 250
phrenic nerve injury from, 519–520
pulmonary dysfunction from, 296
renal function and, 471
respiratory alkalosis and, 302 
rewarming from, 237–240, 238t, 244–246, 272
shivering from, 239, 240, 277, 304
vasoconstriction from, 243–244

Hypothermic circulatory arrest, 196–197
Hypothermic fibrillatory arrest, 208
Hypothyroidism, 499
Hypoxia, 312–318, 401t, 428

IABP. See Intraaortic balloon pump
Ibuprofen, 526, 587a. See also Nonsteroidal 

antiinflammatory drugs
Ibutilide, 431b, 435, 442, 443f, 448
ICD. See Implantable cardioverter-defibrillator
ICU. See Intensive care unit
Idiopathic thrombocytopenic purpura (ITP), 114t
Ileus, paralytic, 470, 551–552, 554
Iloprost, 154, 356–357
IMA (internal mammary artery). See internal

thoracic artery

Imdur (isosorbide mononitrate), 249,
408, 588a

Implantable cardioverter-defibrillator (ICD)
anesthesia for, 144–145
for HOCM, 31
indications for, 40–41
for left ventricular aneurysm, 11, 258
PMI and, 407
for postoperative ventricular tachycardia, 249
preoperative considerations with, 41
procedure for, 42–43, 42f
for ventricular tachycardia, 40–43, 42f

Inamrinone, 160, 248
disadvantages of, 363–364
dosage of, 360t, 364
hemodynamics of, 359t, 363–364
indications for, 247, 355, 358, 363
weaning from, 371

Inapsine (droperidol), 224b, 549, 584a
Incentive spirometer, 311
Indomethacin, 242
Infectious complications, 534–540, 541t

nosocomial, 108, 110, 388, 534–535
Informed consent, 109b, 111, 132
Inocor. See Inamrinone 
Inotropes, 248, 330, 355, 358–371, 359t, 360t 

after CABG, 248
CPB and, 159–160, 242
diastolic dysfunction and, 358
hemodynamic effects, 358–368, 359t
for low cardiac output, 347t, 351–352
mechanism of action of, 358
off-pump surgery and, 165
postoperative, 243, 245–246
for right ventricular dysfunction, 254
selection of, 368–370
weaning of, 370–371

INR. See International normalized ratio
Inspiratory plateau pressure (IPP), 323
Insulin

anesthesia and, 93, 131
CPB and, 158
preoperative, 107
protamine and, 101, 161
protocol for, 582a
resistance to, 528

Integrilin (eptifibatide) 3, 96t, 98, 271
Intensive care unit (ICU)

admission to, 219–224, 221b–224b, 574a–576a
arterial lines in, 226
care after, 511–516
common scenarios in, 243–248
early care in, 237–243, 238t
fast-track recovery in, 237, 238t
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Intensive care unit (ICU) (Cont.)
flowsheet for, 580a
mediastinal bleeding in, 273–275, 275f, 276f
order sheet for, 222b–224b, 574a–576a
removing lines in, 231–232
transfer from, 514b–516b, 577a–579a

Intermittent ischemic arrest, 208
Intermittent mandatory ventilation (IMV), 322
Internal thoracic artery (ITA), 9f

alpha-agents and, 369
brachial plexus injury and, 547–548
phrenic nerve injury and, 520
pulmonary dysfunction and, 296, 297

International normalized ratio (INR), 23
mediastinal bleeding and, 274
thrombocytopenia and, 531
after valvular surgery, 253, 256, 532t, 533–534
vitamin K and, 97–98, 533–534

Intraaortic balloon pump (IABP), 372–376
antibiotics and, 534
after CABG, 248
for CAD, 5
complications of, 374–375, 476t, 529, 554
contraindications to, 372
after CPB, 160
ECMO with, 382
indications for, 372
insertion of, 372–373, 373f
for low cardiac output, 347t, 351, 353
after LV aneurysm, 258
for mitral regurgitation, 26
for PMI, 406
preoperative evaluation for, 104
as preoperative risk factor, 114t
removal of, 376, 377f
timing of, 373–374, 374f
weaning from, 371, 376

Ipratropium, 329
Irbesartan, 591a
Ischemia

mesenteric, 554
myocardial, 346, 349, 404, 406, 517, 523–524
peripheral from IABP, 375

Ischemic arrest, intermittent, 208
Ischemic preconditioning, 207
Isoflurane, 148
Isoproterenol, 355, 364

for bradycardia, 403
digoxin and, 451
dosage of, 360t, 364
hemodynamics of, 359t, 364
indications for, 364
for torsades de pointes, 442

Isordil (isosorbide dinitrate), 588a
Isosorbide mononitrate, 249, 408, 588a
ITA. See Internal thoracic artery 

Jatene operation, 13 
Jarvik 2000, 377, 384
Jaundice, 470, 555, 559
Jehovah’s Witnesses, 106
Junctional rhythm

atrioventricular, 436–437, 436f, 450
slow, 420t, 437f

Kaolin ACT, 151, 186
Kayexalate for hyperkalemia, 492
Kefzol. See cefazolin
Ketamine, 145–146
Ketanserin, 240
Ketoacidosis, diabetic, 494, 498
Ketorolac, 223b, 238t, 242, 299, 515b, 519,

583a, 587a
Kytril (granisetron), 549, 584a

Labetalol, 394–395
for aortic dissection, 34, 257
dosage of, 391b, 395, 591a

Laboratory tests
postoperative, 221b, 222b, 574a–575a, 578a
preoperative, 104–106, 108b, 109b, 573a

Lactic acidosis, 495, 554, 556
Laryngeal nerve neuropathy, 548
Laryngotracheal edema, 310, 325
Lasix. See Furosemide 
Left anterior descending (LAD) artery, 6t–7t, 9f
Left atrial lines, 229–230, 231, 357
Left bundle-branch block (LBBB), 65, 405, 422
Left heart bypass, 39–40, 197–198, 197f, 258
Left internal thoracic artery. See Internal 

thoracic artery
Left ventricle

dysfunction of, 7t, 247–248, 254–255
hyperdynamic, 248
imaging of, 71, 72f
oxygen uptake of, 210f
rupture of, 256

Left ventricular aneurysm, 11–13, 12f, 13f,
141, 258

Left ventricular assist device (LVAD), 377–380
cannulation for, 379f
complications of, 388–389
contraindications to, 378
indications for, 378b
before transplant, 47



Index 621

Left ventricular end-diastolic pressure
(LVEDP), 70t

Left ventricular end-diastolic volume (LVEDV),
341–342, 471

Left ventricular hypertrophy (LVH), 14–15, 17,
63f

Leg wounds, 540
Lepirudin, 155t, 156, 531
Lescol (fluvastatin), 592a
Levosimendan, 368
Librium (chlordiazepoxide), 546, 593a
Lidocaine, 442, 446

adverse effects of, 446
after CABG, 223b, 248
for cardiac arrest, 402t
dosage of, 443t, 446, 584a
indications for, 446
for PVCs, 439

LionHeart LVAS, 387
Lipitor (atorvastatin), 592a
Lisinopril, 399–400, 590a
Liver function tests, 101, 105, 555
Lorazepam, 109, 132, 146t, 147t, 546, 586a,

593a
Losartan, 591a
Lovastatin, 592a
Low cardiac output syndrome, 247–248,

346–358, 347t, 406 
assessment of, 348–349
management of, 349–353, 349b
after mitral valve surgery, 253
renal dysfunction and, 476t

Low-molecular-weight heparin, 3, 97, 108b,
256, 270–271, 533

Lung function tests. See Pulmonary function tests
LVAD. See Left ventricular assist device

Magnesium sulfate, 224b, 238t
for atrial fibrillation, 249, 429, 431b, 433
for cardiac arrest, 402t
for hypomagnesemia, 494
for PACs, 426
for PVCs, 439
for torsades de pointes, 442

Magnetic resonance angiography (MRA), 83–86
Magnetic resonance imaging (MRI), 83–86, 85f

for aortic dissection, 34–35, 77
of carotid arteries, 102
contrast-enhanced, 69, 83
indications for, 83
of myxoma, 79f
three-dimensional, 83–86

Mannitol, 479, 484b, 486–487 

Marcaine (bupivacaine), 250
Marfan’s syndrome, 37, 38
Maze procedure, 24, 44–45, 255–256

left-sided, 44f
right-sided, 45f

Mean arterial pressure (MAP), 343t, 359t
Mediastinal bleeding, 267–285

assessment of, 273–275, 275f, 276f
causes of, 268–269, 268b
chest tubes and, 267–268, 273, 276
from LVAD, 388
management of, 240, 245, 276–279, 277b
OPCAB and, 251
pacemakers and, 417
resternotomy for, 284–285

Mediastinal reexploration guidelines, 283–284
Mediastinitis, 536–540, 599a

perioperative risk of, 116t
tracheostomy and, 321
from VADs, 388

Medical history, 93–103, 131
Medications

postoperative, 223b–224b, 575a–579a, 583a–586a
preoperative, 93–99, 96t, 102, 107–109,

132, 573a
renal failure and, 583a–586a

Medtronic hemopump, 384
Meperidine, 223b, 238t, 277, 304, 390, 583a
Mesenteric ischemia, 554
Metabolic acidosis, 302–303, 347, 494–496
Metabolic alkalosis, 303, 496–497
Metaprel (metaproterenol), 329
Metformin, 77, 102, 478, 589a
Methemoglobinemia, 301, 393–394
Methicillin-resistant Staphylococcus aureus

(MRSA), 110, 539
Methylene blue, 195, 353, 394
Methylprednisolone

CPB and, 149
for DHCA, 38, 196
dosage of, 238t, 330
for stroke prevention, 38, 144
ticlopidine and, 271

Metoclopramide, 238t, 515b, 549, 557, 584a, 590a
Metolazone, 485, 592a
Metoprolol, 395

for aortic dissection, 34
for atrial fibrillation, 249, 428, 431b, 432
bronchospasm and, 330
dosage of, 395, 446–447, 583a, 588a
postoperative, 224b, 238t, 515b, 588a
preoperative, 107
for sinus tachycardia, 426
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Metronidazole, 553–554
Mevacor (lovastatin), 592a
Mexiletine, 442
MI. See Myocardial infarction 
Micronase (glyburide), 589a
Midamor (amiloride), 497, 592a
Midazolam, 148, 241

for anesthesia, 141
dosage of, 147t, 238t, 586a
hemodynamics of, 146t
for hypertension, 390
for ICD operation, 144–145
postoperative, 223b, 277, 299, 303
preoperative, 132

Milrinone
disadvantages of, 363–364
dosage of, 360t, 364
hemodynamics of, 359t, 363–364
indications for, 363
postoperative use of, 160, 223b, 247, 248,

355, 358
weaning from, 371

Minimally invasive direct coronary artery bypass
(MIDCAB), 11, 250, 268

Minipress (prazosin), 591a
Mitral regurgitation (MR), 24–28, 27f

anesthesia for, 142
chest radiograph of, 62f, 63f
echocardiography of, 78f, 80t, 142
ischemic, 26
left ventricular dysfunction and, 254–255
postoperative care and, 253–254
surgery for, 27–28, 27f

Mitral stenosis (MS), 23–24
anesthesia for, 142
echocardiography of, 80t
left heart catheterization of, 70f
pathophysiology of, 23
postoperative care and, 253
surgery for, 24

Mitral valve
disease of, 62f, 63f, 78f, 354
imaging of, 139, 140
repair of, 27–28, 27f
replacement of, 24, 25f, 28, 33, 114t, 532–533

Mitral valve area (MVA), 23
Mixed venous oxygen saturation, 157, 164b, 165,

190, 344–345
Mobitz AV block, 422–423, 423f
Monitoring

after ICU, 521–527
in ICU, 221, 224–231, 225f, 229f
intraoperative, 132–140, 133f–139f, 135t, 146

Monoamine oxidase inhibitors (MAOIs), 102
Morbidity, postoperative, 115–120, 117t, 119t.

See also Risk assessment
Morphine, 132

dosage of, 583a
for hypertension, 390
postoperative, 223b, 238t, 242, 277, 299,

515b, 303
Mortality risks

assessment of, 111–120, 113t–119t
predictors of, 112–115, 113t–116t
in STS database, 93, 95t, 113t, 115, 118–120,

119t, 598a
wound infection and, 539–540

MR. See Mitral regurgitation
Mucomyst (acetylcysteine), 77, 105, 477
Multicenter Automatic Defibrillator

Implantation Trial (MADIT), 41
Multicenter Unsustained Tachycardia Trial

(MUSTT), 41
Multidetector-row CT angiography (MDCTA), 81
Multivariate analyses, 112, 113t
Mupirocin, 110, 537
Muscle relaxants, 146t, 147t, 148, 585a–586a
Myocardial infarction (MI)

cardiac arrest from, 401t
non-ST-segment, 3, 4, 73, 98, 404
perioperative, 119t, 249, 404–407, 422
postoperative, 598a–599a
Q wave, 6t
ST-segment elevation, 3, 6t

Myocardial ischemia, 3–4, 346, 349
intraoperative, 406
phenylephrine for, 365
recurrent, 523–524
tachycardia and, 352

Myocardial perfusion imaging, 38, 65–69, 66f, 67f
Myocardium

hibernating, 68
oxygen demand of, 209, 210f, 345, 346
protection of, 207–214, 208b
viability studies of, 68–69

Myosplint, 46
Myxedema, 47
Myxoma, 79f

N-acetylprocainamide (NAPA), 443t, 445
Nadolol, 107
Naloxone, 310, 586a
Narcan (naloxone), 310, 586a
Narcotics. See also specific drugs, e.g., Morphine

dosages of, 147t
hemodynamics of, 146t
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naloxone for, 310
patient-controlled pumps for, 242, 312

Nasogastric tubes, 231
Nausea, 549, 584a–585a, 590a
NBG code, 410, 411t, 412t
Neo-Synephrine. See Phenylephrine
Nephropathy, contrast-induced, 77, 476t, 477
Nesiritide, 399, 479

dosage of, 367, 486
hemodynamics of, 359t, 367
indications for, 367
for low cardiac output, 247, 358, 367
for oliguria, 484b, 486
for right ventricular dysfunction, 254, 356

Neurologic complications, 119t, 541–548, 598a
evaluation of, 101–102, 257
mechanisms of, 542–543
prevention of, 543–544
risks for, 542
treatment of, 544

Neurontin (gabapentin), 595a
New York Heart Association (NYHA) 

classification, 4b, 95, 305, 318, 439
Nicardipine, 395–396

after CABG, 248
dosage of, 391b, 396, 588a, 591a
hemodynamics of, 395, 396t
indications for, 396, 399
sodium nitroprusside versus, 396

Nifedipine, 249, 396t, 397, 408, 588a
Nitric oxide, 254, 353, 356, 381
Nitroglycerin (NTG), 9, 248, 393–394

adverse effects of, 393–394
aortic stenosis and, 17
for coronary spasm, 249, 408
dosage of, 391b, 393
hemodynamics of, 393
indications for, 244, 393, 399
methemoglobinemia and, 301
for myocardial ischemia, 349
postoperative, 223b, 243
for radial artery grafts, 249
for right ventricular dysfunction, 254

Nitropaste, 588a
Nitrous oxide, 148
Nizatidine, 587a
Nomogram, 606a
Noninvasive positive-pressure ventilation, 310,

323, 325
Nonparoxysmal AV junctional tachycardia, 420t,

436–437, 450
Nonsteroidal antiinflammatory drugs (NSAIDs) 

for postpericardiotomy syndrome, 526

renal dysfunction and, 476t, 478
before surgery, 8, 95–96, 96t, 99, 107, 131, 271

Non-ST-segment elevation myocardial 
infarction, 3, 4, 73, 98, 404

Nonsustained ventricular tachycardia (NSVT),
439, 440f, 441

Norepinephrine
dosage of, 360t, 365
hemodynamics of, 359t, 364–365
indications for, 365
phenylephrine and, 365–366
renal function and, 470

Normodyne. See Labetalol
Norpace (disopyramide), 31, 442, 445–446
North American Society of Pacing and

Electrophysiology (NASPE), 409–410,
411t, 412t

Northern New England (NNE) risk analysis,
115, 113t, 116t

Norvasc (amlodipine), 591a
Nosocomial infections, 108, 110, 388,

534–535
Novacor LVAS, 377, 386–387, 388
NTG. See Nitroglycerin
Nutrition, 557, 560, 577a. See also Total 

parenteral nutrition

Obesity
postoperative complications with, 296
as preoperative risk factor, 114t, 116t

Octreotide, 554
Off-pump coronary artery bypass (OPCAB),

9–10, 10f, 207
anesthesia for, 141, 163–166, 164b
coagulopathy after, 251, 267
hemodynamics during, 165
heparinization for, 164
indications for, 10
liver disease and, 101
postoperative care after, 250–252
renal function and, 471
right heart bypass for, 198

Olanzapine, 546
Oliguria, 480–487, 481t, 483f, 484b. See also

Urine output
Omega-3 fatty acids, 99, 557
Omeprazole, 553, 588a
Ondansetron, 224b, 546, 549, 585a, 590a
On-pump beating-heart surgery, 207–208
OPCAB. See Off-pump coronary artery bypass
Open-chest cardiac massage, 284–285, 403
Open mitral commissurotomy, 24
Operative consent, 109b, 111, 132



624 Index

Operative morbidity, predictors of, 112, 113t,
114t, 115, 116

Operative mortality, predictors of, 115, 117t, 118
Order Sheets

postoperative ICU, 222b–224b, 574a–576a
preoperative, 108b, 573a
transfer, 514b–516b, 577a–579a

Overanticoagulation, management of, 533–534
Overdrive pacing, 413, 414f, 415, 427, 438
Oximeter

cerebral, 157–158, 158f, 191
pulse, 225, 297, 297b, 298

Oxycodone, 587a
Oxygenation, 300–302, 300f, 344–346
Oxygen-hemoglobin dissociation curve,

300–301, 300f

Pacemakers, 65, 408–418, 409f–414f
atrial, 410–413, 412f
atrioventricular, 412t, 413–415, 414f
beta-blockers and, 394
for heart block, 422–424
for hemodynamic support, 409, 410f
in ICU, 231, 242
identification codes for, 411t, 412t
indications for, 418
MRI and, 86
nomenclature for, 409–410
overdrive pacing technique for, 413, 414f, 415,

427, 438
problems with, 416–417
temporary, 522
ventricular, 415–416

Paceport catheter, 417–418
PACs. See Premature atrial complexes
Pancreatitis, 556
Pancuronium, 148

dosage of, 147t, 277, 585a
hemodynamics of, 146t

Pantoprazole, 224b, 515b, 553, 556, 583a, 588a
Papaverine, 554
Papillary muscle rupture, 26, 78f
Paralytic ileus, 470, 551–552, 554
Paraplegia, 35, 39, 258, 375, 548
Parenteral feeding. See Total parenteral nutrition
Paroxetine, 593a
Paroxysmal atrial tachycardia (PAT), 435–436, 450
Paroxysmal cold hemoglobinuria, 196
Paroxysmal supraventricular tachycardia, 420t, 449
Parsonnet risk analysis, 115, 113t, 114t
Partial thromboplastin time (PTT), 104, 108b,

573a
antiphospholipid syndrome and, 99
coagulopathy and, 163, 269

heparin and, 97, 581a
mediastinal bleeding and, 274, 278

Patient-controlled analgesia (PCA) pumps,
242, 312

Patient history, 93–103, 131
Paxil (paroxetine), 593a
PCWP. See Pulmonary capillary wedge pressure
PDE. See Phosphodiesterase inhibitors. See also

Inamrinone, Milrinone
Pentobarbital, 38, 144
Pepcid (famotidine), 587a
Percutaneous balloon mitral valvuloplasty

(PBMV), 23
Percutaneous coronary intervention (PCI),

4, 7t
Percutaneous dilatational tracheostomy, 321
Perfusion-assisted direct coronary artery bypass

(PADCAB), 198
Perfusion records, 182, 183f, 184f
Pericardial disease, 47–50, 48f, 49f

anesthesia for, 145
CT for, 81
MRI for, 83
pathophysiology of, 47
preoperative considerations with, 48
surgery for, 49–50, 49f
surgical indications for, 47–48

Pericardial effusions, 524, 525f
Pericardial tamponade. See Cardiac tamponade
Pericardial window, 49, 526
Pericardiectomy, 50
Pericardiocentesis, 47, 48, 524, 526
Pericardiostomy, 49f
Pericarditis, postoperative, 526–527
Perioperative bleeding, 267–285, 270b
Perioperative myocardial infarction (PMI), 119t,

249, 404–407, 422
Peripheral vascular disease (PVD), 104, 114t,

116t, 597a
Peritoneal dialysis, 491
Persantine (dipyridamole), 68, 154
Personality disorders, 547
pH

for CPB, 192
gastric, 552–553
hyperkalemia and, 491
hypocarbia and, 302
metabolic acidosis and, 495–496

Pharyngeal dysfunction, 549–550
Phentolamine, 365
Phenylephrine

disadvantages of, 365–366
dosage of, 360t, 366
hemodynamics of, 359t, 365
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indications for, 365
norepinephrine and, 365–366

Phenytoin, 442, 451
Phosphodiesterase (PDE) inhibitors, 355,

362–364, 369, 371. See also Inamrinone,
Milrinone

Phrenic nerve injury, 297, 318–319, 519–520
Physical examination, 103–104, 131
Pioglitazone, 589a
Pitressin. See vasopressin
Pituitary abnormalities, 500
Plasmapheresis, 272
Platelet factor 4, 162
Plavix. See Clopidogrel 
Pleural effusions, 296, 328–329
PMI. See Perioperative myocardial infarction
Pneumonia

and acute respiratory insufficiency, 313
fever from, 518–519
hypercarbia from, 318
hypoxemia from, 317
ventilator-associated, 320–321, 534

Pneumothorax, 313, 315, 327–328
cardiac arrest from, 401t
pulmonary hypertension from, 354

Polyneuropathy, critical illness, 547
Positive end-expiratory pressure (PEEP),

315–316, 323, 329
Positron emission tomography (PET), 68–69
Postoperative care, 237–258, 511–516,

512t–513t
fast-track, 237–243, 238t
laboratory tests for, 221b, 222b, 574a–575a, 578a
orders for, 222b–224b, 297b, 514b–516b,

574a–579a
Postpericardiotomy syndrome (PPS), 526
Potassium channel blockers, 442
Potassium channel openers, 209
Potassium chloride (KCl), 516b

cardioplegia and, 209t
for digoxin toxicity, 451
for hypokalemia, 493
and metabolic alkalosis, 497
postoperative dose of, 224b
for PVCs, 438

Pravachol (pravastatin), 592a
Pravastatin, 592a
Prazosin, 591a
Precedex. See Dexmedetomidine 
Prednisone, 330
Pregnancy and prosthetic heart valves, 558
Preload, 341–342, 349–350, 354–355
Premature atrial complexes (PACs), 420t,

426–427, 426f, 450

Premature ventricular complexes (PVCs), 414,
420t, 437–439, 438f, 446

Preoperative care
checklist for, 108b, 109–111, 109b, 110t, 575a
laboratory tests for, 104–106, 108b, 109b, 573a
medications for, 93–99, 96t, 102, 107–109,

132, 573a
Pressure-controlled ventilation, 322–323
Pressure support ventilation (PSV), 323, 324,

326–327
Prilosec (omeprazole), 553, 588a
Primacor. See Milrinone 
Procainamide, 442, 444–445

adverse effects of, 445
for atrial fibrillation, 431b, 434
for cardiac arrest, 402t, 403
dosage of, 443t, 445, 584a, 589a

Procanbid. See Procainamide
Procan SR. See Procainamide
Prochlorperazine, 515b, 585a, 590a
Propafenone, 442

adverse effects of, 446
for atrial fibrillation, 429, 431b, 434
dosage of, 443f, 446

Propofol, 241
for anesthesia, 141, 145, 148, 166
for delirium tremens, 546
dosage of, 147t, 238t, 586a
hemodynamics of, 146t
for hypertension, 390
postoperative, 223b, 238t, 242, 277, 299, 303
for shivering, 240

Prostacyclin, 254, 356–357
Prostaglandin E1, 154

dosage of, 357, 391b
for RV dysfunction, 356–357
and vasodilation, 254

Prostate disease, 102
Prosthetic valve endocarditis (PVE), 17, 30–31,

73, 535, 558–559. See also Endocarditis
Protamine

adverse effects of, 161–162, 354
dosage of, 278
heparin and, 97, 99, 160–161, 270b
insulin and, 101
low-molecular-weight, 163
reaction to, 161–162, 354 

Protein C deficiency, 99, 531
Protein intake, 557
Protein S deficiency, 99
Prothrombin time (PT), 104, 108b, 269, 274,

278, 573a
Protonix. See Pantoprazole
Proton pump inhibitors, 553, 556, 588a
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Proventil (albuterol), 329, 516b
Prozac (fluoxetine), 593a
Pseudomonas aeruginosa, 388
Psychiatric problems, 547
PTT. See Partial thromboplastin time
Pullback gradient, 69f
Pulmonary artery perforation, 134–135, 228
Pulmonary capillary wedge pressure (PCWP),

70f, 70t, 71t, 347t
aortic stenosis and, 252
left ventricular dysfunction and, 255
low cardiac output and, 247, 350
PEEP and, 316
during rewarming, 246
Starling’s law and, 469
stroke volume and, 258
Swan-Ganz catheter and, 133f
urine output and, 246
vasoactive drugs and, 359t

Pulmonary edema, 470
and acute respiratory insufficiency, 313 
ARDS and, 323
furosemide for, 316
hypercarbia from, 318

Pulmonary embolism, 401t, 521
Pulmonary function

extubation criteria and, 309b
optimization of, 305–307
postoperative changes in, 295–297
ventilator settings and, 298

Pulmonary function tests (PFTs), 99–100, 296
Pulmonary hypertension, 254, 353–358
Pulmonary toxicity from amiodarone, 100–101
Pulmonary vascular resistance (PVR), 254, 343t,

355
Pulsatile pumps, 384–387, 385f–387f
Pulseless electrical activity, 403
Pulse oximetry, 225, 297, 297b, 298
Pulsus paradoxus, 284
PVCs. See Premature ventricular complexes
PVD. See Peripheral vascular disease

QRS complex, 412, 440, 442f
QT prolongation

from amiodarone, 434
beta-blockers for, 446
from ibutilide, 448
from procainamide, 445
from sotalol, 429
torsades de pointes with, 442, 448

Quinapril, 590a
Quinidine, 442, 450, 555
Q waves, 65, 405
Q wave myocardial infarction, 6t

Radial artery grafts
alpha-agents and, 369
for CABG, 102, 249
calcium channel blockers and, 400
diltiazem and, 397
nicardipine and, 396
nitroglycerin and, 249

Radiation therapy, 47
Radiography. See Chest x-ray
Radionuclide angiography, 68
Ranitidine, 553, 583a, 587a
Rapid shallow breathing index (RSBI), 324
Rate disorders, 64
Recombinant factor VIIa, 283
Recombinant hirudin (lepirudin), 155t, 156, 531
Recombinant platelet factor 4, 162
Red-neck syndrome, 110
Reglan (metoclopramide), 238t, 515b, 549, 557,

584a, 590a  
Remifentanil, 146t, 147t, 148, 238t
Renal dysfunction

alpha-agents and, 473
antifibrinolytics for, 479–480
CPB and, 158–159, 470–471
hetastarch and, 473
postoperative, 119t, 476t
preoperative, 114t, 118–120, 475, 476t, 597a
prevention of, 477–478, 477b
risks for, 475–476

Renal failure
acute, 477, 482, 483f
aortic dissections and, 257
assessment of, 481–483
causes of, 476t, 482
chronic, 476–477
definition of, 105, 598a
digoxin toxicity and, 450
drug modifications for, 583a–595a
management of, 487, 488t
metabolic acidosis and, 494
oliguria with, 480–487, 481t, 483f, 484b
transient, 527–528
types of, 482, 483f
VADs and, 388

ReoPro (abciximab), 96t, 98, 107, 271, 282
Respiratory acidosis, 303, 496
Respiratory alkalosis, 302
Respiratory failure

acute, 312–317
chronic, 317–321, 319b
VADs and, 389

Respiratory management, 295–330, 297b,
519–521

Resternotomy, emergency, 284–285
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Restoril (temazepam), 594a
Rest redistribution imaging, 68
Rheumatic fever, 23
Right heart bypass, 198
Right ventricular assist device (RVAD), 380–381

cannulation for, 379f
complications of, 388
indications for, 378b

Right ventricular failure, 247–248, 254, 353–358
after mitral valve surgery, 254
treatment of, 353–358, 355b

Risk assessment, 93, 95t, 111–120, 113t–117t,
119t, 378

Rocuronium, 146t, 147t, 148, 586a
R-on-T phenomenon, 224
Root shot, 72f, 81
Rosiglitazone, 589a
Rosuvastatin, 592a
Ross procedure, 18, 20f, 22, 139, 558
RVAD. See Right ventricular assist device

Saphenous vein grafts (SVG)
antiplatelet therapy after, 531–532
complications of, 540
for coronary bypass, 9f
neuropathy after, 548
preoperative evaluation for, 102

Sarns pump, 383
Schatzki’s ring, 137
Scopolamine, 132
Second-degree heart block, 422–423, 423f
Sedatives, 277, 302–303, 586a, 593a–594a
Seizures, 546
Sertraline, 594a
Sevoflurane, 148
Shivering, 239, 240, 277, 304
Shortness of breath, 517–518
Simvastatin, 592a
Single-proton emission computed tomography

(SPECT), 66–69, 67f
Sinus bradycardia, 419–421, 421f, 450
Sinus tachycardia, 424–426, 425f

pulmonary embolism and, 521
treatment of, 420t, 446

Skin preparation, preoperative, 111, 573a
Slow junctional rhythm, 420t, 437f
Smoking

extubation criteria and, 305
postoperative care and, 519
preoperative evaluation of, 94b, 99–100

Sniff test, 520
Society of Thoracic Surgeons (STS) database,

8, 93, 95t
COPD and, 99

definitions from, 597a–599a
and prolonged ventilation, 304
and renal failure, 480
risk assessment and, 113t, 115, 119t, 120, 536

Sodium bicarbonate
for acidosis, 496, 556
for cardiac arrest, 403–404

Sodium channel blockers, 442
Sodium hydrogen exchange inhibitor, 212, 404
Sodium nitrite, 393
Sodium nitroprusside (SNP), 392–393

adverse effects of, 392–393
for aortic dissection, 34
after CABG, 248
dosage of, 238t, 244, 391b, 392
hemodynamics of, 392
indications for, 392, 399
nicardipine versus, 396
postoperative, 223b, 241, 243–244

Solu-Medrol. See Methylprednisolone 
Somatostatin, 554
Sonata (zaleplon), 594a
Sonoclot analysis, 274, 276f
Sotalol, 442, 447–448

adverse effects of, 447–448
for atrial fibrillation, 428–429, 431b
dosage of, 443f, 447, 589a
indications for, 447

Spinal cord perfusion, 35, 39, 257–258
Spironolactone, 497, 593a
Spontaneous breathing trials (SBT), 324
Square-root sign, 47, 48f, 526
Stanford classification of aortic dissections, 33, 34f
Staphylococcal infections, 536

endocarditis from, 30, 559
management of, 538–539
methicillin-resistant, 110, 539
mupirocin for, 110
nosocomial, 534–535
prevention of, 536–537
risks for, 536
from VADs, 388

Starling’s law, 469–470
Starr-Edwards valve, 86
Statins, 3, 560, 592a
Stem cell transplantation, 47
Stents, 3–4, 8
Sternal puncture, 538
Sternotomy

emergency, 284–285
infection of, 536–540, 599a
pulmonary function after, 296

Stockings, antiembolism, 312, 519, 521
Streptococcus viridans, 559
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Stroke. See neurological complications
Stroke volume index (SVI), 343t, 352
ST-segment elevation infarctions, 3, 6t
Substance abuse

delirium with, 101, 545, 546
preoperative risk with, 114t
prosthetic valves and, 31
tricuspid regurgitation from, 28
withdrawal from, 101, 545, 546

Subxiphoid pericardiostomy, 49f
Succinylcholine, 146t, 147t
Sucralfate, 224b, 552–553, 588a
Sudden cardiac death

from aortic stenosis, 16
from HOCM, 31
from ventricular tachycardia, 40–43, 42f

Sufentanil
for anesthesia, 141, 148
dosage of, 147t, 238t
half-life of, 148
hemodynamics of, 146t

Sugar, granulated, 539
Supraventricular tachycardia

paroxysmal, 420t
sotalol for, 428–429
treatment of, 435–436

Surgical anterior ventricular endocardial 
restoration (SAVER), 13, 42, 46

SVG. See Saphenous vein grafts
Swan-Ganz catheter

complications of, 106, 134–135, 227–228
in ICU, 227–228
intraoperative, 132–135, 133f, 134f, 160
mediastinal bleeding and, 273
for off-pump surgery, 163
paceport, 417–418
placement of, 71
removal of, 231

Sweep rate, 157, 181
Synchronized intermittent mandatory ventilation

(SIMV), 297–298, 308, 322–325
Synthroid (thyroxine), 499
Systemic vascular resistance (SVR), 342, 343t,

347t, 349b, 351
drugs for, 359t, 362, 365
PMI and, 406

Systolic anterior motion (SAM), 31, 32, 32f
Systolic ejection period (SEP), 16

Tamponade. See Cardiac tamponade
Tegretol (carbamazepine), 594a
Temazepam, 594a
Tezosentan, 355b, 357
Thallium, 68

THAM. (Tris[hydroxymethol]aminomethane),
208, 209t, 496, 556

Theo-Dur (Theophylline), 329–330, 595a
Theophylline, 329–330, 595a
Thiamine, 546
Thiocyanate toxicity, 393
Thiopental

for DHCA, 196
dosage of, 147t
hemodynamics of, 146t
for stroke prevention, 38, 144

Third degree heart block, 423–424, 424f
Thoracentesis, 600a
Thoracostomy. See Chest tubes
Thoratec HeartMate, 377, 382–386, 387f, 388
Thrombate (antithrombin III concentrate), 99,

154, 193
Thrombocytopenia

from CPB, 269, 529
heparin-induced, 8, 97, 104, 154–157, 187,

270, 529–531
from IABP, 375, 529
from inamrinone, 364
mediastinal bleeding and, 268b, 269

Thromboelastography, 163, 274, 275f
Thromboembolism

prophylaxis for, 97, 312, 519, 521
from prosthetic valves, 558
from VADs, 388

Thrombolytics, 98–99, 107, 269, 271
Thyroxine (T4), 499
Ticlopidine, 271
Tirofiban, 3, 96t, 98, 154, 271
Tissue valves, anticoagulation for, 253, 256,

532–533, 532t
Tobacco use. See Smoking
Toradol. See Ketorolac 
Torsades de pointes, 439–442, 442f, 448
Total parenteral nutrition (TPN), 557

diarrhea with, 555
hyperglycemia and, 497
metabolic alkalosis and, 496, 497
oliguria and, 484b
renal failure and, 487

T-piece weaning, 324–325
Tracheostomy, 321, 603a–605a
Trandate. See Labetalol 
Tranexamic acid, 150b, 152, 271, 272
Transesophageal atrial pacing, 418
Transesophageal echocardiography (TEE). See

Echocardiography
Transfusions

for anemia, 278–280, 317, 344, 353
autologous, 5, 106–107, 238t, 270b, 272, 281
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blood substitutes and, 283
calcium chloride for, 279
clopidogrel and, 8
complications from, 106–107, 110, 280
minimizing use of, 270b
nosocomial infections and, 535
platelet, 278, 281–282
pulmonary dysfunction and, 296, 317
religious concerns about, 106
setup for, 109–110, 110t
for thrombocytopenia, 529

Translaryngeal tracheostomy, 321
Transmyocardial revascularization (TMR), 11
Transplantation

heart. See Cardiac transplantation
stem cell, 47

Transverse arch aneurysm, 37, 39
Triazolam, 594a
Tricuspid regurgitation (TR), 23, 28–29

anesthesia for, 143
cardiac output in, 345

Tricuspid stenosis (TS), 28, 143
Tricuspid valve

disease of, 28–30, 29f
anesthesia for, 142–143
chest radiograph in, 62f
echocardiography for, 80t

repair of, 28, 29f, 31
replacement of, 29–30

Triiodothyronine (T3), 499
for atrial fibrillation, 429
dosage of, 367
hemodynamics of, 366–367
indications for, 367

Tris(hydroxymethol)aminomethane (THAM),
208, 209t, 496, 556

Tromethamine (THAM), 496
Troponin levels, 4, 212, 249, 405

Ulcer disease, 94b, 102, 321, 553
Univariate analysis, 112
Uremia

dialysis for, 488t
pericardial disease and, 47
platelet dysfunction with, 96

Urinalysis, 105, 481t
Urinary tract infections (UTIs)

nosocomial, 535
preoperative evaluation of, 94b, 102

Urine output, 237, 246, 362. See also Oliguria
U waves, 492

Vacuum-assisted closure (VAC), 539
VADs. See Ventricular assist devices

Valsartan, 591a
Valve-associated problems, 558–559

anticoagulation and, 532t
endocarditis and, 17, 30–31, 73, 535

Vancomycin
for colitis, 553–554
dosage of, 108b, 110
for endocarditis prophylaxis, 541t
indications for, 108, 534
perioperative, 110, 223b, 515b, 584a
red-neck syndrome from, 110
resistance to, 108, 534

Varicose veins, 94b, 104
Vasoconstriction, 358–360, 359t, 360t

from hypothermia, 243–244
peripheral, 240, 244, 245
sodium nitroprusside and, 243–244

Vasodilation
filling pressures and, 245
hypotension and, 244–246
peripheral, 244

Vasodilators, 358–360, 390–391
adverse effects of, 369–370
after cardiac surgery, 242, 244, 248
dosages of, 360t
hemodynamics of, 359t
for low cardiac output, 347t, 351
pulmonary, 356–358
for radial artery grafts, 249
for RV dysfunction, 254
selection of, 368–369
weaning from, 370–371

Vasoplegia, 193, 195, 245, 353
Vasopressin

for cardiac arrest, 402t
renal function and, 470
VADs and, 379, 389
for vasodilatory shock, 193, 195, 245, 349b,

353, 379, 539
Vasotec (enalapril), 590a
Vaughn-Williams classification, 442
Vecuronium, 146t, 147t, 586a
Venlafaxine, 594a
Ventilation/perfusion (V/Q) mismatch,

295–296, 298
Ventilator-associated pneumonia (VAP),

320–321, 534
Ventilatory support, 241, 251, 297b. See also

Extubation
alveolar, 302–304
complications of, 327–330
dependence on, 317–321, 319b
PEEP and, 315–316
prolonged, 309b, 598a
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Ventilatory support (Cont.)
pulsus paradoxus and, 284
short-term, 312–317, 314b
tracheostomy for, 321
types of, 297–298, 321–324
weaning from, 307b, 308b, 305t, 307–310,

324–327
Ventolin (albuterol), 329, 516b
Ventricular arrhythmias, 418–419, 439–442,

440f, 441f
bypass surgery for, 7t
cardiac arrest and, 401–403
CHF and, 46
pacemakers and, 417
PMI and, 406–407
postoperative care for, 258, 522
treatment of, 420t, 446, 447

Ventricular assist devices (VADs), 377–389,
378b, 379f, 385f–387f

Ventricular ectopy, 248, 406–407, 443, 444t
Ventricular fibrillation (VF), 439–442, 441f, 447

cardiac arrest with, 401–403
pacemakers and, 417
treatment of, 420t, 447

Ventricular pacing, 412t, 415–416, 415f, 442
Ventricular septal defect (VSD), 14

anesthesia for, 141
imaging of, 139
pathophysiology of, 14
as preoperative risk factor, 114t
surgery for, 14, 15f

Ventricular tachycardia (VT), 40–43, 42f,
439–442, 440f

aortic stenosis with, 17
cardiac arrest with, 401–403
digoxin and, 450
inducible, 40
lidocaine for, 446
monomorphic, 441–442
nonsustained, 439, 440f, 441
pacemakers and, 417
pathophysiology of, 40
polymorphic, 442
postoperative, 249
as preoperative risk factor, 41, 114t
pulseless, 447
treatment of, 40–43, 42f, 420t, 447

Ventriculogram, 72f
Verapamil, 397

adverse effects of, 449
for coronary spasm, 408
digoxin with, 449, 450, 588a
dofetilide with, 448

dosage of, 391b, 397, 448–449
hemodynamics of, 396t, 397
for HOCM, 31
indications for, 399, 448
for supraventricular tachycardia, 436

Versed. See Midazolam 
VF. See Ventricular fibrillation
Viability studies, 68–69
Vitamin E, 99, 269
Vitamin K, 97–98, 531, 533–534
Vocal cord dysfunction, 548
Von Willebrand’s disease, 96, 279
VSD. See Ventricular septal defect
VT. See Ventricular tachycardia

Waffle procedure, 50, 527
Warfarin

amiodarone with, 447
after aortic valve surgery, 253, 532–533, 532t
for atrial fibrillation, 23, 431b, 433
after discharge, 560
dosages for, 533–534
drug interactions with, 596a
after heart valve surgery, 253, 256, 532–533,

532t
after mitral valve surgery, 256, 532b, 533
postoperative, 224b, 515b, 531
pregnancy risk with, 558
preoperative, 23, 97–98, 107, 270
for pulmonary embolism, 521
vitamin K and, 97–98, 531, 534

Wellbutrin (bupropion), 593a
Wenckebach heart block, 422, 423f
Withdrawal, alcohol, 101, 545, 546
Wolff-Parkinson-White (WPW) syndrome,

445, 446, 448
Wound care, 534–540, 541t, 599a

Xanax (alprazolam), 593a

Zaleplon, 594a
Zantac (ranitidine), 553, 583a, 587a
Zaroxolyn (metolazone), 485, 592a
Zestril (lisinopril), 399–400, 590a
Zetia (ezetimibe), 592a
Zinc sulfate, 556
Zocor (simvastatin), 592a
Zofran (ondansetron), 224b, 546, 549,

585a, 590a
Zoloft (sertraline), 594a
Zolpidem, 594a
Zyprexa (olanzapine), 546
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