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Preface

Peter L. Bailey, MD

ANESTHESIOLOGY AND THE CARDIOVASCULAR PATIENT contains the
Refresher Course manuscripts of the presentations of the 41lst Annual
Postgraduate Course in Anesthesiology which took place at The Cliff Conference
Center in Snowbird, Utah, February 23-27, 1996. The chapters reflect new data
and concepts within the general framework of the pathophysiology and
management of surgical candidates with cardiovascular disease. Each of the
chapters is written by an authority in the field and has been edited only to the
extent that was necessary to produce a coherent book. No effort has been made
to provide a uniform presentation or style.

The purposes of the textbook are to 1) act as a reference for the
anesthesiologists attending the meeting, and 2) serve as a vehicle to bring many
of the latest concepts in anesthesiology to others within the short time of a
formal presentation. Each chapter is a brief but sharply focused glimpse of the
interests in anesthesia expressed at the conference. This book and its chapters
should not be considered complete treatises on the subjects addressed but rather
attempts to summarize the most salient points.

This textbook is the fourteenth in a continuing series documenting the
proceedings of the Postgraduate Course in Salt Lake City. We hope that this and
the past and future volumes reflect the rapid and continuing evolution of
anesthesiology in the laté twentieth century.
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PERIOPERATIVE CARDIAC MORBIDITY

Dennis T. Mangano, PhD, MD

Ischemic heart disease (IHD) can be complex in its clinical presentation.
The patient with IHD usually has one of the many symptom complexes associ-
ated with varying degrees of ventricular dysfunction. As anesthesiologists, our
assessment of a patient with IHD presenting for surgery is usually conducted
over a very brief period of time and, therefore, requires a rather intense assess-
ment of the patient's cardiac status. Several other factors add to the difficulties
involved in this assessment: 1) The age of the population presenting for
surgery is increasing; 2) surgical procedures are becoming more complex; and 3)
cost containment procedures will limit the number and type of preoperative
tests used to assess risk in patients with IHD, and there will be increasing pres-
sure on us to expedite such an assessment (e.g., come-and-go, come-and-stay
surgery). Thus, more than ever, we must know what specific tests are available
for assessment of these patients and what information we can obtain from these
tests to determine perioperative risk, preoperative therapeutics, intraoperative
monitoring, choice of anesthetic, and postoperative care.

How significant is the problem of IHD in the United States? IHD appears
to be a significant problem and will probably remain so well into the 1990s. This
is substantiated by several statistics accumulated in the early 1980s from the
United States. It is estimated that 10 million patients have IHD in the United
States today, 4 million of whom have had previous myocardial infarctions. In
any one year, approximately 1.3 million patients develop a new myocardial
infarction and 700,000 deaths are attributed to IHD per year. Surgical procedures
performed each year on these patients include approximately 400,000 cardiac
catheterizations, with 175,000 coronary artery bypass grafts, and a rising number
of coronary angioplasties. It is estimated that of the 20 million patients in the
United States that undergo surgery each year, approximately 1 to 2 million have
IHD or are at high risk for it. Thus, the problem is significant to anesthesi-
ologists. It appears that the prognosis for patients with IHD is related to the
development and severity of dysrhythmias, myocardial infarction and ventricu-
lar dysfunction. Before proceeding with a discussion of the tests used for IHD, it

1
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is important to review the significance of dysrhythmias, infarction, and dysfunc-
tion in patients with THD.

THE SIGNIFICANCE OF DYSRHYTHMIAS IN IHD

1. Incidence

In cases of acute myocardial infarction virtually all patients develop pre-
mature ventricular contractions within the first 5 days. Within one to three
weeks following infarction, 73 to 94% of patients develop one or more dys-
rhythmias. In cases of chronic IHD, the incidence of patients in whom
dysrhythmia is the predominant manifestation is unknown. It is known,
however, that the most common dysrhythmias with chronic IHD are premature
ventricular contractions (PVCs). Also, if chronic PVCs are frequent, multiform,
or R-on-T, they are predictive of multivessel disease or significant ventricular
dysfunction.

2. Detection

Detection of dysrhythmias depends on the duration of observation and
the degree of stress.

Incidence of Ventricular

Test
Dysrhythmias
EKG-rest (<1 min) 14%
EKG-rest (1 hr observation) 50%
EKG-routine activity (24-hr observation) 88%
EKG-stress testing (1 hr) 52-61%

Although 24-hour monitoring detects ventricular tachycardia approximately
twice as often as stress testing, in 10% of the patients serious dysrhythmias (VT,
VF) are detected only with stress testing.

3. Prognosis
The most serious dysrhythmias are ventricular fibrillation and tachycar-

dia, and complex PVCs (R-on-T, multiform, repetitive). These carry the greatest
risk of sudden death and are predictive of multivessel disease. Also significant
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are the conduction disturbances: complete heart block, Mobitz II, and bundle
branch block (mortality 10 to 70%). Acute atrial dysrhythmias are usually indica-
tive of concurrent disease, and are associated with significant risk if accompa-
nied by acute ischemia or left ventricular failure.

4. Perioperative Risk

In patients with and without IHD, perioperative dysrhythmias com-
monly occur (17.9 to 61.7%), and are usually associated with stimulation, hyper-
carbia, hypertension, potassium loss, digitalis therapy and specific anesthetics.
Most of these dysrhythmias are supraventricular or PVCs, and few (<1%) are
associated with serious sequelae.

In patients with heart disease (IHD, hypertensive, valvular and congeni-
tal) or pre-existing dysrhythmias, the incidence of perioperative dysrhythmias
(benign and serious) is increased by as much as 3-fold. The type of heart disease
(IHD vs. valvular) and the severity of the disease (NYHA II vs. IV) appear to be
the most critical factors. More informative data are lacking.

It thus seems reasonable to conclude that those patients with IHD who
are at highest risk of developing serious perioperative dysrhythmias have: 1)
prior infarction complicated by serious dysrhythmias, 2) evidence of ventricular
dysfunction, or 3) recurrent or persistent dysrhythmias detected with the rest or
exercise EKG.

THE SIGNIFICANCE OF INFARCTION IN IHD
1. Incidence

Approximately 4 million people in the United States have had one or
more myocardial infarctions. Each year, 1.3 million patients develop a new
myocardial infarction.

2. Detection

The hallmarks of the clinical diagnosis are history, EKG, and serum
enzymes. The classical findings are well known and will not be discussed. But of
note are the following:

a. History: Most patients have angina with infarction. However,

20-33% of infarcts are painless, and 35-90% have no prodromal



symptoms. Silent extension of MIs has been reported in up to
57% of patients.

b. EKG: With infarction, acute changes in the EKG are characteris-
tic. However, in 20-50% of patients the EKG is non-diagnostic
(subendocardial MI, LBBB, WPW, LVH). Furthermore, only 25-
50% of old myocardial infarctions can be detected by EKG.

c. Enzymes: In patients with a positive history for acute transmural
MI and Q waves on EKG, SGOT, LDH and CPK-MB are elevated
virtually all the time (94%, 100%, 100%, respectively). However,
in patients with a history suggestive of an MI and with persistent
ST-T wave changes (>24 hours), elevation of these same
enzymes is not as frequent (63%,71%, 84%, respectively).

d. Other Diagnostic Tests: Echocardiography, nuclear radiology and
cardiac catheterization are useful for detection of wall-motion
abnormalities and evaluation of ventricular function. These are
discussed in the last section.

3. Prognosis

For the past 20 years, the annual mortality following myocardial infarc-
tion has been 5-8%. The acute in-hospital mortality is 10-40%. Following infarc-
tion, short- and long-term prognoses are most significantly effected by:

a. The degree of ventricular dysfunction following infarction.

Highest risk: CHF symptoms, EF <.40, dyssynergy

b. The site of infarction/extent of disease.

Highest risk: anterior wall infarct, diffuse 3-vessel, left-main
disease.

c. The type of post-infarction dysrhythmias and conduction distur-

bances.
Highest risk: fascicular block, complete heart block, serious ven-
tricular dysrhythmias



4. Perioperative Risk

PREVIOUS STUDIES

1962 1964 1972 1978 1978 TOTAL
(Knapp) (Tompkins) (Tarhan) (Steen)  (Goldman) (Average)

Patients Studied 8,984 12,712 32,877 73,321 1,001 128,895

Previous MI 427 658 422 587 131 2,225

Reinfarction 1% 6.1% 6.5% 6.5% 6.1% 13.7% 6.8%

Reinfarction 58% 70% 54% 69% 67% 65%
Mortality

% Reinfarction
0-3 months 100% 37% 27%
55% 36%
3-6 months 100% 16% 11%

Previous studies have demonstrated that in patients with prior infarc-
tion: 1) the overall risk of reinfarction is 6-7% (vs. <1% without previous MI);
2) with recent infarction (within 6 months), the risk of reinfarction is high (36-
100%); 3) mortality with reinfarction is high (54-70%); and 4) the statistics have
not changed over the previous two decades. However, a recent study has found
significantly reduced six-month reinfarction rates (5%) and mortality (2%) when
aggressive monitoring and therapy are used. These results have significant
implication, and certainly warrant independent verification.

Given a patient with a recent infarction, what risk factors place that
patient at highest risk?

Preoperative Risk Factors.

History: recent MI (<6 months), crescendo angina

Physical: hypertension, CHF

EKG: Q waves, BBB, CHB, LVH (strain), ventricular
dysrhythmia

CXR: cardiomegaly, CHF

Cath: 2-, 3-vessel disease, left-main disease, EF <.50, valve

disease



In addition to these preoperative factors, the intraoperative factors associ-
ated with highest risk are: 1) surgery involving the great vessels, thorax, or
upper abdomen; 2) emergency surgery; and 3) the degree and duration of intra-
operative hypotension.

THE SIGNIFICANCE OF VENTRICULAR DYSFUNCTION IN IHD
1. Incidence

Approximately 700,000 patients die each year from IHD and its complica-
tions. With acute myocardial infarction, death usually results from ventricular
dysrhythmias or failure. It appears that the mortality from dysrhythmias has
been reduced by EKG monitoring and aggressive therapy. However, mortality
from failure remains alarmingly high.

2. Detection

Quantitated ventriculography, nuclear cardiology and echocardiography
provide sensitive measures of ventricular function: ejection fraction, wall
motion, and myocardial compliance. The sensitivity of these is summarized by
the following.

Measure Abnormality first appears with
Ejection fraction 1-, 2-vessel disease (without MI)
Wall motion (dyssynergy) 3-vessel disease (without MI)
Compliance Ml
Cardiac output MI + 3-vessel disease
End diastolic pressure MI + 3-vessel disease

3. Prognosis

In patients with acute or chronic IHD, the degree of left ventricular
dysfunction is of major prognostic importance. Ejection fraction and dyssynergy
appear to be the best prognostic indicators of short- and long-term survival.
One-year mortality is significantly higher (30%) in patients with ejection
fractions <.40. In patients with three-vessel disease and EF <.50, the 2-year mor-
tality is 36% (vs. 12% with EF >.50). With single-vessel disease, patients with
markedly abnormal wall motion have a 5-year mortality of 60% (vs. 10% with
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normal wall motion). With three-vessel disease, the mortality is 90% (vs. 35%
with normal wall motion).

4. Perioperative Risk

In patients with manifest symptoms and signs of left ventricular failure,
the perioperative morbidity and mortality are markedly increased. Preoperative
assessment is relatively straightforward. However, for the asymptomatic patient
with THD, assessment of the risk of ventricular failure is more difficult. In
patients with IHD undergoing noncardiac surgery, there are no significant data.
In patients undergoing myocardial revascularization, the studies indicate that of
all the preoperative screening data (routine, EKG, and catheterization), ejection
fraction and degree of dyssynergy are the best predictors of left and right ven-
tricular dysfunction during the intraoperative and postoperative periods.
Furthermore, studies of short- and long-term survival following cardiac surgery
have demonstrated that the preoperative LV ejection fraction is the most useful
prognostic guide compared with such measures as cardiac output and end-
diastolic pressure.

PREOPERATIVE ASSESSMENT: ADDITIONAL INFORMATION

The preoperative screening data most relevant to the assessment of
dysrhythmias, infarction and dysfunction are discussed above. In addition, the
following appear to be informative and prognostic.

History

1. Anginal pattern - stable vs. unstable vs. variant
- stress response, exercise tolerance
2. Dysrhythmia/failure symptoms with stress and effort.
3. Medication compliance (nitrates, beta blockers, Cat++* channel
blockers)

The history is the focal point of the assessment. However, there does not
appear to be a consistent relationship between the historical features of angina
(location, duration, precipitation) and the extent of vessel involvement.
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Physical Examination

On cardiac exam, the significance of the following four findings is noteworthy.

1. Displaced PMI: Cardiomegaly—usually indicates an EF <.50 and
places the patient at increased risk.

2. Precordial systolic bulge: Wall motion abnormality—usually
indicates a prior MI or acute ischemia.

3. S3: Increased LVEDP—usually indicates extensive MI.

4. 54: Decreased LV compliance—usually indicates a prior MI or
ischemia.

Chest X-Ray

In patients with THD, cardiomegaly (cardiothoracic ratio >.50) is predictive
of poor ventricular function (EF <.50) in approximately 70% of patients. Other
changes (increased LV volume, increased total heart volume) are equally predic-
tive.

EKG (Resting)

Positive Findings: The EKG is a reliable predictor of IHD only when: 1)
significant Q waves are present, or 2) ST changes occur with spontaneous angina
(stable, unstable or variant). Other findings on the EKG (ST-T wave changes,
LBBB, LVH) are non-specific.

Negative Findings: A normal EKG does not preclude IHD. In 25-50% of
patients with IHD the resting EKG is normal. However, it is rarely normal in
the patient with significant left ventricular dyssynergy.

EKG (Vector)

Vectorcardiography is useful in depicting infarction patterns where the
scalar EKG is equivocal. There is also evidence that selected abnormal vector
patterns are indicative of severe abnormality of left ventricular function.

EKG Ambulatory-Holter)

Compared with other methods of EKG monitoring, ambulatory monitor-
ing significantly increases the yield of dysrhythmias. However, stress-response
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dysrhythmias may be missed. The yield of ST-segment changes is also increased,
and a good correlation exists between ST depression occurring during normal
activity and angiographic findings. However, the artifact problem is significant,
and affects the reliability of ST interpretation.

EKG (Stress-testing)

For dysrhythmia detection, the "exercise EKG" (EEKG) increases the yield
of PVCs 3-fold (over the rest EKG) and 8-fold for repetitive forms of ventricular
dysrhythmias. Approximately 52% of patients with IHD exhibit PVCs on EEKG.
The dysrhythmias usually occur not only at peak exercise, but also during the
initial 3 minutes of recovery. In fact, ventricular fibrillation is most likely to
occur during recovery.

For ischemia detection, the EEKG is informative if 1) the ST change is
significant (>2 mm); 2) symptoms or hypotension occur with the ST change; or
3) the changes occur during the early testing period. Without these changes, it
appears that exercise stress testing does not significantly improve diagnostic
capability.

Echocardiography

One dimensional (M-mode) and two-dimensional (2D) echocardiography
are safe and noninvasive techniques used in IHD primarily for assessing left
ventricular wall motion and function (LV volumes, ejection fraction). They
have also been used for detection of left-main stenosis, LV aneurysms, septal
rupture, papillary muscle abnormality, and mural thrombus formation.

Wall Motion

1. M-mode echocardiography is not satisfactory. Although 1-2 mm
sensitivity can be achieved, the beam is narrow (one dimen-
sional) and only the basal LV is viewed.

2. 2D echocardiography is useful and reasonably accurate in 80-90%
of patients with IHD. 2D wall-motion abnormalities correlate
well with the location and extent of acute MI scarring (post-
mortem studies in dogs). Comparison with angiography demon-
strates good correlation (84-97%), specificity (84%), and sensitiv-
ity (95%). Limitations include: 1) the technique varies from
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laboratory to laboratory; 2) technical difficulties (COPD, anatomic
abnormalities) limit use; 3) multiple cross-sectional views are
necessary; and 4) inferior-posterior dyssynergy is more difficult
to detect (vs. anterior).

Left Ventricular Function

1. M-mode echocardiography is inaccurate when dyssynergy is pre-
sent. LV function is assessed by measuring the internal diameter
of the LV along the beam at end-diastole (LVID4) and end-systole
(LVIDs). LVIDq is accurate with or without dyssynergy. LVIDs,
in the presence of dyssynergy, is inaccurate. Thus, estimates of
ESV, SV, CO and EF may be inaccurate.

2. 2D echocardiography provides useful information if multiple
cross-sections (>2) are used. 2D ejection fraction correlates well
with angiographic ejection fraction (.78-.94). However, 2D left
ventricular volumes consistently underestimate angiographic
volumes by 30%, especially when less than four cross-sections
are used. Thus, stroke volumes and cardiac outputs are underes-
timated. Estimates of ejection fraction are more accurate because
of cancellation of errors. However, three or more cross-sections
should be used for accurate estimation of ejection fraction.

Nuclear Cardiology

Radioisotope imaging for detection of myocardial infarction and quantita-
tion of ventricular function is safe and relatively non-invasive.

Myocardial Infarction

Use of radioisotope imaging for detection of myocardial infarction is
useful when conventional methods (symptoms, EKG, enzymes) are equivocal
or untimely (LBBB, WPW, <6 hours or >48 hours post-MI). Two different
techniques are used: "hot spot" and "cold spot" imaging.



"Hot Spot” Imaging

"Cold Spot” Imaging

Radionuclide
Uptake by
Positive with
Timing;:

Earliest positive test
Most sensitive

Other uses

Technetium
99m-pyrophosphate

Infarcted tissue

Acute MI (>5 gm infarct)

12-16 hours (post MI)
48-72 hr

RVMI
Subendocardial MI
Infarct size (+/-)

Thallium-201

Normal tissue (normal
perfusion and metabolism)

Acute MI (>5 gm infarct)
Old MI
Ischemia

immediately
<24 hr

Chamber size
LVH, RVH, ASH
Stress testing

Left Ventricular Function. Two techniques are used: first pass radionu-

clide angiography and gated cardiac blood pool.

First-Pass Gated-Pool
Radionuclide Any technetium (99m) Technetium (99m) labeled
labeled pharmaceutical albumin or rbc
Type of technique Transient (30 sec) Steady state (6 hr)

EF correlation
with angiography

Uses

Geometric Assumptions

Multiple injections/hr

>.90

LVEF

Exercise testing
Dyskinesis

RVEF
Intracardiac shunt

None

Single injection/hr

>.90

LVEF
Exercise testing
Dyskinesis

Several

Cardiac Catheterization

Coronary angiography and ventriculography are the "gold standards" for
definition of coronary anatomy and quantitation of ventricular function. In
these regards, no other techniques are as accurate or informative.
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Procedure

1. The catheter is advanced retrograde: peripheral artery to left ven-
tricle.

2. Pressure D measurements (systemic, ventricular, atrial) are
made.

3. Ventriculography (single-plane or bi-plane) is performed using a
highly osmotic contrast dye (10-18 ml/sec over 3-4 sec).

4. Left ventricular volumes are measured (area-length method).

5. Segmental wall motion is quantitated (using hemiaxial shorten-
ing, segmental ejection fraction or percent asynergic segments).

6. Pressure measurements are repeated.

7. Selective coronary angiography is performed.

Information
Ventricular Function Data Angiographic Data
1) Ejection fraction (most important) 1) Number and degree of vessel involvement
2) Dyssynergy 2) Presence of left main (equivalent)
3) Stroke work disease—especially with a high
4) End-systolic volume grade right coronary lesion or a
5) End-diastolic volume left-dominant circulation.

6) Change in end-diastolic pressure
(dye)

7) Cardiac output

8) End-diastolic pressure
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THE CORONARY CIRCULATION

David C. Warltier, MD, PhD

An appreciation of the coronary circulation not only leads to more
appropriate management of patients undergoing surgical procedures directly
related to coronary artery disease, but is also required because of undiagnosed
disease in patients otherwise presumed healthy. An understanding and an
appreciation of the coronary circulation will lead to aggressive management of
perioperative myocardial ischemia and ultimately reduce morbidity and
mortality from such ischemic events.

ANATOMICAL RELATIONSHIPS

Left and right coronary arteries arise from ostia located in the aortic root
and quickly subdivide into large epicardial branches. The left coronary artery
has a left main segment before bifurcation into left anterior descending and left
circumflex branches. The course of the left anterior descending artery is from
base to apex along the anterior interventricular groove. This artery gives rise to
a series of diagonal branches and septal branches which supply the anterolateral
left ventricle, a portion of the right ventricle, the anterior two-thirds of the
interventricular septum and occasionally the atrioventricular node. The left
circumflex coronary artery courses in the left atrioventricular groove supplying
several marginal branches and provides perfusion of the posterior and lateral
walls of the left ventricle. In about 40% of individuals, the left circumflex gives
rise to the sinus node artery.

The right coronary artery courses in a circumferential plane in the right
atrioventricular groove. In half of individuals, this artery is considered
"dominant” and continues onto the posterior aspect of the right ventricle,
terminating on the diaphragmatic surface of the heart as the posterior descend-
ing artery. In this situation, this artery supplies the posterior one-third of the
interventricular septum, as well as the muscle mass of the right ventricle and
the inferior wall of the left ventricle. The right coronary artery supplies flow to
the sinus node and atrioventricular node in 60% and 80% of individuals,
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respectively. Ten to 15% of individuals have a dominant left coronary system
in which the left circumflex coronary artery gives rise to the posterior descend-
ing artery. In 35 to 40% of humans, a "balanced” system is present in which
neither the right nor the left coronary artery is dominant.

The large epicardial coronary arteries were once thought to simply repre-
sent conduit vessels since most of the regulation of flow in the coronary vascu-
lature occurs at the level of the much smaller arteriole. It is now appreciated
that the large epicardial arteries are subject to multiple hormonal and neural
influences. The vascular endothelium of such vessels may give rise to con-
stricting or relaxant substances (e.g., endothelium-derived relaxing factor or
EDRF) which may modulate tone in such vessels. Thus, active vasomotion of
the epicardial vessels readily occurs and, in the most obvious case, can lead to
vasospasm of an apparently normal coronary artery.

The large epicardial left anterior descending, left circumflex and right
coronary arteries give rise to intramural coronary vessels which penetrate into
myocardium perpendicularly. These vessels traverse the left ventricular wall
and give rise to nutritional circulation (extensive capillary networks) through-
out the subepicardium, midmyocardium and subendocardium. The transmural
vessels extending from subepicardium to subendocardium supply a series of
collateral channels leading to a large interconnecting network of vessels
(Fulton's Plexus) within the subendocardium (1). These branches are exposed
to intramural tissue pressure and forces generated during contraction of the left
ventricle, especially in the innermost layers. Because of the interaction of such
forces with these vessels, a knowledge of the regional distribution of coronary
blood flow between outer and inner layers of the left ventricle is as important as
knowledge of the anatomic distribution of the large coronary arteries.

PHYSIOLOGY OF THE CORONARY CIRCULATION

Coronary blood flow is directly related to perfusion pressure and
inversely related to resistance. There are a group of resistances that the coronary
circulation is exposed to. This leads to an unusual phasic distribution of flow
that is highest in diastole and lowest in systole. Conversely, coronary vascular
resistance is maximal in systole and minimal in diastole.

The vascular resistance in the coronary circulation can be divided into
three separate components on a functional rather than on an anatomic basis.
The first component is represented by a basal viscous resistance of coronary
vessels which would occur during maximum vasodilation without any external
compressive forces on the coronary vessels. This represents only a small
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portion of the total coronary vascular resistance. The second component is the
result of autoregulation. This is the major portion of coronary vascular resis-
tance and is due to the constriction of arterioles which is subject to many influ-
ences, including tissue oxygen tension, products of metabolism such as adeno-
sine, substances which may be released from vascular endothelium, circulating
hormones, and sympathetic and parasympathetic nerve activity. Changes in
autoregulated resistance occur over several cardiac cycles. Finally, compressive
resistance is unique to the coronary circulation and is extravascular in nature.
This resistance is instantaneous and occurs during each cardiac cycle. It is much
greater in the subendocardium than the subepicardium. It is this compressive
resistance that is primarily responsible for the unique phasic pattern of coronary
blood flow.

In contrast to other tissues which have higher blood flow in systole than
in diastole, the reverse situation occurs in left ventricular myocardium (Figure
1). A high intramyocardial tissue pressure (which can actually exceed intracavi-
tary pressure) is generated within left ventricular myocardium during isovo-
lumic contraction. As a consequence, intramural coronary vessels are abruptly
compressed. Thus, left coronary flow remains low during early systole and may
be momentarily reversed as blood is forced into the large epicardial coronary
vessels during the compression of intramural vessels. Left coronary artery
blood flow rises during isovolumic relaxation and reaches peak levels in
diastole. Right coronary artery flow follows a more typical phasic pattern in

Systole Diastole
Arteriai blood 120 l-
pressure 100 L /\\ / Mean pressure
80 T~
r
Left coronary [\
blood flow Mean flow
Zero flow J /
v i
Right coronary | AV |
blood flow \/ v V’ Mean fiow
Zero flow : : l

Figure 1. Phasic changes in left and right coronary blood flow during systole and diastole.
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sequence with aortic pressure. This is because the right ventricle has a smaller
muscle mass is present and less intracavitary pressures are generated.

The question of where and how total coronary blood flow is distributed
within the left ventricular myocardium has been extensively studied. Ischemia
and/or infarction is usually more extensive in the subendocardium than in cor-
responding subepicardial regions. The left ventricular subendocardium is sensi-
tive to the development of ischemia and infarction because of the compressive
forces that alter blood flow to this region. In systole, tissue pressure within the
subepicardium remains relatively low, but within the subendocardium,
intramyocardial tissue pressure rises to very high levels, as much as 30 to 50
mmHg greater than left ventricular intracavitary pressure. This pressure com-
pressing the subendocardial vessels clearly exceeds the driving pressure for
subendocardial perfusion. Therefore, the small amount of coronary flow that
occurs in systole is preferentially distributed to the subepicardium. The sub-
endocardium also exhibits increased energy expenditure, higher oxygen con-
sumption and extraction, and as a consequence, a lower tissue oxygen tension.

The myocardium uses multiple substrates for production of ATP. The
preferred substrates are free fatty acids and, to a lesser extent, lactate.
Metabolism is strictly an oxidative process and utilization of glucose is negligi-
ble. Under ischemic conditions, however, a small degree of anaerobic
metabolism of glucose (and subsequent lactate production) may occur.
Although this is inadequate to sustain contractile function, it may offer some
benefit to preserve vital cellular processes for short periods of time. There is a
tight coupling of coronary blood flow to myocardial metabolism, and this has
been termed metabolic autoregulation. Of the many mediators which have
been proposed to be involved in this process, the most significant is adenosine.
During periods of increased metabolic activity, more ATP is utilized and greater
amounts of adenosine are produced. Adenosine diffuses through the intersti-
tial space and interacts directly with vascular smooth muscle, producing arterio-
lar vasodilation. This could provide a moment-to-moment mechanism for
vasodilation in the coronary circulation during increased myocardial oxygen
demand.

As in other organs, myocardial blood flow is also autoregulated over a
wide range of driving pressures providing a relatively constant coronary flow
even in thel face of large changes in perfusion pressure (2) (Figure 2). As driv-
ing pressure increases, the coronary vasculature constricts, and flow remains
constant. However, there is a point of maximum vasoconstriction, and coro-
nary blood flow increases linearly with pressure beyond a mean driving pres-
sure of 120 mm Hg. Conversely, as pressure is reduced, flow remains constant
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secondary to vasodilation. Maximum vasodilation is reached at a driving pres-
sure of approximately 50 mm Hg. As pressure continues to decrease below this
level, flow also decreases in a linear fashion. A regional difference in autoregu-
lation also exists. The subepicardial vasculature has a greater ability to autoreg-
ulate than corresponding subendocardial vessels. Autoregulation is lost at
higher perfusion pressures in the subendocardium than in the subepi-
cardium(3). This may be partially due to the fact that the vessels in the sub-
endocardium are relatively dilated under resting conditions.

Any factor which attenuates the ability of coronary vascular smooth
muscle to alter arteriolar diameter, such as a vasodilator drug, will interfere
with pressure autoregulation. When autoregulation is abolished by potent vaso-
dilators, coronary blood flow will increase or decrease in a linear relationship
with aortic pressure. Under these conditions, coronary pressure flow relations
resemble those of an elastic or rigid tube (Figure 2). In theory, at least partial loss
of autoregulation may occur with anesthetics that produce coronary vasodi-
lation. A reduction in driving pressure for coronary flow might be expected to
be accompanied by greater decreases in perfusion under these circumstances.

RIGID/ELASTIC
TUBE

CORONARY BED

CORONARY BLOOD FLOW

CORONARY PERFUSION PRESSURE

Figure2. Pressure autoregulation in the normal coronary circulation. Note that at maxi-
mum vasodilation pressure autoregulation is abolished (dashed line) and
pressure-flow relationships resemble that of a rigid/elastic tube. Also demon-
strated is the concept of coronary vascular reserve. Coronary reserve repre-
sents the ability of coronary blood flow to be increased in response to stress (at

a given driving pressure) and is the difference between maximum vasodilation
and resting coronary flow.
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If the linear relation between low perfusion pressure and coronary flow
(or between higher pressure and flow during maximum vasodilation) is
extrapolated, zero flow is found to occur at a finite diastolic arterial pressure.
Therefore, the coronary arteries will not be perfused below a certain minimum
perfusion pressure. This phenomenon can be demonstrated experimentally in
the presence of high vagal tone and a prominent sinus arrhythmia resulting in
prolonged RR intervals. Zero coronary flow has been found to be reached at
diastolic aortic pressures as high as 40 mm
Hg in experimental animals. This has been termed the "critical closing pres-
sure" and is that pressure at which flow ceases in diastole. It is the minimum
inflow pressure required for any diastolic coronary perfusion. This pressure
most likely exceeds both coronary venous and left ventricular end diastolic
pressures. The mechanism for "critical closure” depicts vessels as collapsible
tubes which are kept distended by the driving pressure (4). When this pressure
is exceeded by the intramyocardial tissue pressure, vessels collapse. It is likely
that there is also a regional distribution of zero flow-pressure relations in the
left ventricular wall. Flow to the subendocardium probably ceases at higher
driving pressures than flow to subepicardial regions.

PATHOPHYSIOLOGY

Coronary vascular reserve allows coronary blood flow to increase (e.g., in
response to a stress) without a change in driving pressure (Figure 2). Peak coro-
nary vascular reserve occurs at maximum vasodilation. This flow is at least as
high and may exceed that occurring during peak reactive hyperemia following
brief coronary occlusion.

When coronary vascular reserve becomes diminished, susceptibility to
myocardial ischemia develops during abrupt increases in oxygen demand. The
most common cause for this is an obstruction or stenosis of a large epicardial
coronary artery produced by atherosclerosis. With increasing severity of a coro-
nary artery stenosis, the initial hemodynamic abnormality is a reduction in
coronary vascular reserve. Only later with more severe degrees of coronary
stenosis is resting coronary blood flow reduced. At 50% stenosis (reduction in
vascular cross-sectional area), there is little effect on coronary reserve (or peak
reactive hyperemia). Reactive hyperemia remains unaltered until approxi-
mately 60% stenosis is reached. At further degrees of severity of vascular
obstruction (80-90% stenosis), the reactive hyperemic response is abolished
("critical stenosis"). In spite of this marked decrease in coronary vascular
reserve, little change in resting coronary blood flow occurs secondary to vasodi-
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lation distal to the stenosis. At stenoses greater than 90% diastolic coronary flow
becomes reduced, and coronary flow in systole is actually increased. Con-
comitant with these changes in diastolic and systolic total coronary blood flow,
there is a redistribution of perfusion away from the subendocardium. Blood
flow to subepicardial layers is relatively maintained until even higher levels of
stenosis are reached.

Changes in systemic hemodynamics, such as a reduction in diastolic
aortic pressure, an increase in heart rate, or elevation of left ventricular end
diastolic pressure are compensated for by vasodilation in the normal coronary
circulation. In the presence of a stenosis, however, such hemodynamic changes
are met with marked alterations in the regional distribution of perfusion
because vasodilation of the distal vascular bed is already present. For example, a
factor of major importance involved in the regional distribution of coronary
blood flow in the presence of a coronary artery stenosis, is left ventricular end-
diastolic pressure (Figure 3). The driving pressure for subendocardial blood
flow may be represented by Pa-P1 where P = diastolic arterial pressure and Pt =
left ventricular end diastolic pressure. In a normal coronary artery, this may be
75-5 = 70 mm Hg. In the presence of a severe coronary stenosis, there is a large
pressure drop across the vascular obstruction resulting in a much lower distal
perfusion pressure of (75-45)-5 = 25 mmHg. If left ventricular end diastolic pres-
sure increases (e.g., to 20 mmHg), the driving pressure for flow to the subendo-
cardium is further reduced to (75-45)-20 = 10 mmHg and may fall below "critical
closing" pressures. Therefore, left ventricular end diastolic pressure is as impor-
tant a determinant of subendocardial perfusion as diastolic aortic pressure or
heart rate in the presence of coronary artery disease.

When a coronary artery becomes totally occluded, blood flow may never-
theless be present in the perfusion territory of the occluded vessel. This flow
arises from intra-arterial anastomoses, known as coronary collateral vessels.
Collateral flow may be adequate to preserve structure and function of
myocardium and prevent ischemia and/or infarction under resting conditions
despite total coronary occlusion. This protection would depend on the magni-
tude of the collateral flow. Indeed, the limited capacity of these vessels to supply
blood during periods of stress jeopardizes collateral-dependent myocardium.

Considerable research, primarily conducted in animals, has demonstrated
that coronary collateral flow can be affected by drugs. Nitroglycerin and
nifedipine which dilate large epicardial coronary arteries also dilate coronary
collaterals and are capable of increasing perfusion of ischemic myocardium.
Other drugs, such as adenosine and dipyridamole ("small vessel dilators"),
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decrease arteriolar resistance in normal areas. If the arterioles in the perfusion
territory of a totally occluded coronary artery are near maximally dilated, no fur-
ther decrease in the resistance of arterioles in ischemic areas will be produced by
these drugs. In fact, the effect of the small vessel dilators to lower resistance in
normal zones can reduce collateral flow by decreasing the driving pressure for
collateral flow at the origin of the coronary collaterals. This phenomenon is
termed "coronary steal" and is independent of change in systemic hemodynam-
ics such as heart rate and diastolic aortic pressure. The redistribution of collat-
eral perfusion away from certain regions partially contributes to the basis for
"reversible perfusion defects" readily observable during persantine-thallium
scans.

ANESTHETIC AGENTS

A major point of controversy in recent years is whether certain anesthet-
ics cause "coronary steal” which may produce or exacerbate myocardial ischemia
in patients with coronary artery disease. This would depend not only on the
particular anesthetic agent but also on the presence of a "steal prone" anatomy.
The latter is present in approximately 25% of patients presenting for coronary
artery bypass graft surgery and consists of a totally occluded vessel with signifi-
cant collateral perfusion and concomitant stenosis of the vessel of origin of the
collaterals. The only anesthetic to be seriously implicated as a cause of this
potential adverse effect is isoflurane, which is capable of producing coronary
arteriolar vasodilation (5,6). Although production of ischemia has been
demonstrated with isoflurane, it is unresolved whether the onset of ischemia
was secondary to hemodynamic alterations such as decreases in aortic pressure
and increases in heart rate or secondary to a direct redistribution of blood flow.

Some investigations have actually shown potentially beneficial effects of
volatile anesthetics. Both halothane and isoflurane markedly improve recov-
ery from regional wall motion abnormalities in postischemic, reperfused
("stunned") myocardium (7). Furthermore, these effects are unrelated to any
anesthetic-induced change in myocardial oxygen supply or demand. Finally,
studies using chronically instrumented dogs have shown little effect of isoflu-
rane or desflurane on the regional distribution of coronary flow when anes-
thetized and conscious states are compared if hypotension is avoided (8).

CLINICAL MANAGEMENT

At present, there is no general consensus as to whether any specific anes-
thetic produces direct detrimental effects on myocardial perfusion. The most
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important clinical guideline for the anesthesiologist involved in the treatment
of jeopardized myocardium is the production of the most beneficial myocardial
oxygen supply/demand balance possible. Indeed, anesthetics may be useful in
this regard, by their ability to reduce oxygen demand and decrease myocardial
oxygen consumption and potentially redistribute perfusion to subendocardial
regions.

Subendocardial perfusion is directly related to the difference between
aortic and left ventricular pressures integrated over time during diastole. This
is termed the diastolic pressure-time index (DPTI) and is directly related to
oxygen supply. The demand for oxygen delivery is closely related to the area
beneath the systolic portion of the aortic or ventricular pressure curves, i.e., the
tension-time index (TTI). Thus, the ratio of DPTI to TTI has been used as an
index of the relationship between subendocardial oxygen supply and demand.

In the presence of coronary artery disease, reference to the components of
this ratio may serve as a useful reminder of the factors responsible for need and
adequacy of perfusion. For example, DPTI may be decreased by an increase in
left ventricular preload (excessive fluids, especially in the presence of a non-
compliant ventricle; myocardial dysfunction) or by a decrease in the time spent
in diastole (tachycardia) or by excessive reductions in aortic diastolic pressure
(hypotension; aortic regurgitation). Similarly, TTI may be increased during
tachycardia (more time spent each minute in systole) or by elevations of
afterload (hypertension; aortic stenosis).

As a general rule, the patient with uncomplicated coronary artery disease
can tolerate anesthetic agents, such as opioids, that decrease heart rate and main-
tain diastolic aortic pressure. Some patients with a hyperdynamic circulatory
status (elevated ejection fraction and systemic arterial pressure) may benefit
from an anesthetic technique which prevents excessive increases in myocardial
oxygen demand. This would include simultaneous use of a volatile anesthetic
as required to prevent sudden increases in heart rate, myocardial contractility
and systolic arterial pressure in conjunction with an opioid. In contrast, a
patient having a low stroke volume, ejection fraction and poor ventricular
function may tolerate only low doses of an opioid with no added volatile
inhaled agent.

Patients with coronary artery disease present a spectrum of hemodynamic
profiles and responses to anesthesia and stress. Each patient must be managed
individually to maintain optimum myocardial oxygen supply/demand balance.
In most cases, particularly for major surgeries, this will require intra-arterial and
pulmonary artery pressure monitoring with calculations of stroke volume,
cardiac output, ventricular filling pressures and vascular resistances for
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optimum management. In particular, hemodynamic and electrocardiographic
signs of myocardial ischemia should be carefully monitored. Myocardial
ischemia should be aggressively treated with nitroglycerin, calcium entry
blockers and/or beta-adrenergic antagonists. Table 1 lists some precipitating
causes and potential management strategies of perioperative ischemia.

Table 1. Precipitating causes of perioperative ischemia.

Cause Management
Increased heart rate Tanesthetic depth
beta blocker
calcium entry blocker
Increased preload nitroglycerin
diuretic
Increased afterload calcium entry blocker
Tanesthetic depth
Increased contractility Tanesthetic depth
beta blocker
Diastolic hypotension Tpreload (fluids)

Tafterload (vasopressor)
lanesthetic depth

Coronary arterial spasm calcium entry blocker
nitroglycerin

The management of patients with coronary artery disease is a challenge
for all anesthesiologists. Only through an understanding and an appreciation of
those factors involved in oxygen supply and demand of compromised
myocardium can expedient and appropriate intraoperative decisions be made.
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DIASTOLIC FUNCTION: ANESTHESIA
AND MYOCARDIAL ISCHEMIA

Pierre Foéx, MD

INTRODUCTION

Over the past decade, much interest has been focused on diastolic cardiac
function because of the realization that alterations of diastolic function may be
early markers of coronary heart disease, hypertensive heart disease, and many
cardiomyopathies. As many as 40% of patients presenting with cardiac failure
may have intact systolic function, implicating diastolic dysfunction as the major
cause of failure (1). In addition to ischemia, hypertrophy and pericarditis, left
ventricular filling may be impaired because of right ventricular failure associ-
ated with bulging of the septum into the cavity of the left ventricle.

There are many reasons why diastolic function has been studied much
less extensively than systolic function. The first is that diastole was thought to
be a purely passive phenomenon, and, therefore, of relative insignificance as a
passive phenomenon is unlikely to be influenced by medication. It is now well
recognized that relaxation of cardiac fibers requires approximately 15% of the
total energy of the cardiac cycle. This energy is expended on a number of pro-
cesses involving calcium. Relaxation involves the dissociation of calcium from
the troponin-tropomyosin complex, and its re-uptake by the sarcoplasmic reticu-
lum. This process is essential for the dissociation of the actin-myosin cross
bridges and the restoration of the inhibitory action of the troponin-tropomyosin
regulatory complex. In addition, calcium has to be extruded from the cardiac
cells. These processes depend on the availability of ATP (2). If the balance of
oxygen supply and demand is altered, reduced energy availability may impair
ventricular relaxation before systolic function is disrupted. Several mechanisms
may alter the calcium cycle: inadequate extrusion from the cell (calcium over-
load), leak from the sarcoplasmic reticulum, or excessive sensitivity of the
troponin-tropomyosin complex to calcium. The resulting Ca®* release-seques-
tration mismatch impairs relaxation, this in turn reduces the early diastolic fill-
ing (3). The second reason is that diastole is difficult to study because it is a
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complex phenomenon. Its four main phases are isovolumic relaxation, rapid
filling, diastasis, and atrial contraction.

PHASES OF DIASTOLE

1. Isovolumic Relaxation

Isovolumic relaxation is the interval between the closure of the aortic
valve and the opening of the mitral valve. Relaxation of cardiac fibers causes a
rapid reduction in pressure. Relaxation is controlled by a complex interaction of
inactivation, changing loading conditions and nonuniformity in space and time
(4,5). The major mechanisms of inactivation are the removal of myoplasmic
calcium by the sarcoplasmic reticulum and the termination of the life-cycle of
force generating sites. The low calcium concentration allows the actin-myosin
dissociation as calcium moves away from the subunit C of the regulatory
protein troponin to the sarcoplasmic reticulum.

In isolated heart muscle preparations, reductions of afterload abbreviate
the relaxation phase, unless the sarcoplasmic reticulum is inactivated. In the
working heart, changes in preload do not appear to alter the time constant of
relaxation. By contrast, increases in afterload are associated with increases in the
time constant of relaxation.

The architectural structure, the electrical activity, and the mechanical
properties of the left ventricle are not uniform. Interventions which increase
the nonuniformity (intracoronary isoprenaline infusion, regional ischemia)
prolong the time constant of relaxation (6). In addition, many positive inotropic
interventions reduce the time constant of relaxation possibly by stimulating the
uptake of calcium by the sarcoplasmic reticulum.

Factors that influence the speed of isovolumic relaxation may affect the
next phase of diastole, namely, the rapid filling that occurs immediately after
mitral valve opening (4).

II. Rapid Filling Phase

This phase extends from the opening of the mitral valve until the left
atrial and left ventricular pressures equilibrate. Myocardial relaxation, as an
active process, continues during the rapid filling phase of the ventricle. The
passive component is represented by the passive pressure-volume relation of
the ventricle (7,8). Diastolic suction (elastic recoil), if present, is the expenditure
of energy previously stored in the ventricular wall. Changes in shape and
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torsion can also store energy and contribute to diastolic suction (9). The
atrioventricular pressure gradient is the motive force for ventricular filling.
The best correlate of peak filling rate is the maximum atrioventricular pressure
gradient (10).

Increases in preload increase the atrioventricular pressure gradient and
augment the early ventricular filling. Chronically elevated afterload is associ-
ated with decreased early diastolic filling rate. Increases in inotropy are associ-
ated with increases in rapid filling. In addition, a close correlation exists
between percentage of systolic shortening and early filling rate.

Rapid filling is decreased in patients with hypertrophic cardiomyopathy
(11), hypertension and myocardial ischemia (8). Aging is also associated with an
impairment of rapid filling (12). The rapid filling phase accounts for as much as
80% of the total filling. This phase ends with the equilibration of atrial and ven-
tricular pressures.

III. Diastasis

In the absence of tachycardia, rapid filling ends after approximately one-
third of the diastolic interval. Diastasis extends from the time of pressure equi-
librium between atrium and ventricle until atrial contraction. Left ventricular
filling is slow. The transmitral flow continues because of inertia (7). A small
amount of blood returning from the pulmonary veins contributes usually less
than 5% to ventricular filling (13). At fast heart rates, diastasis is shortened and
atrial contraction occurs almost immediately after rapid filling.

IV. Atrial Contraction

Atrial contraction increases the atrioventricular pressure gradient.
Currently it is estimated that no more than 25% of the left ventricular stroke
volume (7,14) is accounted for by a properly timed atrial contraction. Both in
vitro and in vivo, the Frank-Starling mechanism has been shown to operate in
the atria (15). In patients with hypertrophic cardiomyopathy and in those with
myocardial infarction, the contribution of atrial contraction to stroke volume is
increased, and atrial systole may become a critical factor in the maintenance of
an adequate stroke volume (16). In such circumstances, loss of atrial contraction
may produce a dramatic reduction in cardiac output.
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V. Passive Properties of the Left Ventricle

Passive properties refer to the pressure-volume relation when the ventri-
cle is completely relaxed after the previous contraction and before the next
systole. These properties are described as chamber stiffness and myocardial
stiffness.

1. Chamber stiffness. Chamber stiffness describes the behaviour of the
ventricle as a hollow structure. It is obtained from the passive pressure-volume
relation or from a surrogate for volume such as segmental length, diameter or
radius. The slope of the pressure-volume relation is an exponential. This indi-
cates that the ventricle becomes stiffer at high dimensions. Geometry of the
ventricle, wall thickness, characteristics of the myocardium, external constraints
to filling, viscoelastic effects and changes in the coronary circulation influence
the stiffness of the ventricle.

The chambers of the heart interact mechanically with each other espe-
cially during diastole. Acute shifts of the septum alter the stiffness of the cardiac
chambers. The interaction between the ventricles is minimized in the absence
of the pericardium. Conversely, when the pericardium is intact its effect on the
pressure-volume relation of the ventricles depends upon the volume of the
cavities. At low volumes, the effect of the pericardium is small. At high filling
volumes, the stress imposed by the pericardium is high and contributes to the
ventricular diastolic pressure (17).

The myocardium exhibits viscoelastic properties. This means that
stresses in the wall depend upon both the magnitude of the deformation and
the rate at which it occurs. Thus diastolic pressure depends on filling rate and
ventricular volume. Viscous forces are greatest during the rapid filling in early
diastole and during atrial systole.

An increase in coronary bed turgor increases ventricular stiffness.
However, this effect is quite modest (17).

2. Myocardial stiffness. Myocardial stiffness represents the resistance of
the myocardium to stretching when subjected to stress. It is determined by the
relations between stress and strain. Because wall stress cannot be measured,
there is little agreement on the best assumption for its estimation. Myocardial
stiffness is thought to describe the material properties of the myocardium itself
(18). It differs from chamber stiffness, which is a product of both myocardial
stiffness and ventricular size.
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Evaluation of Diastolic Function

All the phases of diastole can be analyzed and quantified. Indices of
isovolumic relaxation include the time constant of isovolumic relaxation (1)
and the maximum rate of left ventricular pressure decline (-LV dP/dtmax).
High-fidelity measurements of left ventricular pressure allow the first deriva-
tive of pressure with respect to time (-dP/dt) to be measured as well as the time
constant (t) of left ventricular pressure decline. As -dP/dt is highly dependent
upon the developed left ventricular pressure, it is a less useful index of relax-
ation than the time constant t. The latter is calculated from the time of
maximum rate of pressure decline to the opening of the mitral valve, based on
the valid assumption of a mono-exponential time course (19). Increases in heart
rate, sympathetic stimulation and circulating catecholamines reduce the time
constant of isovolumic relaxation. The latter is also sensitive to alterations in
ventricular loading (4). Rapid filling is estimated as the peak filling rate or the
peak change in dimensions (length, diameter) when dimensions rather than
volume are measured. While in experimental animals continuous measure-
ment of ventricular volume can be obtained using three-dimensional sono-
micrometry or conductance catheters, non-invasive methods including
echocardiography and radionuclide angiography are most often used in
humans. More frequently, even in experimental animals, ventricular dimen-
sions rather than volume are measured (diameter, segment length or wall
thickness). The effects of atrial contraction can be determined using a number of
complex indices in experimental studies and by Doppler flow measurements in
echocardiographic studies. Finally, the relationship between pressure and
dimensions at the end of diastole defines cardiac chamber stiffness (pressure-
dimension) and myocardial stiffness (stress-strain). As these relationships are
exponential, they can be quantified in terms of constants.

Two different approaches are used to describe these relationships. One
relies on the instantaneous relationship between pressure and dimension
during the early and middle part of diastole while the other relies on the
relationship between individual pairs of pressure and dimensions at end-
diastole, obtained by deliberately altering preload. While both methods yield
stiffness constants it is clear that they do not represent the same properties of the
ventricle. The instantaneous pressure dimension relationship is measured
during the early to middle phase of diastole, while the other method examines
only true end-diastolic measurements. Our preliminary data (unpublished
observations) suggest that the instantaneous pressure dimension relationship
during the early and middle part of diastole is highly sensitive to preload.
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Effects of Anesthesia on Diastole

1. Time constant of relaxation. The pressure decline in the left ventricle
is easy to measure. Many studies of the effects of inhaled anesthetics on isovo-
lumic relaxation have been published. Most studies have shown that 7
increases in a dose-related fashion as the concentration of the anesthetic agent is
raised. This is true of comparisons in chronically instrumented animals in
whom control data were obtained in the awake state (20) and in an acutely
instrumented model in which control data were obtained under fentanyl anes-
thesia (21). The more recently introduced agents, sevoflurane (21) and desflu-
rane (22), have effects similar to those of halothane, enflurane and isoflurane.
Increasing infusion rates of propofol (23) or thiopentone also increase t in a
dose-related manner. As it is known that left ventricular relaxation depends
upon load, inactivation and coronary filling, the effect of most anesthetic agents
on 7 is entirely predictable. Inhaled and intravenous anesthetics (at least propo-
fol and sodium thiopental) decrease arterial pressure, an index of the load. Most
anesthetic agents decrease calcium flux across the sarcolemma of cardiac cells
and alter the release of calcium from the sarcoplasmic reticulum (24-27). It is
logical to hypothesize that calcium flux preceding relaxation is also altered,
resulting in impaired inactivation. Finally, with the exception of isoflurane,
anesthetic agents cause dose-dependent reductions in coronary blood flow,
hence they reduce coronary filling. Thus, the effects of many anesthetic agents
on T can be interpreted as a consequence of their effects on systolic function as
mediated by their effect on calcium currents. The prolongation of T may not be
the expression of a specific effect of halogenated anesthetics, propofol, or sodium
thiopental on relaxation.

In a study of the effect of halothane on phasic coronary flow, Doyle and
colleagues (28) have shown that coronary flow during isovolumic relaxation is
reduced more than total coronary blood flow. The exaggerated reduction of flow
during isovolumic relaxation is probably a consequence of its slower time
course.

2. Peak filling rate. Peak filling rate in most experimental models is
replaced by peak lengthening or peak thinning rate. Pagel and colleagues have
reported marked reductions in peak lengthening rate caused by halothane and
isoflurane. These were reversed by calcium infusion (22). In experimental stud-
ies of the effects of graded concentrations of halothane, enflurane, isoflurane
and sevoflurane, dose-dependent reductions in the peak lengthening rate were
observed in both the apex and the base of the left ventricle (21). No differences
between the four anesthetic agents were noted. However, marked differences
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were noted between apex and base. The peak filling rate was much greater at
the apex than the base. In addition, the effects of stepped increases in the
concentration of the inhaled anesthetics were more significant at the apex than
the base. These observations do not necessarily mean that halogenated
anesthetics exert a specific effect on the peak lengthening rate of the left ventri-
cle. This effect is likely to be a reflection of the effects of anesthetic agents on
systolic function. As inhalational anesthetics depress myocardial contractility,
they cause a dose-dependent reduction in systolic shortening. If segments
shorten less, there is, as a consequence, less capacity for lengthening. If the dura-
tion of the cardiac cycle and its phases are little altered, peak lengthening rate
must be reduced when systolic shortening is diminished. Thus, the effect of
inhaled anesthetics on peak lengthening rate may, like their effect on 1, reflect
changes in systolic function.

The regional differences in peak lengthening rate are the exact counter-
part of the differences observed during systole (29) and not a specific effect of
anesthetic agents on regional diastolic function. Also, the more significant
depression of peak lengthening rate at the apex reflects the greater sensitivity of
the apex to depression of its systolic function.

The importance of regional differences in systolic function and peak
lengthening rate is that comparisons of studies are only meaningful if the same
regions of the ventricle have been studied. Also, depending upon the area of
the left ventricle studied, interventions may appear to exert a greater or lesser
effect.

3. Ventricular stiffness. At the end of diastole, it is very unlikely that the
relationships between pressure and dimensions are a direct function of events
during the previous systole; thus, observations made at the end of diastole
represent the true diastolic characteristics of the ventricle (chamber stiffness) or
the cardiac muscle (myocardial stiffness).

Inhaled anesthetics cause an increase in cardiac stiffness when compared
to the awake state in chronically instrumented dogs (20). By contrast, in an
acutely instrumented canine model, with reference to fentanyl anesthesia, four
inhaled anesthetics (halothane, enflurane, isoflurane and sevoflurane) did not
appear to cause changes in cardiac stiffness. In these studies, two regions of the
left ventricle were studied and the data showed stiffness to be greater at the base
than at the apex (21). The greater stiffness of the base may reflect one of its roles,
namely to support the aortic valve. This regional difference in cardiac stiffness
makes it difficult to compare studies unless data refer to the same region. As to
the difference between the studies of Pagel and colleagues (20) and our own
studies (21), several factors may be implicated. First, one model used the awake
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state as control and the other used fentanyl anesthesia. Second, Pagel and
colleagues studied the midwall and not the apex or the base. As neither apical
nor basal region showed any change in our study, it is unlikely that changes
would have been observed if the midwall had been studied. Third, Pagel and
colleagues used the instantaneous pressure-length relationship (i.e., early and
mid-diastole) while we obtained true end-diastolic points by acutely altering the
preload by caval occlusion. It is very likely that the difference between models
and the way in which stiffness was calculated explains the contrasting findings.
It is worthwhile noting that in previous studies in the same model we have
found that propofol did not cause changes in cardiac stiffness. However, at a
high propofol infusion rate, the difference between apex and base was abolished
(30).

Effects of Ischemia on Diastole

It has been long recognized that myocardial ischemia causes a reduction
in systolic function associated with an increase in end-diastolic pressure and
dimensions representing an increase in cardiac stiffness. The increase in end-
diastolic dimension, termed "creep," is associated with a decrease in elastic
distensibility. In a series of studies of the interactions between anesthesia and
ischemia, we have shown that the increase in stiffness occurs when coronary
flow decreases by 50% or more, and not only with coronary occlusion. Similarly,
the unstressed length (at zero ventricular pressure) increases once coronary flow
has been reduced by 50% or more, and left ventricular end-diastolic pressure
(LVEDP) also increases (31). However, it is not easy to understand how an
increase in stiffness in a limited area of the anterior wall of the left ventricle,
representing less than 25% of its mass, could cause an increase in LVEDP, as the
latter should occur only when a generalized increase in stiffness has occurred.
Indeed, our study showed that ischemia in the apical region was associated with
an increase in stiffness in both the apical (ischemic) and basal (remote, non-
ischemic) region of the left ventricle. In the latter region this increase in stiff-
ness was accompanied by an increase in unstressed length. This observation of
an effect of ischemia at a distance is not specific to halothane anesthesia; we
have observed it in studies carried out using isoflurane or fentanyl anesthesia
with or without nitrous oxide.

What are the mechanisms of the remote effect of regional ischemia?
Decrease in myocardial perfusion cannot be implicated as coronary blood flow is
not reduced. Altered metabolism is also unlikely as there is no reason for an
imbalance between oxygen demand and supply in a territory perfused by normal
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coronary arteries. Mechanical interactions between ischemic and non-ischemic
regions have been demonstrated for systolic function. Usually, overall systolic
shortening is increased (32), mostly because of an increase in isovolumic short-
ening associated with systolic lengthening in the ischemic area. After the end of
systole, early lengthening is usually observed in the non-ischemic region, while
post-systolic shortening occurs in the ischemic region. It is difficult to imagine
how early lengthening could result in stiffening of the remote nonischemic
myocardium. However, no study, thus far, has attempted to determine whether
altered loading conditions might influence the effect of ischemia on remote,
well perfused, myocardium. An alternative hypothesis is that mediators are
released by the ischemic myocardium, especially the endocardium. Such media-
tors could be transported by the coronary circulation to the normally perfused
region. Amongst the mediators released by ischemia, endothelins, platelet acti-
vating factor (PAF) and adenosine may play a role. The latter, though released
by ischemic myocardium, is unlikely to increase myocardial stiffness as no such
effect has been seen in response to its intracoronary administration
(unpublished observations). PAF, in studies using an isolated heart preparation,
has little effect on cardiac stiffness (33). However, endothelin-1 given as intra-
coronary infusion, increases cardiac stiffness at concentrations that have little
effect on coronary blood flow. This effect is not simply an effect of the infusion
of fluid in the coronary circulation, because it is prevented by the prior adminis-
tration of the endothelin blocker BQ123 (unpublished observations). Therefore,
it is possible that endothelins, known to be released during ischemia, may exert
an effect on the remote myocardium.

Is the finding of an increase in stiffness of the ischemic and remote non-
ischemic myocardium of any relevance to anesthesia? If the effect of ischemia
on the myocardium, ischemic or remote, was observed exclusively during the
period of ischemia, it would probably be of little relevance. However, this effect
outlasts the duration of ischemia, suggesting that diastolic stunning occurs in
the ischemic and in the remote non-ischemic myocardium (34). How long
diastolic stunning lasts has not been established. If it were shown to be long
lasting, the effects of brief periods of ischemia may contribute to the develop-
ment of a major delayed complication of anesthesia and surgery, i.e., ischemia-
induced pulmonary edema. This problem can be exacerbated by errors in fluid
management, as the same volume load causes substantially greater increases in
left ventricular end-diastolic pressure during episodes of regional ischemia (35).

Assuming that endothelin plays a role in the stiffening of remote
myocardium, prevention of this effect may be possible by selective blockade of
endothelin receptors or by using drugs that prevent its release.
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VENTRICULAR FUNCTION

David C. Warltier, MD, PhD

The measurement and significance of ventricular contractile function
forms the basis for understanding cardiac performance under normal condi-
tions and of abnormalities of the heart that can lead to pump failure. Only
recently has the importance of ventricular function in diastole to overall cardiac
performance been described. To date, investigations of the influence of anes-
thetic agents on diastolic function are few.

CELLULAR BASIS OF CARDIAC CONTRACTILE FUNCTION

Cardiac muscle is composed of myocytes in a syncytium of interconnected
cells. Although the direction of this interconnecting network of muscle cells is
dependent upon transmural depth within the ventricle, there is a general orien-
tation of the muscle cells at any given depth. Collagen fibers surround these
cells and form an interstitial architectural framework. The cardiac cells are thus
extensively tied to one another and supported by this collagen mesh.
Abnormalities of the collagen cytoarchitecture have only recently been recog-
nized as underlying a variety of cardiomyopathies.

The ultrastructure of the myocyte is complex. Around each cell is a plasma
membrane or sarcolemma. Intercalated discs form junctions between myocytes
and permit electrical, chemical and physical communication between cells.
Within each myocyte, there are myofibrils made up of two types of myofila-
ments (thin and thick) which run in a direction parallel to the long axis of the
cell in a regularly repeating unit known as a sarcomere. Analogous to the inter-
connection of myocytes by the intercalated discs, each sarcomere is intercon-
nected with adjacent sarcomeres by Z lines. The thin filaments are composed of
actin and extend from the Z line to cross with thick filaments composed of
myosin. Two proteins, troponin and tropomyosin, are bound to actin and dur-
ing diastole inhibit the crosslinking of actin and myosin. Microscopically, the
thin filaments not overlapped with thick filaments form a region known as the
I band. The A band consists of the thick myosin filaments and those thin actin
filaments that overlap. Changes in the length of the myocyte are directly related
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to the degree of interdigitation of the actin and myosin filaments. The myofib-
rils in each cell are surrounded by an extensive network of intracellular tubules
called the sarcoplasmic reticulum which serves as a storage depot for calcium.
In addition, invaginations of the sarcolemma also course inward and form a
transverse tubular system (T tubules). Thus, the T tubule is a direct extension of
the sarcolemma. Finally, there are numerous mitochondria within the myocyte
that function to supply the adenosine triphosphate (ATP) required for both con-
traction and relaxation of cardiac muscle.

Following initiation of the action potential in cardiac muscle, there is a
rapid influx of sodium into the myocyte which produces the quick upstroke and
overshoot (phase 0) of the action potential. The depolarization sweeps over the
entire plasma membrane and down transversely through the T tubule system to
the internal milieu of the myocyte. Depolarization of the sarcolemma and T
tubule system results in an intracellular influx of calcium across the plasma
membrane via slow channels during the plateau phase (phase 2) of the action
potential. The transsarcolemmal entry of calcium then triggers a further release
of calcium from the sarcoplasmic reticulum. This increase in intracellular free
calcium concentration (from 10-7 to 105 M) secondary to depolarization initiates
the contractile process and is the basis for excitation-contraction coupling. The
cytosolic calcium combines with troponin C subunits located on the actin fila-
ment, resulting in a conformational change of the tropomyosin molecule and
exposure of the binding sites for the myosin and actin filaments. Subsequent
binding of actin and myosin (formation of crossbridges) results in a greater over-
lap of thin and thick filaments. The I band dimension is reduced as the length
of the sarcomere is decreased and contraction occurs. The process requires
energy obtained from ATP via an actomyosin ATPase.

During repolarization, energy-dependent pumping and extrusion of
calcium from the cytoplasm into the sarcoplasmic reticulum occurs. In addi-
tion, the intracellular calcium concentration is also lowered by transsarcolem-
mal exchange of extracellular sodium for calcium. This process results in a loss
of calcium from troponin binding sites. The troponin-tropomyosin complex in
the presence of the reduced cytosolic calcium concentration inhibits the interac-
tion of actin with myosin. As a consequence, relaxation of the myocyte occurs.
It is of significance that the relaxation process requires ATP and is not a passive
process. Relaxation can be markedly prolonged in the presence of limited sup-
plies of ATP as occurs in ischemia or hypoxia.
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THE CARDIAC CYCLE

The left ventricular cardiac cycle initially depicted by Carl J. Wiggers (1)
(Figure 1) represents a combination of mechanical, electrical and valvular
events in a complex relationship. At a sinus rate of 75 beats per minute, the
complete cycle for filling and emptying takes approximately 800 msec. The con-
tractile period of the left ventricle (systole) begins with the initial rise of ven-
tricular pressure and closure of the mitral valve following ventricular depolar-
ization (QRS complex). During systole when left ventricular pressure exceeds
that in the aorta, there is an opening of the aortic valve and ejection of blood.
Systole ends concomitant with closure of the aortic valve. Closure of the aortic
valve also begins the period of diastole during which ventricular relaxation and
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Figure 1. Changes in aortic, left ventricular and atrial pressures, left ventricular volume
and electrocardiogram during the cardiac cycle. ICP and IRP = volume and
electrocardiogram during the cardiac cycle. ICP and IRP = isovolumic contrac-
tion and isovolumic relaxation periods, respectively.
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filling occur. During normal sinus rhythm, systole and diastole compose
approximately one-third and two-thirds of the cardiac cycle, respectively. At
higher rates, significant reductions occur primarily in the time spent in diastole.

Under normal conditions, the atrial pressure waveform is composed of
three major deflections (Figure 1). After the P-wave of atrial depolarization
recorded electrocardiographically, the atria contract causing an a2 wave which
occurs late in diastole. With initiation of systole, ventricular contraction causes
a pressure wave to be transmitted in a retrograde fashion through the atrioven-
tricular valve resulting in the atrial ¢ wave. In the final portion of systole and
continuing into early diastole, as venous blood returns from the periphery,
atrial filling proceeds. The atrioventricular valve remains closed, and there is a
slow increase in atrial pressure which results in the atrial v wave. Under
normal conditions, atrial contraction (2 wave) occurring late in diastole is
responsible for approximately 15 to 20% of left ventricular filling. The contribu-
tion of the atria to filling may be more significant in disease states having a
significantly reduced ventricular compliance.

Ventricular systole is subdivided into a number of components. Iso-
volumic contraction occurs between closure of the mitral valve and opening of
the aortic valve, and little change in ventricular volume occurs during this
period. The upstroke of the ventricular pressure waveform is maximal at this
time and is often used to estimate the contractility of the ventricle (left ventricu-
lar +dP/dtmax). Unfortunately, +dP/dtmayx is preload-, afterload-, and heart rate-
dependent and as such is, at best, only a poor index of contractility. After
isovolumic contraction and opening of the aortic valve, a period of rapid
ejection occurs. About two-thirds of the ventricular volume is emptied into the
aorta during the period of rapid ejection. This is followed by a slowing of
ejection at the end of which aortic pressure exceeds that in the left ventricle and
the aortic valve closes. Thus, the changes in ventricular volume that take place
are large during the first third of ejection and decrease in an exponential fashion
until the end of systole. The normal end diastolic left ventricular volume
(EDV) is approximately 120 ml and end systolic volume (ESV) is 40 ml.
Therefore, normal stroke volume (ESV) is about 80 ml. Ejection fraction [(EDV-
ESV)-100/EDV] is normally approximately 67%.

Ventricular relaxation occurs initially in an isovolumic fashion character-
ized by a rapid fall in ventricular pressure with a relatively constant ventricular
volume. When ventricular pressure falls below that in the atrium, the atri-
oventricular valve opens and a period of filling occurs. Early in diastole, there
is a rapid filling phase during which most of the filling of the left ventricular
chamber takes place. This is followed by a slower filling phase known as
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diastasis. Finally, near the end of diastole, ventricular filling is once again
augmented by atrial contraction.

VENTRICULAR PRESSURE-VOLUME RELATIONS

Measurement of the instantaneous change in ventricular volume and
pressure forms the basis for analysis of ventricular function by the pressure-
volume diagram or loop. If the recorded ventricular pressure and volumes
from the Wiggers diagram are plotted simultaneously, a loop results which can
be used to display various phases of the cardiac cycle (Figure 2). The changes in
pressure versus volume occur in a counter-clockwise fashion over the time
course of a single cardiac cycle. Beginning with mitral valve opening, the first
phase of the left ventricular pressure-volume diagram demonstrates large
increases in volume with minimal changes in pressure. Diastolic filling is
primarily through passive means with filling in late diastole augmented by con-
traction of the atrium. The second phase of the ventricular pressure-volume
loop is characterized by an abrupt increase in pressure with minimal change in
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Figure2. Plot of left ventricular pressure versus volume during the cardiac cycle. The
width of a single cardiac cycle = stroke volume (SV). The shaded area of the
loop corresponds to stroke work (EW). Arrows indicate the direction of move-
ment through the loop. Phases da, ab, bc, and cd represent left ventricular
filling, isovolumic contraction, systolic ejection, and isovolumic relaxation,
respectively. Points d and a represent opening and closing of the mitral valve,
respectively. Points b and c represent opening and closing of the aortic valve,
respectively. Note that a family of loops can be constructed by alterations in
afterload and preload (dashed loops) and the end systolic pressure-volume
relationship (ESPVR) or end diastolic pressure-volume relationship (EDPVR)
determined.
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volume (isovolumic contraction). Isovolumic contraction begins with closure
of the mitral valve. The third phase of the diagram corresponds to systolic ejec-
tion and begins with opening of the aortic valve. Ventricular volume during
this phase rapidly declines secondary to ejection into the aorta. Following
closure of the aortic valve, the final phase of the loop is characterized by a rapid
decline in ventricular pressure with little change in volume (isovolumic relax-
ation). Isovolumic relaxation ends with the opening of the mitral valve.

Analysis of pressure-volume relationships by such diagrams offers advan-
tages over simple plots of pressure and volume waveforms over time (2). For
example, the area within the loop can be determined and is equal to the ven-
tricular stroke work completed in a single cardiac cycle. A series of left ventricu-
lar pressure-volume loops can be obtained by transient alterations in preload or
afterload and used to estimate the contractile state of the ventricle. Sagawa et al.
(3,4) described the end systolic pressure-volume relationship (ESPVR) as linear
(Figure 2), and the slope of the ESPVR was suggested to be directly related to
inotropic state. Although the ESPVR is probably curvilinear, it has been used to
quantify positive inotropic effects. For example, sympathetic stimulation of the
heart will shift the ESPVR to a steeper slope. End diastolic pressure-volume
relationships in the fully relaxed ventricle can also be determined from loops.
Incomplete relaxation from excessive heart rates, myocardial ischemia or hyper-
trophic states will shift the diastolic pressure-volume relationship in an upward
fashion. A family of loops can be constructed by alteration of left ventricular
preload to yield the Frank-Starling relationship demonstrating stroke work to be
directly related to end diastolic volume (providing a constant heart rate and
afterload). The subsequent plot of preload recruitable stroke work (PRSW)
versus end diastolic dimension (Figure 3) has recently been advocated as a more
sensitive measure of contractility (especially for the study of negative inotropes
such as volatile anesthetics) (2,5).

Ventricular pressure-volume diagrams have not only been used in the
experimental laboratory but also have recently been constructed for humans
using an impedance catheter (to measure instantaneous ventricular volume)
positioned within the left ventricle in the cardiac catheterization laboratory.
Kass et al (6) has obtained families of such loops through alterations in left ven-
tricular preload and investigated the influence of percutaneous transluminal
coronary angioplasty (PTCA) on left ventricular function. Brief coronary artery
occlusion decreased the slope of the ESPVR, which quickly returned to preocclu-
sion levels during reperfusion. Monitoring of such loops can be used clinically
to assess adequacy of PTCA.
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Figure 3. Calculation of the preload recruitable stroke work (PRSW)-end diastolic length
(EDL) relationship form left ventricular pressure-dimension (segment length)
loops. A family of loops was generated by reduction in left ventricular preload
via inferior vena caval constriction. The stroke work (shaded area) of each of
four loops versus the end diastolic length (large dot) for that loop is plotted to
yield a straight line, the slope and intercept of which are related to myocardial
contractility.

LEFT VENTRICULAR PRESSURE-SEGMENT LENGTH LOOPS

The pressure-volume relationship can be extrapolated to a single region
within the left ventricle and analogous pressure-segment length relationships
determined (2,5,7). Ultrasonic piezoelectric transducers placed within left ven-
tricular subendocardium can be used experimentally to measure changes in the
length of a segment of myocardium during the cardiac cycle. The time for
ultrasound to be transmitted between a pair of transducers is directly propor-
tional to the length between the transducers. Normally, segment length
increases during diastole and shortens during systole analogous to changes in
ventricular volume. Abrupt increases in afterload by administration of
phenylephrine or decreases in preload by inferior vena caval constriction can be
used to generate a series of diagrams for measurement of end systolic pressure-
length and PRSW-end diastolic length relationships (5).

Because myocardial ischemia is a regional phenomenon, there may only be
small changes reflected in the global ventricular pressure-volume loop whereas
the pressure-ischemic segment length loop will be dramatically altered. During
acute ischemia, the pressure-length loop is tilted to the right from lengthening
of the segment during isovolumic contraction (systolic lengthening) and short-
ening during isovolumic relaxation (post systolic shortening). Systolic length-
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ening is secondary to passive stretch on the ischemic segment produced by the
normally contracting surrounding myocardium to which it is tethered. Any
shortening that occurs after systole in the ischemic segment cannot contribute to
overall left ventricular function because it occurs after the end of the ejection
period. The pressure-length loop from a moderately ischemic zone can be
divided into three regions corresponding to an area of postsystolic shortening,
systolic lengthening and the area between each that contributes to ventricular
function. Paradoxical aneurysmal bulging of a region during systole is readily
observable from the pressure-length diagram, especially during periods of
severe ischemia when the loop may become extremely deformed.

ANALYSIS OF LEFT VENTRICULAR DIASTOLIC FUNCTION

Over the last ten years, there has been an increasing awareness of the
importance of diastolic function in overall left ventricular performanc (8). For
example, a significant number of patients with poor systolic function may be
asymptomatic or easily medically managed. In contrast, a significant group of
patients with normal ejection fractions have overt signs and symptoms of
cardiac failure (9). It is this latter group of patients that may have impairment of
ventricular relaxation or reduced ventricular compliance. Abnormalities of
diastolic function may be manifested in the absence or preceding significant
impairment of systolic function. Schematic pressure-volume diagrams describ-
ing hemodynamics in pure systolic versus pure diastolic failure are depicted in
Figure 4.

Diastole is a complex sequence of interrelated dynamic processes that
remains incompletely understood. The study of left ventricular diastolic func-
tion has been seriously hampered in man because of the limited access to ven-
tricular pressure measurements. Recent developments, however, using pulsed
Doppler flow velocity measurements across the mitral valve have led to con-
siderable investigation in this area (10). With this technique peak filling veloc-
ity during early diastole and during atrial contraction can be measured nonin-
vasively. Presently, a large number of indices (11) determined via invasive or
noninvasive means have been used to quantify diastolic function in different
studies. All indices are dependent upon the phase of diastole in which the
measurements are made. These indices have been used to describe active
(ventricular relaxation) or passive (viscoelastic properties: chamber and
myocardial stiffness) components.
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Figure4. Schematic diagram of left ventricular pressure-volume relationships as
derived from loops in pure systolic heart failure (top panel), pure
diastolic heart failure (middle panel), and mixed systolic and diastolic
failure (lower panel). Note depression of the ESPVR when congestive
heart failure (CHF) is due to systolic failure versus maintenance of ESPVR
during diastolic dysfunction (characterized by an upward shift of the
pressure-volume relationship to diastole). Solid lines represent pressure-

volume data from normal hearts and dashed lines represent data from
heart in failure.
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Diastole is composed of four different phases. Initially, isovolumic relax-
ation occurs when the aortic valve closes and ends when ventricular pressure
falls below atrial pressure and the mitral valve opens. The early rapid filling
period begins after opening of the mitral valve. Most of left ventricular filling
occurs during this period of time despite the fact that it composes only one-third
of diastole. Filling during this time is directly dependent on the left atrial-left
ventricular (transmitral) pressure gradient. Pressure and volume curves may
diverge in the initial portion of rapid filling such that pressure decreases during
expansion of volume. This has been described as a "suction mechanism" which
aids in the filling process. The rapid filling phase is followed by a period during
which the increases in ventricular volume begin to slow (diastasis). Only a
small amount of filling occurs during diastasis, and tachycardia severely limits
filling during this period. During the final phase of diastole, atrial systole occurs
and further augments ventricular filling. Rapid heart rate causes diastasis to be
markedly shortened, but rapid filling and atrial systole remain relatively
unchanged as the major components of filling. Ischemia can produce profound
alterations in ventricular pressure-dimension relationships in diastole because
ATP is required to restore cytosolic calcium levels to 107 M during relaxation.

Measures of isovolumic relaxation include the maximum rate of left ven-
tricular pressure decline (left ventricular -dP/dt) or -dP/dt at 25 or 50 mmHg and
the time constant of pressure decay (tau; T). The latter is usually derived by plot-
ting the natural logarithm of pressure decline against time. Ventricular filling
phases of diastole are most often described by relationships between pressure
and volume (or dimension) to provide information regarding chamber and
myocardial stiffness characteristics. Many of these indices of diastolic function
can only be completed in experimental settings because very accurate measures
of volume and pressure that are required.

The ease of filling (compliance) of the left ventricle during diastole can be
influenced by a number of factors including the completeness of isovolumic
relaxation, coronary vascular turgor, constraint of ventricular enlargement by
the pericardium, impingement by the right ventricle via the intraventricular
septum, or by relative elasticity of the myocardium itself. From a purely
mechanical standpoint, ventricular myocardium resists rapid changes in length
similar to a nonlinear spring, a property known as viscoelasticity. The higher
the filling rate of the left ventricle or the greater the left ventricular volume, the
greater the viscoelastic effects on diastolic function. These elastic effects are
apparent in the left ventricle during early rapid filling and atrial systole when
the rate of filling and subsequent stretch of the myocardium is most rapid. Left
ventricular chamber stiffness is defined as the change in pressure for a given
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change in volume (dP/dV) and is usually measured by indices derived from
relationships between minimum left ventricular pressure and the onset of
atrial systole. The inverse of chamber stiffness is termed compliance (dV/dP).
Myocardial stiffness provides an index of late diastolic function and denotes
resistance to stretching (stress) when cardiac muscle is subjected to a strain at
end diastole. Alterations in chamber stiffness may cause a change in shape of or
shift in the entire diastolic pressure-volume curve.

Myocardial ischemia, hypertrophic cardiomyopathy and left ventricular
hypertrophy associated with hypertension have all been described to adversely
influence diastolic function of the left ventricle (12). For example, myocardial
ischemia may cause transient abnormalities in diastolic function, especially in
relaxation and ventricular compliance. Ischemia produces an upward shift of
the pressure-volume relationship. At any given volume, higher left ventricu-
lar diastolic pressures will occur, and thus, filling can be markedly impaired.

Volatile anesthetics significantly influence left ventricular diastolic func-
tion. Halothane, isoflurane and the new anesthetic, desflurane, have been
shown to prolong isovolumic relaxation to an equal degree in chronically
instrumented dogs. Desflurane and isoflurane produce no effect on regional
chamber stiffness or myocardial stress-strain relationships indicating that these
agents do not alter ventricular compliance. In contrast, halothane causes an
increase in chamber stiffness suggesting that this anesthetic may affect ventricu-
lar viscoelastic properties. Whether the effects of volatile anesthetics on
diastolic function are exacerbated in disease processes manifesting abnormal
baseline diastolic function is currently unknown.

SUMMARY

An understanding of ventricular function is essential for the practicing
anesthesiologist. Before an appreciation of the influence of anesthetics on the
circulation can be gained, an understanding of the basis for normal hemody-
namics is required. The former "passive" period of the cardiac cycle, diastole, is
now established as a complex, active process of many separate but interrelated
phases. Left ventricular function and interrelationships of volume and pres-
sure during the cardiac cycle are best understood through the pressure-volume
diagram. The actions of anesthetics and ischemia can produce alterations in
both systole and diastole which are reflected in changes in the shape and dimen-
sions of such diagrams. Finally, analysis of pressure-dimension diagrams
provides experimentalists with a rational foundation for investigations of
anesthetic agents in the basic research laboratory.
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MYOCARDIAL ISCHEMIA AND HYPOXEMIA

Pierre Foéx, MD

INTRODUCTION

Silent myocardial ischemia may occur in totally asymptomatic patients, in
patients who have suffered myocardial infarction, and in patients with angina
(1,2). In all groups of patients with silent myocardial ischemia, the risk of car-
diovascular events is increased. Silent ischemia may result from an imbalance
between increased oxygen demand and limited supply (demand ischemia) or
from an acute reduction in oxygen supply (supply ischemia). Why it is silent is
not understood. While it has been suggested that release of B-endorphin may be
increased in patients with silent ischemia, this has not been always confirmed
(3). However, recent evidence suggests that sympathetic autonomic dysfunction
may play a role (4).

Perioperative silent myocardial ischemia is a frequent event in surgical
patients with coronary artery disease. Its incidence is highest in those presenting
for coronary artery bypass surgery (5) and those undergoing vascular surgery (6).
The incidence of preoperative silent ischemia, documented with ambulatory
ECG monitoring is between 15 and 90%. Predictors for silent ischemia include a
history of previous myocardial infarction, ECG evidence of previous infarction
and nonspecific changes (7), as well as hypertension and left ventricular hyper-
trophy (8). There is also an association between low ejection fraction (less than
40%) and silent ischemia (7).

Recent studies have shown that silent ischemia is more common in
poorly controlled hypertensive patients (patients with currently elevated blood
pressure) than in normotensive patients, treated hypertensives and untreated
hypertensives (9). The higher incidence of silent ischemia in the poorly con-
trolled hypertensive patient is not dependent upon the definition of hyperten-
sion as this observation remains true when different definitions are used (10).

It is well documented that silent ischemia is more common (more fre-
quent episodes, longer duration) in the postoperative period than preopera-
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tively (11,12). Thus, the postoperative ischemic burden is greater in terms of
minutes of ischemia per hour monitored.

SILENT MYOCARDIAL ISCHEMIA AND ADVERSE OUTCOME

Several studies have shown an association between silent myocardial
ischemia and postoperative adverse cardiovascular outcome. Raby and col-
leagues reported that 12 out of 13 major cardiac events occurred in patients with
preoperative silent ischemia and only 1 in those without silent ischemia (13).
As the group with silent ischemia represented only 20% of the patients studied,
the association between silent ischemia and adverse events was striking. Even
more impressive is the association between postoperative silent ischemia and
adverse outcome. Indeed, in a further study, Raby and colleagues showed that
the odds ratio for adverse cardiovascular events rose from 2.7 (preoperative
ischemia) to 16 in those patients with postoperative silent ischemia (14). Even
more disquieting is the observation by Mangano and colleagues of the longterm
effects of postoperative ischemia. Longterm follow-up revealed that over the
two years after surgery, mortality was substantially greater in patients with than
in patients without postoperative silent ischemia. Longterm adverse outcome
was even worse when the patient had suffered myocardial infarction after their
operation (15). Whether postoperative silent ischemia is a marker of more
severe coronary disease (hence the worse longterm prognosis) or represents a
further insult to the myocardium worsening the prognosis is unsettled.
Intuitively, both factors may contribute to the longterm adverse outcome and it
is tempting to postulate that prevention and/or treatment of perioperative
silent ischemia may improve outcome. This hypothesis is supported by the
known temporal association between duration of ischemia and cardiac events
(16), as well as the temporal association between silent ischemia and adverse
outcome (14).

It is well established that cardiovascular complications of anesthesia and
surgery occur predominantly during the second, third and fourth postoperative
days (17,18). This is also the time at which silent myocardial ischemia is more
frequently observed, and episodes of ischemia are of longer duration (5,11).

CAUSES OF POSTOPERATIVE MYOCARDIAL ISCHEMIA
What are the possible causes of the increased incidence of silent ischemia

in the postoperative period? At least three major causes should be considered:
cardiovascular instability, altered blood coagulation, and hypoxemia.
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The association between hemodynamic aberrations such as tachycardia,
hypertension, hypotension, left ventricular dilatation and myocardial ischemia
is well known (19). It is also well documented that during the postoperative
period heart rate is substantially faster than preoperatively (5), and that episodes
of silent ischemia are frequently, but not always associated with tachycardia. In
the anesthetic setting, Slogoff and Keats (19) showed a clear association between
cardiovascular instability and intraoperative ischemia and between silent
ischemia and postoperative myocardial infarction. Outside the surgical setting,
the extent of the adverse role of an increase in heart rate can be inferred from
studies of outcome after myocardial infarction. Heart rates above 120 beats per
minute increase mortality after infarction by a factor of 7.5 (20).

After surgery, changes in both coagulation and fibrinolysis are known to
occur after surgery. The increase in coagulation factors peaks after 7 to 14 days,
while the nadir of fibrinolysis occurs at 1 to 5 days after surgery. Not surpris-
ingly, this is associated with an increased risk of deep venous thrombosis and
arterial occlusion. These changes in coagulation may be responsible for post-
operative myocardial ischemia and/or infarction. Indeed, it is increasingly
recognized that transient occlusion followed by lysis of small clots may be
responsible for myocardial ischemia.

Role of Hypoxemia

Another important factor is hypoxemia. The advent of pulse oximetry
and computerized data collection has made it possible to obtain a continuous
record of arterial oxygen saturation after operation and in patients with sleep
disorders. Studies have documented severe episodic desaturation in the early
postoperative period associated with significantly decreased mean arterial
oxygen saturation. Hypoxemia is most likely to appear during sleep, when
external environmental stimulation is minimized, and central or obstructive
apnea may occur in susceptible individuals. Not surprisingly, nocturnal hypox-
emia occurs frequently in patients recovering from major surgery. Indeed, in the
absence of administration of supplementary oxygen, postoperative hypoxemia is
very common and the lowest level of hypoxemia is noted during the second
night, while episodic hypoxemia is more common during the third night (21).
The causes of hypoxemia include sleep apnea, obstructive apnea and respiratory
depression caused by opioids. When supplementary oxygen is given according
to perceived clinical needs, very low saturations may occur during the night
after surgery of the abdominal aorta. However, the most dramatic episodes of
desaturation are likely to occur during the third or fourth postoperative nights,
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as, at that time, supplementar, oxygen is unlikely to be given routinely. We
reported in 1991 a temporal association between hypoxemia and silent myocar-
dial ischemia in three patients who had undergone surgery of their abdominal
aorta (22). In each patient administration of supplementary oxygen corrected
their saturation and suppressed the signs of ischemia. In these patients postop-
erative tachycardia was a persistent phenomenon. This study was extended to
34 patients who had undergone major vascular surgery and revealed the high
incidence and considerable severity of postoperative hypoxemia especially dur-
ing the third and fourth postoperative nights (23). Most patients were receiving
supplementary oxygen for the first two nights, but oxygen use was much more
variable on the following three nights. Not surprisingly the portion of the night
during which saturation was below 90% was highest during the third and fourth
rather than first and second night. However, episodes of hypoxemia were still
observed until the fifth postoperative night. It is clear that without supplemen-
tary oxygen, major abdominal vascular surgical patients are at risk of significant
hypoxemia until the fifth night after their operation. Note that the pattern of
hypoxemia consisted of periods of relatively stable baseline hypoxemia (between
80 and 90%) lasting for 30 to 90 minutes, alternating with repetitive cyclic desat-
urations of short (30 to 60 sec) duration.

The pathogenesis of postoperative hypoxemia is unlikely to be uniform.
In the early postoperative phase it is likely to be caused by the reduction in FRC
consequent to anesthesia and surgery, and the development of atelectasis in
dependent lung regions (24). The respiratory depressant effect of anesthesia and
opioids contributes to early postoperative hypoxemia. Later, hypoxemia is more
likely to relate to persistent reductions in FRC, impaired diaphragmatic func-
tion, abdominal distention and additional chest wall splinting due to pain. In
our patients, the pattern of periods of relatively stable baseline hypoxemia and
repetitive cyclic desaturations of short duration was identical to that reported in
patients with sleep apnea. While we did not record the EEG, others have inves-
tigated the association between REM sleep and hypoxemia. The highest inci-
dence of hypoxemia may coincide with the rebound of REM sleep or in associa-
tion with REM sleep; sleep disordered breathing and episodic hypoxemia has
been observed during the second and third postoperative nights (25).

The risk of hypoxemia is also a function of the type of surgery. Upper
abdominal surgery is associated with a prolonged reduction of respiratory func-
tion. Lung volumes are reduced in a restrictive pattern and the decreased func-
tional residual capacity can contribute to hypoxemia and atelectasis. The site of
the surgical incision is an important factor as well as the extent of the transec-
tion of the abdominal muscles and the severity of the postoperative pain (26).
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Not surprisingly, disordered patterns of breathing have also been reported after
thoracotomy, resulting in hypoxemia that was either stable and improving
hypoxemia, stable and constant, or unstable and deteriorating (27). The devel-
opment of laparoscopic surgery may reduce the incidence of postoperative
hypoxemia. Laparoscopic cholecystectomy, for example, is associated with
smaller reductions in vital capacity and forced expiratory volume than conven-
tional cholecystectomy (28).

That nocturnal respiratory disorders and hypoxemia are associated with
adverse outcome is strongly suggested by the circadian variation in unexpected
postoperative deaths. In a report by Rosenberg and colleagues (29) 13 of 18
unexpected deaths occurred during the night.

Postoperative hypoxemia has been shown to be associated not only with
myocardial ischemia and cardiac arrhythmias but also with mental confusion,
postoperative delirium and poor wound healing. That postoperative delirium is
caused, at least in part by hypoxemia, can be inferred from the efficacy of sup-
plementary oxygen as reported recently by Aakerlund and Rosenberg (30).
Hypoxemia may also exert an adverse effect on wound healing and resistance to
bacterial infection (31).

The association between nocturnal hypoxemia and cardiovascular acci-
dents is not unique to the perioperative period. There is abundant evidence for
an association between disordered breathing and cardiac events. Disordered
breathing is common during sleep in patients suffering from coronary artery
disease, even in those who do not have associated symptomatic pulmonary dis-
ease. The disorder consists of obstructive apnea or Cheyne-Stokes breathing. The
episodes of disordered breathing can be as frequent as 20 times per hour and are
associated with marked reductions of hemoglobin oxygen saturation (32). In
patients with chronic obstructive airways disease, the low basal mean saturation
is exacerbated by episodes of more severe hypoxemia. During such episodes,
atrial or ventricular ectopy, tachycardia, prolongation of the Q-T interval, and
ST segment depression have been reported and are corrected by oxygen therapy
(33). In addition to hypoxemia, central or obstructive sleep apnea is associated
with modest hypercarbia, systemic hyper- or hypotension and cyclic acceleration
and slowing of heart rate. These effects in themselves may precipitate myocar-
dial ischemia in patients with coronary artery disease, and, in the longer term,
together with hypoxemia, may accelerate the progression of atherosclerosis.
Indeed, sleep apnea has been found to be more severe in male survivors of
acute myocardial infarction than in male subjects without evidence of coronary
artery disease. Both average and minimum oxyhemoglobin saturation values
were lower in patients with acute myocardial infarction. These patients also
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spent longer periods of time with a saturation below 90% (34). Similarly, a case
control study has revealed that snoring is a strong risk factor for acute myocar-
dial infarction (35). At the time of acute myocardial infarction, sleep apnea is
common and is particularly prominent in patients with low cardiac index. The
episodes of sleep apnea are associated with desaturation in 40% of patients. In
these patients cardiac rhythm disturbances are frequently observed confirming
the association between hypoxemia and adverse cardiac events (36). In the case
of obstructive apnea, cardiac effects include an association between hypoxemia
and periodic fluctuations in both heart rate and blood pressure

Ischemia occurs more frequently when episodes of hypoxemia are pro-
longed and when the desaturation is severe (12). In addition, myocardial
ischemia may be facilitated by the changes in blood pressure and heart rate that
attend episodes of sleep apnea. Under these circumstances both hemodynamic
factors and hypoxemia contribute to the development of myocardial ischemia.
While many studies have focused on groups of patients at risk for coronary
heart disease, a relationship between hypoxemia and ischemia has also been
documented in patients without evidence of coronary artery disease (37).

MANAGEMENT OF PERIOPERATIVE HYPOXEMIA/ISCHEMIA

Because postoperative hypoxemia and associated myocardial ischemia
increase the risk of complications of anesthesia and surgery, the question of its
prevention is important. It can be argued that better methods of pain relief
should minimize the risk of hypoxemia. The epidural route of administration
of opioids is popular, effective, and its effects on oxygenation have been studied.
Even in patients with normal preoperative saturation, hypoxemia may occur
postoperatively at a time patients are receiving opioids intramuscularly or
epidurally (38). While epidural opioids usually provide better pain relief, as
assessed by pain scores, than parenteral modalities of opioid administration,
epidural opioids can be associated with more hypoxemia, particularly when
given as continuous infusions (39).

Because the extent of postoperative nocturnal hypoxemia is variable, it
would be useful to be able to predict which patients are most at risk for severe
desaturation. In this respect the mean overnight saturation is a useful predictor,
while the awake saturation is not (21,40).

As cardiovascular complications (myocardial infarction, life-threatening
arrhythmias, acute left ventricular failure and cerebrovascular accidents) often
occur after episodes of desaturation associated with prolonged episodes of
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ischemia (16), the role of monitoring saturation and myocardial ischemia dur-
ing the postoperative period must be considered.

The increasing availability of pulse oximeters and of ECG monitors with
ST-segment analysis may offer new avenues for the detection of both arterial
hypoxemia and myocardial ischemia. If the risk of complications relates to
severity and duration of both hypoxemia and silent ischemia, detection of
hypoxemia and ischemia within a short period of their development may be
sufficient, as "instantaneous” detection is logistically impossible outside inten-
sive care or telemetry units. If periods of hypoxemia and ischemia of less than
15 minutes are much less likely to cause major cardiovascular events than more
prolonged episodes, then monitors with the appropriate alarms could be used
on ordinary wards provided protocols were available for the management of
hypoxemia and ischemia. Clearly, for hypoxemia, oxygen supplementation can
easily be implemented. For ischemia, drug regimes are available with a central
role still played by glyceryl trinitrates, and beta-adrenergic blockers (41,42).

The question of prevention of hypoxemia and ischemia is more complex
as there is no ideal method of pain relief known to prevent their occurrence.
Though it is effective (43) it would be impractical and disruptive to use supple-
mentary oxygen for several nights in all patients. Similarly it would be difficult
to justify the use of drugs to minimize the risk of ischemia in all surgical
patients. Some groups of patients are more likely to benefit from prevention
and monitoring: those with known coronary artery disease; those at high risk
for coronary artery disease, especially when they are to undergo and have
undergone vascular surgery; and patients with poorly controlled hypertension.
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RIGHT VENTRICULAR FUNCTION:
IMPORTANCE AND ASSESSMENT

Norbert P. de Bruijn, MD, FACC

RIGHT VENTRICULAR ANATOMY

The right ventricle consists of a muscle mass approximately 15% the size
of the left ventricle. It forms a crescent shaped chamber attached to the left ven-
tricle/interventricular septum. The right ventricular chamber anatomically and
functionally consists of an inflow portion, the "body,” and an outflow tract.
Although the left and right ventricles appear as almost separate entities, they are
bound together by common, spiraling muscle bundles (1).

The pattern of right ventricular contraction, under normal circumstances,
is a peristalsis-like motion, working its way from the inflow portion and the
apex toward the outflow tract. Outflow tract contraction is delayed 25-50 ms.

Most of the right ventricular free wall is perfused by the right coronary
artery, while a small part of the anterior wall and the anterior portion of the
interventricular septum are supplied by the left anterior descending coronary
artery. The posterior (or inferior) part of the septum is also perfused by the right
coronary artery. The conus artery perfuses the right ventricular outflow tract.
The venous drainage system of the right ventricle allows delivery of cardiople-
gia to the right ventricle, although it has been suggested that it is not very suit-
able for this purpose. A large conus vein accompanies the conus artery and
communicates with the coronary sinus via the small cardiac vein, which is in
fact often absent. The main branch draining blood from the right ventricle is the
right posterior interventricular vein, which empties directly into the coronary
sinus (2).

RIGHT VENTRICULAR PHYSIOLOGY

The left ventricle, due to its heavy muscle mass and ellipsoidal concentric
shape, is eminently suited for pumping blood into a high resistance circuit. In
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contrast, the right ventricle, which is thinwalled and functions as a bellows, is
more suited for volume displacement into the low resistance pulmonary vascu-
lar circuit. Mean pulmonary artery pressure and pulmonary vascular resistance
are about one sixth of systemic values.

Right ventricular pump function has been difficult to study, in part due
to its complex geometry. Also, the right ventricle lacks an isovolumic systolic
phase and the end of systole is difficult to define. These complexities contribute
to the paucity of data on right ventricular pump function.

The basis of the most useful methods to assess ventricular pump function
has been a quantification of ventricular capacity to generate mechanical energy
as a function of initial muscle fiber length. In the intact heart this translates into
the assessment of generated stroke volume or pressure as a function of end-
diastolic volume (or pressure). Morris et al. (3) examined the temporal and
quantitative relationships between dynamic right ventricular free wall chord
dimension and right ventricular pressure in the working canine heart. The
instantaneous right ventricular pressure-dimension relationship has a shape
similar to that of the left ventricle but is more triangular in comparison to the
rectangular left ventricular pressure-dimension loop, suggesting that right
ventricular ejection, unlike that of the left ventricle, continues somewhat
beyond the point of peak ventricular pressure.

Under a variety of circumstances right ventricular contractile perfor-
mance has been shown to be hemodynamically unimportant in maintaining
adequate circulation. In health, contraction of the interventricular septum
appears to be sufficient for the development of right ventricular work.
Cauterization of the right ventricular free wall has been shown to result in no
detectable impairment of right ventricular pressure generation or global right
ventricular performance (4). The success of surgical bypass of the right ventricle
as in Fontan-type operations also shows that a pumping right ventricle is not
necessary in the face of normal right ventricular afterload. In the presence of
abnormal right ventricular afterload, however, right ventricular dysfunction
can lead to hemodynamic instability. An impaired right ventricle may fail in
the presence of elevated resistance in the pulmonary circulation and left ven-
tricular preload will subsequently become inadequate.

Due to their arrangement in series, left ventricular hemodynamics signif-
icantly influences right ventricular function. Preload and afterload of both ven-
tricles influence each other. Left ventricular volume and pressure overload
decrease right ventricular compliance. This effect is probably enhanced by the
presence of an intact pericardium and has been attributed to geometric rear-
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rangement of the right ventricle and rightward shift of the interventricular
septum.

ASSESSMENT OF RIGHT VENTRICULAR FUNCTION

The assessment of left ventricular pump function is well established in
the operating room and ICU setting as well as in other less acute settings.
Recently, there has been a desire to better assess right ventricular function inde-
pendently. Part of the reason for this has been that recent studies have empha-
sized the importance of the right ventricle in ischemic heart disease, congenital
heart disease and pulmonary hypertension. Until recently the only satisfactory
way to obtain right ventricular volumes and ejection fraction had been by
angiography, nuclear and echocardiographic methods, especially biplane con-
trast ventriculography. None of these methods, with the exception of echocar-
diography, is practical in the operating room.

In recent years the thermodilution method used for the measurement of
cardiac output has been modified to enable the user to estimate right ventricular
volumes by the use of a fast response thermistor. The method is based on the
conservation of (thermal) energy during a few consecutive systoles: injection of
a bolus of cold fluid into the right atrium induces a transient fall in blood tem-
perature. Measurement of the blood temperature by a fast response thermistor
allows the recognition of a series of plateaus, along with the rewarming phase of
the thermodilution curve, due to the pulsatile ejection of blood from the right
ventricle. At any time, the thermal energy content of the right ventricle is a
function of the temperature and its volume. The colder blood in the ventricle is
diluted by the inflow of warm venous blood. Thus during this rewarming
phase, the thermal energy in the ventricle immediately prior to systole, at the
end-diastolic volume, is equal to the thermal energy present during the previ-
ous systole, at end-systolic volume, plus the thermal energy of the blood flowing
into the ventricle at diastole. From this principle end-systolic volume, end-
diastolic volume and thus ejection fraction can be derived mathematically.

A number of factors determine the reliability of the RVEF measurement.
The optimal position of the rapid response thermistor has been determined to
be approximately 2 cm distal to the pulmonic valve (5). Another factor is ade-
quate mixing of the cold fluid bolus with the chamber blood; it has been shown
that right atrial injection is the superior method to accomplish this. The effect
of the presence of tricuspid regurgitation on the measurement is not quite clear;
until recently there seemed to be agreement that regurgitant tricuspid flow
invalidated the RVEF measurement. Very recent studies seem to conclude that
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the inaccuracy introduced by regurgitant flow is acceptable. RVEF measure-
ments also markedly dependent on the respiratory cycle, especially in patients
being mechanically ventilated. Lastly, the measurement is unreliable in the face
of clinically significant tachycardia in adult respiratory distress syndrome and
atrial fibrillation (6).

RIGHT VENTRICULAR DYSFUNCTION

It appears that right ventricular dysfunction is almost always caused by
some degree of pulmonary arterial hypertension. In adult respiratory distress
syndrome (ARDS), it has been shown that mortality is increased when compli-
cated by pulmonary arterial hypertension (7). Whether the pulmonary hyper-
tension is due to circulating humoral factors, microembolization of the pul-
monary microvascular bed or the effects of alveolar hypoxia, its adverse effect
on right ventricular pump function has been well documented.
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PERIOPERATIVE MYOCARDIAL ISCHEMIA AND
STROKE—NEW DEVELOPMENTS

Dennis T. Mangano, PhD, MD

INTRODUCTION

Cardiovascular disease continues to be the most significant healthcare
risk. In the United States, more than 25% of the population has cardiovascular
disease, with one out of every two deaths attributable to cardiovascular disease,
and with more than one-third of the healthcare resources appropriated to the
diagnosis and treatment of cardiovascular disease. ~The impact of
cardiovascular disease on the surgical patients is substantial, as well. Regarding
cardiac surgery, more than 350,000 coronary artery bypass graft procedures are
performed annually in the United States, consuming over $10 billion a year in
resources, and more than $1 billion for in-house and long-term costs of treating
cardiovascular complications following surgery. Regarding noncardiac surgery,
of the 25 million patients undergoing such surgery, approximately one-third
have coronary artery disease, risk factors, or are over the age of 65 years. Four
percent of this entire population, or approximately one million patients, suffer
cardiovascular morbidity during the perioperative period, resulting in an
overall in-hospital and long-term cost exceeding $22 billion annually in the
United States.

Regarding perioperative stroke, approximately 3 to 5% of patients under-
going CABG surgery suffer stroked, with an additional 30% or more suffering
in-hospital CNS dysfunction, and 10% suffering moderately-severe long-term
CNS dysfunction. In patients undergoing noncardiac surgery, approximately
75,000 suffer CNS adverse outcome. The resulting cost of CNS stroke and dys-
function following cardiac and noncardiac surgery is approximately $6 billion
annually, which compares with the $18 billion annually expended on stroke in
the ambulatory population.

The problems, therefore, of perioperative myocardial infarction in stroke
are challenging, serious, and result in substantial healthcare expenditures, and
warrant serious attention.
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PERIOPERATIVE MYOCARDIAL INFARCTION

Adverse cardiovascular outcome associated with surgery was recognized
as an important healthcare problem in the 1950s to 1960s. Over the ensuing two
decades, numerous studies addressed identification of the predictors of such
adverse outcome. These studies focused particularly on a limited set of
preoperative potential predictors, and identified recent myocardial infarction
and ventricular dysfunction as important predictors. As a result, standards of
care were developed. The next major advance was the effort associated with the
identification of multivariate predictors of outcome, led by Goldman et al.
These studies identified a series of predictors, and used composite scores to
assess risk.

During the period from 1980 to 1990, attention was redirected from the
preoperative to intraoperative identification of predictors. In these regards, the
occurrences of changes in hemodynamics and ischemia, as detected by multiple-
lead electrocardiography and transesophageal echocardiography, were proven to
have benefit in subsets of populations. Finally, beginning in the late 1980s and
continuing to the present, it has become recognized that the early postoperative
period is perhaps the most important, with early ischemia on emergence from
anesthesia being the strongest predictor of both in-hospital and long-term out-
come. These studies emphasize, as well, the importance of perioperative mor-
bidity, demonstrating a 15-fold increase in risk in those who suffered
myocardial infarction following operation, but survived, over those who did
not. Those patients who did suffer infarction had a substantially greater risk of
suffering further infarction over the 2-year follow-up, as well as increased risk
of unstable angina requiring revascularization, and cardiac death.

Thus, the approach to the problem of perioperative cardiovascular mor-
bidity has been redirected from identification of preoperative predictors, to
intraoperative diagnostic testing, and finally to the important postoperative
period. With these factors now identified, the challenge is in therapeutic trials
to identify approaches to mitigating adverse cardiovascular outcome both in-
hospital and long term.

Four classes of therapeutic approaches appear to be the rational directions
for future research and development. These are 1) control of hemodynamics; 2)
investigation of the present and new anti-ischemic therapies (nitrates, B-
blockers, calcium channel blockers, adenosine regulating agents); 3) anti-throm-
botics; and 4) stress modulation (o2 agonists). Each of these areas is under active
investigation. It appears that following subset identification, patients will be
maintained on a combination of these therapies depending on the preoperative
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chronic disease state and the anticipated stress types that will be induced periop-
eratively. The approaches are exciting, for the early trials have demonstrated
that both ischemia and infarction are preventable in high-risk patients
undergoing surgery, and that therapeutic agents such as adenosine-related
agents, oo agonists, and other stress modulators can be safely administered to
these patients following surgery.

PERIOPERATIVE STROKE AND CNS DYSFUNCTION

As previously noted, it can be estimated that stroke results in a
healthcare expenditure of approximately $6 billion annually over the acute
phase and 4-year poststroke rehabilitation phase. Thus, given 350,000 CABG
patients (of the 500,000 cardiac surgery patients) and a stroke rate of 3 to 5%, the
cost of stroke following CABG surgery ranges between $600 million and $1
billion per year in the United States. For the 75,000 patients undergoing valve
replacement repair, the stroke rate is 5 to 7%, resulting in an annual cost of $225
to $315 million. Regarding CNS dysfunction following cardiac surgery, it is
difficult to estimate costs; however, because of the high incidences of CNS
dysfunction, the costs may prove to be substantial as well.

For noncardiac surgery, it is unfortunate that few data are available.
From the data available, however, it does appear that the incidence of stroke
and dysfunction are much less than for cardiac surgery. Given the large
population of patients undergoing noncardiac surgery (25 million in the United
States and an equal number in Western Europe, Canada, and Japan), the
financial and social impact may be even more impressive than for cardiac
surgery. For example, if we assume that of the 25 million patients, the 16
million without major risk factors for cardiovascular disease have a 0% stroke
rate incidence, and for the remaining 8 million the incidence is 1%, then
approximately 80,000 patients will suffer perioperative stroke following
noncardiac surgery, resulting in a cost of nearly $5 billion annually. Regarding
CNS dysfunction following noncardiac surgery, few data are available and no
estimates can even be approximated at this time.

For cardiac surgery, a number of approaches to the solution of periopera-
tive stroke and CNS dysfunction have been made. These include:
Preoperatively—Carotid revascularization and Intraoperatively—Use of arterial
filters and membrane oxygenators, control of acid-base balance and glucose;
regulation of blood pressure, use of barbiturates (thiopental) and calcium chan-
nel blockers (nifedipine); and, more recently, use of adenosine-regulating agents
(acadesine). Clearly, the rationale for some of these techniques, such as use of
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arterial filters and membrane oxygenators appears to be well-based; however,
the number of outcome studies addressing these techniques and therapies is
quite limited. For example, the beneficial effect of barbiturates was established
in only one study involving valve replacement under special conditions, and
refuted in patients undergoing CABG surgery. Similarly, the calcium channel
blocker results have not been established in large-scale study. In fact, only one
recent study has established that perioperative stroke is preventable. In 634
CABG patients, the use of an adenosine-regulating agent (acadesine) reduced
the stroke rate from 4.5% to 0.5%. However, the results of this study, though
encouraging, require confirmation. Regarding CNS dysfunction, no large-scale
study has been performed.

Thus, therapeutic trials are quite limited; however, based on the acade-
sine results, it appears that stroke may be preventable, calling for outcome stud-
ies using similar agents, as well as other potentially useful agents.

In addition to the potential role of adenosine in cytotoxicity, other
promising anti-stroke therapies include glutamate pathway-modulating com-
pounds (NMDA-antagonists, AMPA-antagonists, calcium channel blockers,
phospholipid breakdown antagonists), central sympathetic-modulating com-
pounds (o2 agonists) and other agents (propofol). A substantial amount of
research in animals is presently underway, and it is expected that clinical trials
involving such agents will be performed over the next 3 to 5 years.

Three million patients in this country have suffered stroke, and an addi-
tional 500,000 annually suffer stroke with 150,000 deaths, incurring costs of over
$18 billion annually. Thus the problem is substantial, and will continue to be
so. Of particular importance is the subset undergoing surgery, affecting nearly
100,000 patients and costing more than $5 billion annually. Clearly, the devel-
opment of anti-stroke therapy is worthwhile.

Because of the incidence of stroke, scientific proof of the efficacy of such
agents mandates large-scale multicenter clinical trials. However, substantial
limitations exist regarding clinical trial design in the non-surgical-ambulatory
population, given either a prophylactic approach or acute intervention
approach to stroke therapy. The patient undergoing surgery represents not only
an important patient population because of the costs of stroke in that
population, but also because the surgical patient can serve as a model for
assessment of stroke therapy. Surgical patients are already in-hospital allowing
pre-event and immediate post-event assessment and reasonably predictable
stroke rates. Thus, both prophylaxis trials and acute intervention trials can be
performed in hospitalized populations. These trials, however, are complicated
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by the multiple confounders, and, therefore, mandate meticulous attention for

successful completion.

In conclusion, because of the aging of our population, and the medical,

financial and social impact of stroke and dysfunction, the development of anti-
stroke therapy, particularly in the surgical patient, will be a critical area of medi-
cal research over the next several decades.
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STRESS RESPONSES IN NEONATAL AND FETAL
CARDIAC SURGERY

Paul R. Hickey, MD

Survey of the neuroanatomical, neurophysiological, and neurochemical
development of the nociceptive pathways in the central nervous system of the
human fetus and newborn has shown that the structural and functional
machinery necessary for the perception of pain and the production of stress
responses are present at birth (1). Substantial cardiovascular, humoral,
metabolic, and behavioral responses to painful and stressful stimulation have
been documented in newborns and infants (1-4). These data contradict tradi-
tional beliefs that infants do not possess the physiological machinery to feel
pain, that they are somehow "protected” from pain and operative stress by
unexplained endogenous mechanisms, or that neonates do not perceive noci-
ceptive stimuli as painful. On a humane basis alone, these data argue that all
small children, infants and neonates need control of stress responses and ade-
quate anesthesia and analgesia in the perioperative period. Thus modulation of
stress responses is an important goal of pediatric anesthesia and may be of
particular importance in the youngest of patients, infants and neonates. In
cardiac surgical procedures involving cardiopulmonary bypass where stress
responses are known to be increased by as much as an order of magnitude, stress
responses in the neonate and fetus can assume a proportionately large and even
lethal role.

EFFECTS OF PAIN AND STRESS IN INFANTS

The cardiopulmonary, hormonal, metabolic and behavioral responses of
infants and small children to painful stimuli during and after operations have
be shown to be deleterious in at least some cases. Increases in heart rate and
blood pressure, increases in intracranial pressure, along with high osmotic
loads caused by high blood glucose levels which result from stress in the operat-
ing room and intensive care unit have been suggested as a cause of intracranial
hemorrhage in newborn infants. Deleterious decreases in arterial oxygen satura-
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tion and increases serum cortisol levels result even from the stress of minor
procedures such as circumcision in the unanesthetized infant (5,6).

Hormonal and metabolic responses after thoracotomy in premature
infants have been documented to continue for several days postoperatively (2-
4). Responses in beta endorphins, catecholamines, growth hormone, cortisol,
glucagon, and insulin all have been documented. These hormonal responses
result in changes in oxygen consumption and in alterations in blood glucose,
lactate, pyruvate, tissue glycogen levels, and protein metabolism. Particularly
during and after major operative procedures, the magnitude of stress responses
in neonates and older infants may reach levels considered pathologic, resulting
in protein breakdown and negative nitrogen balance, impaired immune
responses, hypercoagulable states, and poor tissue perfusion.

Recent evidence from clinical studies suggests that anesthetic techniques
directed at reducing stress responses intraoperatively and postoperatively such
as high dose narcotic techniques and epidural techniques for procedures in the
lower half of the body, can modify stress responses and result in improved
hospital morbidity in both adults and children (2-6). These deleterious stress
responses, when unmodified by adequate anesthesia, may be associated with
postoperative complications or even death in the human neonate (4-6). From
the viewpoint of the anesthesiologist trying to preserve normal homeostasis
during the perioperative period, anesthesia and stress control for the fetus,
neonates, and infants is mandatory, particularly during and after major cardiac
procedures when substantial physiological derangements are expected to occur.

ROLE OF STRESS RESPONSES IN MINOR SURGERY

In less extreme cases of relatively minor surgery in the infant and
neonate, the importance of modulating stress responses is less certain and few
data are available. Certainly studies of circumcision in neonates have shown
that substantial stress responses to such "minor" procedures occur, but their
significance, other than documented short term behavioral changes, remains
unknown (1,7,8). Because the mechanisms by which stress responses affect post-
operative morbidity and recovery are poorly understood, it is difficult to detect
subtle effects of inadequate protection from stress on the intra- and postopera-
tive clinical course. Whether perioperative control of pain and stress are
equally valuable and important factors in morbidity resulting from minor sur-
gical procedures in infants and neonates will require considerable investigation
in very large numbers of patients. Nevertheless, both clinical and experimental
data clearly show that substantial and clinically significant stress responses
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result from surgical procedures in infant and even in the fetus and that such
stress responses can alter postoperative outcome after uncomplicated anesthesia
and surgery.

INFANT STRESS RESPONSES AND POSTOPERATIVE OUTCOME

The concept of anesthetic technique having an impact on postoperative
morbidity and mortality in an uncomplicated anesthetic and surgical procedure
through modulation of stress response is relatively novel and by no means
universally accepted. However it is becoming clear that extremes of stress and
pain, in addition to modulating classic humoral and metabolic responses
through activation of the sympathetic nervous system, also have effects on the
immune system, cytokine production by various cell populations, protein
synthesis and wound healing, coagulation, and tissue energy stores. These
effects all have been demonstrated in isolated systems and in some clinical
studies. All or some of these mechanisms might well mediate effects on mortal-
ity and morbidity.

Studies of neonates undergoing cardiac surgery at our institution show
that in cases of extreme stress in neonates, morbidity and even hospital mortal-
ity may be affected by how well pain and stress are controlled in the periopera-
tive period (4). In these studies, patients randomized to receive deep levels of
opiate anesthesia and postoperative analgesia had statistically lower incidence of
both morbidity and mortality than those receiving light levels of inhalation
with halothane which is known to be ineffective in attenuating stress responses.
Prior to the era of high dose narcotic anesthesia, there was some question
whether sick neonates and infants could tolerate levels of anesthesia adequate
to suppress stress responses (9). However, a number of recent studies have
documented the safe use of high dose narcotic anesthesia in neonates, infants
and small children (3,4,10,11).

POSTOPERATIVE STRESS

In the postoperative period, stress responses can continue and anes-
thetic/analgesic techniques designed to minimize postoperative stress response
can be important in preventing complications. In infants undergoing major
cardiac surgery, critical hemodynamic crises may be triggered by inadequate pain
control. High risk infants who have had complex intracardiac repairs and high
pulmonary vascular resistance frequently have pulmonary hypertensive crises
in the early postoperative period which result in severe systemic hypotension



74

and sometimes sudden death. These are seen most frequently in agitated
children and often respond to sedative and analgesic agents which block the
stress of tracheal suctioning (11,12). Thus, control of pain and stress in the
postoperative period can potentially prevent deleterious hemodynamic crises in
addition to their role in attenuating metabolic and hormonal stress responses.

STRESS RESPONSES AND OUTCOME IN FETAL SURGERY

With the coming era of fetal surgery, considerations of pain and stress
responses in the human fetus have important potential clinical applications.
Despite the lack of universal acceptance of the concept that modulation of stress
responses can impact postoperative mortality, even in critically ill neonates
undergoing high risk surgical procedures, recent experimental studies published
in the fetal surgery literature unequivocally link anesthetic technique and post-
operative mortality. These studies support the notion that unmodulated stress
responses, even in the fetus, can result in postoperative mortality (13-15). Using
total spinal anesthesia and indomethacin to inhibit fetal stress responses and
block placental vasoconstriction, surgical procedures and cardiac bypass can be
performed at 80% of full gestational age in fetal lambs, with subsequent contin-
uation of the pregnancy to full term and normal delivery. Other anesthetic tech-
niques used in these studies that did not inhibit fetal stress resulted in progres-
sive placental vasoconstriction after cardiac bypass resulting in decreased cardiac
output and placental gas exchange. The outcome of this process was progressive
increases in arterial pCOjy, decreases in arterial pH, and finally fetal death.
Inhibition of stress responses by appropriate anesthetic management in this
experimental fetal surgery was critical to postoperative fetal survival (15 ).

SUMMARY

Stress responses to surgical procedures are important considerations in
pediatric anesthesia because even the youngest of premature neonates and the
fetus in utero, have been shown to mount substantial classical stress responses
to surgical procedures. Appropriate anesthetic techniques in infants and
neonates have been shown to modulate these stress responses to both minor
and major surgical procedures and have important implications for the anes-
thetic care of pediatric patients undergoing cardiac surgery. In the case of major
cardiac surgical procedures in neonates, postoperative outcome has been
demonstrated to be linked to stress responses and can be modified by anesthetic
techniques attenuating stress responses. In experimental fetal cardiac surgery
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procedures, anesthetic techniques inhibiting fetal stress responses are critical in

averting postoperative mortality.
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COST CONTAINMENT AND EFFICIENCY IN
PERIOPERATIVE CARE

Kenneth J. Tuman, MD

THE MAGNITUDE OF THE PROBLEM

One trillion dollars will be spent in the U.S. on health care during 1996,
the result of five consecutive double digit annual increases. Health care costs
have risen faster than the Gross Domestic Product (GDP) in all but 3 years since
1960 and at the current growth rate are projected to be 18% of the GNP by the
year 2000. Factors affecting the increase in health care expenditures include an
increase in population number with a shift in population age and severity of
illness, medical inflation in excess of the economy-wide inflation, and advanced
(expensive) technological innovation as well as ineffectiveness of current cost-
containment measures. In addition, the greatest contributor to the rising costs
of health care may be the administration of health care delivery, estimated to be
upwards of 30-40% of recent increases in health care costs.

Currently, most decisions on how to conserve medical resources focus on
monetary costs and high prices. Unfortunately, looking solely at price can be
dangerous and naive, since this may not reflect the value of a service. Despite
these limitations, physicians must consider monetary charges in addition to the
risks and benefits of the health care rendered. Surveys of managed care plans
indicate that outcomes data are important but usually limited or unavailable
and that price, patient satisfaction and provider access are currently the mea-
sures most critical to their competitive edge. Although consideration of costs is
neither unethical nor immoral, this should not be done without losing sight of
quality. It is unavoidable that physicians must include economic considerations
in their clinical decision making, and when presented with more than one
option for patient assessment or therapeutic intervention, their duty is not to
choose the more expensive alternative unless there is compelling evidence that
it will be of greater benefit.

Anesthesiologists are not and will not be immune to conserving health
care dollars. More and more they are confronted with difficult decisions about

71

T. H. Stanley and P. L. Bailey (eds.), Anesthesiology and the Cardiovascular Patient, 77-98.
© 1996 Kluwer Academic Publishers.



78

which patients are appropriate for outpatient surgical procedures, what pre-
anesthetic evaluations are actually required, what anesthetic drugs or tech-
niques are most cost effective, and what advances in (usually high cost) moni-
toring technology are really necessary to equip their operating rooms. These
strategies have become a necessity as cost containment becomes an increasingly
pressing goal, especially in the low-cost provider, contracted care scenario.
Despite the objections of most to "economic credentialing," physicians with
expensive practice patterns are increasingly at risk of losing their privileges in a
low-cost provider unit if they are unable to change to more cost-effective
practice patterns.

VALUE-BASED ANESTHESIA MANAGEMENT

The relationship between the costs of anesthetic management strategies
and perioperative outcomes and efficiency forms the basis to define value-based
anesthesia care (1). Implicit in this definition of the appraisal of costs and
outcomes is the application of information to determine which anesthetic
management paradigms are associated with the best achievable outcome at a
reasonable cost, acknowledging that economic resources are limited. Although
the relationship between outcome and costs is not a simple one, it is generally
accepted that the cost-benefit relationship has a diminishing slope, with
additional investment of resources generally resulting in only marginal
increments of improvement. The slope of this relationship depends on the
efficiency with which anesthesia services are provided. Efficiency can be defined
either as operational efficiency or allocative efficiency, both of which are
concerned with improving the use of available resources. Operational efficiency
addresses the question of how to meet some given objective at the least cost.
Allocative efficiency considers the ethical question of maximizing the overall
benefit to society, given that resources are limited and that not all desirable
objectives can be met. The latter issue is often a central feature of the argument
between providing "adequate and acceptable" care and the "best possible” care.
Indeed, efficiency ultimately involves an assessment of the costs and benefits of
different uses of resources and subsequently defines those potential alternative
utilizations of resources known as opportunity costs.

The assessment of the value basis of anesthesia management refers not
only to the drugs, devices and medical procedures employed by anesthesiolo-
gists involved in the practice of medicine both within and outside of the operat-
ing room, but also includes the important role of administrative and organiza-
tional support for health care delivery. In the current market where insurers
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increasingly identify and contract for services with a "provider unit" that gets a
single, prospectively determined and often slightly discounted payment cover-
ing all costs (and more commonly) professional fees, anesthesiologists are
compelled to define the value of their services.

METHODS OF CLINICAL ECONOMIC ANALYSIS

Pre-anesthetic evaluation, intra-operative management and postopera-
tive care are three major areas where the basics of clinical economic analysis can
be applied. Although there are currently little data to help the clinician decide
on the best way to spend the health care dollar, a few basic analytic techniques
can help in the assessment of the clinical economic effects of various testing
paradigms, drugs, new technologies, and other services. These include the use
of cost-minimization, cost-benefit, cost-effectiveness, or cost-utility analysis and
examination of outcome data which are needed to perform these analyses (2).
Cost-minimization analysis does not consider indirect costs and is the least
useful of these techniques because it assumes that the consequences of each
intervention are identical. Such analysis would lead to the distorted conclusion
that ketamine and morphine should be used in preference to propofol and
fentanyl for outpatient surgery. Traditional cost-benefit analysis uses simple
economic values, comparing dollar differences between competing costs with
the economic values of benefits. The central feature of cost-benefit analysis is
the translation of outcome quantities into dollar values. While this concept is
appealing, there are major practical limitations in placing monetary values on
theoretic benefits to patients. For example, a healthy patient undergoing a brief
surgical procedure probably places less value on avoidance of nausea than a
patient undergoing intensive chemotherapy. Cost-effectiveness analysis does
the same but tries to relate these dollar amounts to other attributes of health
benefits. Effectiveness is not valued in monetary terms, therefore, value judg-
ments must be made by a decision maker, not the cost-effectiveness analyst.
Even if interventions are associated with additional costs, they may be prefer-
able if improvement in outcome decreases unit costs. Cost-utility analysis
relates economic costs to utility units—for example, dollars spent per quality
adjusted years of life (QALY) obtained.

When evaluating these types of economic analyses, direct benefits and
costs are the easiest terms to quantitate. We can examine short- or long-term
survival or reduction of hospital or overall direct costs as markers of benefit. In
contrast, a given technology or health care intervention may have certain indi-
rect benefits which are often difficult to measure. How do we quantitate the
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avoidance of future morbidity? For example, better coagulation monitoring or
the use of drugs such as aprotinin may mean less blood product usage and a
lower incidence of hepatitis in the future. Potential reduction of future morbid-
ity and improvement of quality of life are indirect benefits of health care inter-
ventions which are rarely evaluated. Indirect costs are just as difficult to
measure as indirect benefits. When a monitor or test is used to obtain physio-
logic data which prompt the performance of multiple additional tests and inter-
ventions, how do we figure in these costs? This difficulty is faced when assess-
ing nearly every technology and testing protocol in the current high-tech
practice of medicine.

COST-EFFECTIVE PREOPERATIVE PRACTICES

Laboratory testing is a common aspect of both inpatient and outpatient
preoperative assessment, as well as postoperative care, especially in the critically
ill surgical patient. It is estimated that more than $30-40 billion are spent in
North America on preoperative testing and the subsequent follow-up evalua-
tions initiated secondary to that testing. It has also been estimated that over 50%
of these costs could be saved by the appropriate ordering of tests in a selective
fashion based upon the history or physical exam (3). A number of studies have
indicated that non-selective ordering of tests does not result in beneficial
changes in perioperative care nor serve as an effective screen for detection of
unsuspected disease (3,4). Indiscriminate preoperative testing basically serves as
random screening, which has never been shown to be of benefit, in contrast to
selective testing (e.g., mammograms for females over the age of 50). Consider
the preoperative ECG in this context. Although most clinicians agree that many
preoperative tests can be safely eliminated by ordering only those based on spe-
cific abnormalities in the history and physical exam, the preoperative ECG
continues to be recommended by many "experts" before elective surgery, even
in asymptomatic males older than 40 years and females older than 50 years,
despite the lack of firm data regarding the utility of routine electrocardiography
prior to anesthesia and surgery (5). In the absence of abnormalities based on the
history or physical exam, a single resting ECG serves as an insensitive screen of
significant coronary artery disease. The insensitivity of the resting ECG as a
marker for significant coronary artery disease, coupled with a finite incidence of
false positives which occasionally lead to further expensive testing without any
change in perioperative risk or management, begs the question of the relative
value of such preoperative testing of asymptomatic surgical patients. Firm doc-
umentation of significant benefit of routine preoperative ECG testing to patient
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health is absent. Further, the degree to which the preoperative ECG signifi-
cantly influences decision making in the perioperative period, as well as the
degree to which ECG abnormalities generate additional preoperative testing
costs, are currently unknown. A randomized, controlled trial of the safety of a
strategy of selective preoperative ECG testing is unlikely to be done in patients
older than 50 years of age and sample size considerations indicate that the
conduct of such a study in younger patients would be impractical.

The argument that such testing is required for "medical-legal reasons”
appears to have questionable basis since there are now several reports which
indicate that between 30 and 60% percent of all unexpected abnormalities found
on preoperative testing are not noted or pursued (5). Testing which is not indi-
cated by history or physical findings is likely to not only bear additional direct
cost, but extra indirect costs in the form of greater liability risks, if abnormalities
detected on preoperative screening are not appropriately pursued. In addition,
assuming that the results of laboratory results are independent of one another,
the more tests ordered the greater likelihood that abnormal results will appear.
For example, assuming the specificity of a laboratory test is 97%, if six tests are
ordered, there is almost a 20% chance that at least one of the tests will be
abnormal. Such abnormalities often generate hidden preoperative costs in addi-
tion to the cost of the screening tests themselves. It appears that in general, in
the future, less preoperative testing is in order to reduce direct costs, and to
potentially improve the efficiency of operating room schedules by eliminating
the need to pursue falsely positive or slightly abnormal results which do not
affect perioperative management, as well as potentially reduce medical-legal
liability. Recent data indicate that there is no greater incidence of abnormalities
for many laboratory tests in asymptomatic elderly patients compared to younger
ones and suggest that age alone is probably not a good criteria for ordering
batteries of laboratory tests (6). Use of a portable computer or video health ques-
tionnaire and a preoperative evaluation clinic have been recommended as
methods to reduce inefficiency and the cost of inappropriate preoperative
assessments and test selection.

Other preoperative practices have been evaluated because of cost and effi-
ciency concerns. Routine preoperative hospital admission of medically stable
patients prior to major operations including cardiac, thoracic, joint replacement
and major abdominal or urologic procedures has been questioned. The use of
"a.m. admission" has probably reduced costs without any demonstrable reported
effect on surgical or anesthetic outcome. Other routinely accepted practices are
also now being evaluated for cost-effectiveness. For example, the cost-effective-
ness of preoperative autologous blood donation has been examined both for
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total joint replacement as well as cardiac surgery (7,8). Birkmeyer et al. utilized a
large number of variables in a decision analysis and determined that the cost of
autologous blood donation varied from $40,000 to $1.5 million per QALY
(dollars spent per quality adjusted years of life) saved, with the differences
between autologous blood collections and transfusion requirements explaining
the majority of the variation in cost effectiveness among the types of joint
replacements studied (7). The collection of a large number of autologous units
with a low transfusion requirement in primary unilateral knee replacement
makes autologous blood donation the least cost effective for that procedure
($1.1-1.5 million per QALY). By contrast to other common medical practices,
this compares to cost effectiveness (utility) estimates of $6,000/QALY for coro-
nary revascularization to treat three vessel or left main coronary disease and
$11,000/QALY to screen for cervical cancer every 4 years (7).

COST CONSIDERATIONS IN THE OPERATING ROOM

Costs of Anesthetic Drugs and Supplies

Anesthesia drug expenses are a small part of the total health care budget.
Although the cost for anesthetic drugs is relatively small when considered on a
single-case basis, the large number of doses administered contributes to enor-
mous aggregate costs. Lampotang et al. calculated that if U.S. prices are repre-
sentative, total annual world expenditure on the currently available inhaled
anesthetics (excluding nitrous oxide) is roughly $450 million (9). Uniformly
reducing fresh gas flows from 5 to 2.5 L/minute would save approximately $225
million yearly worldwide and about $100 million annually in the U.S.
Relatively simple measures can have significant impact on cost reduction with-
out markedly impairing styles of clinical practice. Cost saving measures such as
this are likely to generate relatively little controversy, are easy to implement,
and apply to large numbers of cases. In the future, however, anesthesiologists
will likely be faced with choosing between modes of anesthesia care which pro-
duce similar acceptable outcomes but at different levels of cost-effectiveness.
The decisions involved in making these choices are significantly more compli-
cated, controversial, and emotion-evoking than resolving to conserve-resources
by reducing fresh gas flows while delivering the same inhaled anesthetics.

When considering the costs of anesthetic drugs, a number of variables
must be evaluated when comparing "expensive" drugs to apparently cheaper
alternatives (Table 1). The costs of anesthetic drugs include the cost of the drug
itself, as well as adjuvant agents; equipment and supplies (e.g., infusion devices
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Table 1. Representative costs of anesthesia drugs and monitors.

Direct Costs

Indirect Costs

acquisition of drug or monitor

adjuvant agents or required materials
drug or material wastage

consumable equipment and supplies for
drug delivery or application of
monitoring

monitors and other capital equipment

labor related to insertion and use of
PAC, SSEP, TEE, etc.)

'rescue’ therapy for complications

delay in resumption of normal activities
(lost productivity)

extended recovery room, ICU or hospital
stay

excess operating room or facility turnover

time (drug preparation/drug recovery
and preparation/initiation of monitors)

drug & equipment storage, preparation &
set-up, including labor

maintenance and repair of monitoring and
drug delivery monitors (e.g., equipment,

including labor
drug- or monitoring-related complications

PAC, pulmonary artery catheter; SSEP, somatosensory-evoked potentials;
TEE, transesophageal echocardiography

or special vaporizers); and the amount of drug wastage that occurs during a
typical use. In addition, there may be other indirect costs associated with a given
anesthetic drug that are either difficult to quantitate or simply not considered.
These include the indirect cost of drug preparation and setup time which may
prolong operating room turnover time, as well as the costs of extended recovery
room stay or additional drug therapy to treat postoperative side effects.

Careful evaluation of such information about drug costs and alternative
therapeutic agents is essential for cost-efficient anesthesia practice. For example,
newer induction agents like propofol (which moved into the top 20 hospital
pharmacy dollar volume leaders in 1993)(10) may have greater acquisition costs
but can potentially save overall hospital costs when used appropriately for
outpatient surgery and when patient care protocols allow for less intense and
shorter duration nursing care with earlier dismissal of these patients (11,12).
Conversely, propofol infusions utilized for long, major operations in patients
who require postoperative hospitalization will not provide for earlier
ambulation and discharge (13) and may cost significantly more than most
inhaled anesthetics. Similarly, considerable savings may be seen with the use of
older but effective opioids and muscle relaxants, especially during longer opera-
tions. While newer, often shorter duration and more specific acting drugs are
often very useful in short to intermediate duration procedures, the benefit of
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their use may be reduced or eliminated in longer operations, especially in
healthy patients. While there is little doubt that the newer and more expensive
drugs are often easier to use, there are essentially no data to suggest that most
patients would not have an equally satisfactory experience when older, less
expensive drugs are titrated to effect based upon an understanding of pharma-
cokinetics, pharmacodynamics and physiology. There are some data to support
the bias of many clinicians that equally prompt awakening can be achieved with
a variety of general anesthetics, if they are utilized optimally by experienced
clinicians and not compared in a rigid, artificial study protocol (14).

Our specialty must help develop the pharmacoeconomic and pharma-
coepidemiologic foundation to define the relative value of new drugs. This will
necessitate evaluation not only of efficacy and side effects, but will also involve
assessment of parameters such as the time until resumption of normal physical
or mental activity as well as other measures of "outcome.” Studies evaluating
recovery-related productivity losses are important because these losses have the
same economic impact on society as direct health care expenditures (15).
Prevention of postoperative side effects such as nausea and vomiting with an
expensive antiemetic or a given anesthetic drug may cost more than the
medical costs of treatment of this problem, but if the economic losses of patients
are considered, the preventive approach might be far more economically favor-
able. It is evident that such analyses are complex and difficult to perform, and
that the value of a given intervention will vary among patients in relation to
their underlying condition, and the anticipated surgical procedure, as well as the
postoperative care requirements.

Even when published studies provide data to evaluate new therapies or
interventions, we are often faced with the dilemma of determining relative
clinical utility. Statistical power, sample size requirements, and related analyti-
cal issues are often confusing and can make it difficult to place study results in
proper perspective. What may appear to be a large clinically important differ-
ence might not be significant if a study's sample size is small; less meaningful
clinical differences may be highly statistically significant if the sample size is
large enough. Caution is merited if the clinical differences are reported as a rela-
tive change or risk reduction. For example, if intervention 'A’ is associated
with a 25% actual reduction in the incidence of a complication (e.g., 0.5-0.25) and
intervention 'B' is associated with a 1% actual reduction in the incidence of
another complication (e.g., 0.02-0.01), both could still be described as producing
the same relative improvement (50%) despite a different clinical utility. This
has profound importance for the assessment of cost-effectiveness. We might
only need to administer a given anesthetic or antiemetic to four patients to
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prevent one episode of nausea and vomiting (hypothetical intervention 'A’)
while we might have to use 100 or more costly spinal needles to prevent one
case of postdural puncture headache (hypothetical intervention 'B'). Cal-
culation of the number of patients requiring a treatment is an important con-
cept when examining cost differences between clinical alternatives (16).

In the aggregate, cost savings associated with prudent drug selection can
be substantial. If only $20 were saved with every anesthetic delivered in the
U.S., about $500 million would be saved annually; This represents less than
0.05% of national health care expenditures but is approximately the estimated
reduction in anesthesiologists' Medicare reimbursements between 1993 and
1996. Although the costs of anesthetic drugs are important to consider, it should
be acknowledged that they usually represent a minor fraction of the costs of a
surgical procedure. In addition to drug costs, there is significant potential for
cost savings associated with reduction of waste in disposable equipment and
materials. Behavior modification programs based upon education of staff about
costs and general guidelines for equipment and drug utilization have reported
widely variable long-term success (17,18). This success may be enhanced if clin-
icians are cognizant of the concept of opportunity costs: with limited resources,
those utilized for one commodity cannot be used for others which might pro-
duce potentially greater benefits. In the prospective payor market, opportunity
costs have become an important focus when deciding how to spend limited
resources. Nonetheless, cost savings associated with prudent selection of anes-
thetic drugs and avoidance of material waste, although important, pales by
comparison with decreasing operating room time by a few minutes (10 min
translates to $100-$150), restricting use of expensive technology to those patients
in whom outcome benefits are likely, and modifying some of our current post-
operative care practices.

Costs of Monitoring

The costs of monitoring include anesthesiologists' professional fees, the
cost of monitors, consumable items, operating room time, maintenance costs,
and the costs of complications (Table 1). The cost of capital equipment used for
monitoring, assuming a long operational period and a high degree of
utilization, generally does not contribute to significant cost on a per case or per
hour basis. On the other hand, the costs of consumables as well as the cost of
operating time during the placement of invasive monitors can be significant,
especially if no other patient-related activity is simultaneously occurring.
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The magnitude of problems related to evaluating the use of high cost
technology in health care is exemplified by the PAC; nearly one million PACs
are sold annually in the U.S. and more than $2 billion are spent on hospital
charges for the catheter and introducer sheath, sterile setup, transducers and
disposable thermodilution cardiac output supplies, physician charges for inser-
tion of the catheter, and lab charges for mixed venous blood gas tension
analyses. Despite the presence of only a few prospective, randomized trials sug-
gesting beneficial outcome effects with use of the PAC to achieve specific
therapeutic goals (19, 20), application of this technology is widespread. The
largest studies to date which have examined the impact of PAC on outcome
after coronary artery bypass graft (CABG) surgery, although not randomized,
have been unable to demonstrate any significant effect on morbidity or mortal-
ity compared to CVP monitoring (21,22). While the economic issues associated
with the routine use of PACs are obviously important, analysis of its use is
extremely complex (23).

Superficial analysis would suggest tremendous cost savings if significant
numbers of patients with good ventricular function underwent CABG surgery
without the routine use of a PAC. In at least two studies, more than 1200
patients (68%) did not receive routine PAC monitoring (21,22), which conserva-
tively translates into more than 3/4-million dollars of direct cost savings in
those studies alone. If one-half of the nearly 300,000-400,000 patients undergo-
ing CABG annually in the U.S. did not routinely receive a PAC, this would
represent approximately $150 million in direct cost reduction each year.
However, the indirect costs of use and, if not used, the indirect costs of failure to
provide optimal cardiopulmonary support must be assessed. For example, if
invasive monitoring only contributes to delaying the demise of terminally ill
patients, it will be associated with enormous increases in direct costs and
provide no benefit. On the other hand, if patients who would have died or
suffered life-threatening complications can be spared those outcomes because of
the precisely titrated care made possible by invasive monitoring, then benefit
can be significant. The direct costs of using PACs can be trivial compared with
the potential indirect savings. Although the "conservative" approach of selec-
tively using invasive monitors is encouraged in the current medical-economic
climate, a small body of knowledge suggests that conservatism may represent a
false economy both fiscally and in terms of outcome (19,20). The dilemma is
further complicated by Iberti's finding that physicians' (including anesthesiolo-
gists’) understanding of the use of the PAC is "extremely variable and frighten-
ingly low" (24). Practice parameters which guide physicians to the proper use of
such technology may not only improve quality of care but help decrease costs by
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reducing unnecessary variability and suboptimal application of technology in
clinical practice.

Another example of a technology which has undergone widespread use
because of the belief that it contributes to better patient outcome is the pulse
oximeter. In contrast to the PAC, however, simple amortization of the acquisi-
tion and maintenance costs (estimated at $3500 and $500, respectively) of a pulse
oximeter with a finger probe reused in a single operating room for 2000 patients
over 2 years, yields a cost of approximately $2 per patient. Although the specific
cost per case will vary depending upon the purchase price, maintenance costs
and utilization rate, the estimated cost per patient of the pulse oximeter is
orders of magnitude less than the cost of a PAC. Pulse oximeters are now
present in most critical care areas and essentially every operating room in the
U.S. Annual world sales of pulse oximeters exceeded $200 million in 1989.
Analogous to the predicament of widespread use of the PAC, there are yet no
prospective, controlled investigations which have conclusively demonstrated
that pulse oximetry itself actually makes a difference in morbidity and mortality.
A randomized, multicenter trial of pulse oximetry in Denmark, which
involved 20,802 patients divided into two groups, was unable to demonstrate an
effect of that monitoring on actual morbidity and mortality, except for a
decreased incidence of intraoperative myocardial ischemia (25). For the most
serious postoperative complications, anesthesia-related death and myocardial
infarction, with incidences of 0.034% and 0.15%, respectively, the sample size
requirement to achieve a statistical power of 90% in the latter study would have
been more than 1,000,000 and 500,000, respectively. To effectively assess the util-
ity of pulse oximetry, an outcome study would need a sample size many-fold
larger than that used in the Danish study, would have to include a significantly
greater proportion of patients at risk for adverse outcomes (e.g., ASA status III
and IV, age >60 years, etc.), and will probably never be conducted.

In the absence of such outcome studies, the decision to incorporate pulse
oximetry as an ASA standard for basic intraoperative (as well as postanesthesia
care unit) monitoring has been motivated primarily by evidence that pulse
oximetry is superior to clinical judgment in providing an early warning of
hypoxic events. Also, retrospective review of anesthetic management associ-
ated with adverse events indicates that a large fraction of negative outcomes
could be prevented by application of this technology. Cooper et al. demon-
strated that significantly fewer patients experienced "recovery room impact
events" such as hypotension or arrhythmias after pulse oximetry was intro-
duced into the operating room (26). Another study from the same institution
found 11 major anesthesia-related mishaps in an analysis of more than one



88

million anesthetics administered to ASA I and II patients (27). In this study 8
anesthetic-related accidents, involving inadequate ventilation or oxygenation,
and 5 deaths occurred during the 9.5 years before routine use of pulse oximetry
and only one accident and no deaths occurred during the 3 years since imple-
mentation of pulse oximetry. More recently, Cullen et al. provided evidence
indicating that pulse oximetry is associated with a reduction in anesthetic-
related complications and unanticipated ICU admissions, primarily those
related to the need to rule-out-MI (28). Cullen et al. postulated that this may
have occurred because pulse oximetry probably allows early identification of
hypoxemic, hypotensive or low perfusion states before subsequent ischemic
changes become manifest or persist too long. This postulate is consistent with
the Danish multicenter study demonstrating that angina or ECG ischemia occur
in significantly fewer patients monitored with pulse oximetry than in a control
group not monitored with pulse oximetry. Although the marginal cost of addi-
tional ICU time was not quantified in the Cullen et al. study, a tremendous cost
savings is likely even if we only consider the reduction in the rate of question-
able myocardial infarction associated with the use of pulse oximetry.

Another retrospective analysis of the benefits of pulse oximetry by the
Closed Claims Project of the Professional Liability Committee of the ASA
determined that of 348 "preventable" injuries or deaths, "pulse oximetry. . .
would have been efficacious in preventing injury in 138 cases" (29). In contrast,
monitors other than pulse oximetry or capnometry (e.g., the PAC or automated
BP devices) were considered potentially preventative in only 7% of the pre-
ventable injuries or deaths. The findings of the Closed Claims Project as well as
the studies conducted at the Harvard hospitals could have considerable
economic impact. If use of pulse oximetry is associated with a reduction in pre-
ventable injuries or deaths, not only will the indirect cost savings to patients
and their families be great (especially in the case of permanently disabling
injury), but the direct cost savings will also be substantial. The median total cost
of settlement or judgment has been 11 times greater for injuries judged pre-
ventable by additional monitoring ($250,000) compared with those judged not
preventable ($22,500). This reduction in the cost of adverse outcomes has been
recognized by medical liability insurance underwriters and the "liability
insurance relativity factor," an industry index of relative risk, decreased from 5.0
to 2.5-3.0 for the specialty of anesthesiology between 1985 and 1990.

While there is still no published cost-benefit analysis of pulse oximetry,
the type of data reviewed above are strongly suggestive that pulse oximetry
improves the safety and outcome of anesthesia care and is probably cost-effec-
tive in this manner. Because of the low incidence of critical events and the
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presence of confounding factors such as other changes in technology, new drugs
and an overall increased awareness of risk management issues with an empha-
sis on increased vigilance, we will probably never be able to prove that pulse
oximetry is an independent factor improving safety and outcome after anesthe-
sia. Nonetheless, the weight of evidence supports the contention that the
widespread application of pulse oximetry during anesthesia is associated with
fewer cases of serious anesthesia-related morbidity and mortality and sub-
sequently with significant cost savings. In contrast, widespread reduction in
liability costs will probably never be attributed to devices such as the PAC; to the
contrary, complications associated with the insertion and use of this monitor
could increase medical-legal liability costs.

POSTOPERATIVE ANESTHETIC & CRITICAL CARE
MANAGEMENT: WHAT ARE THE COST ISSUES?

The problems associated with the rapidly rising costs of delivering anes-
thesia and intensive care and limited resources to pay for them are interwoven
with a third problem: the almost universal lack of reported measures of quality.
Despite our convictions that using certain anesthetic techniques, drugs or moni-
tors have improved patient care, there are little objective data to support many
of these beliefs. Objective measures of quality in the health care industry have
become issues of great economic, as well as medical, significance. Efforts to
understand, measure, and improve "quality" of health care not only make it
possible to sort out what works in medicine but also are the key to controlling
the utilization and, hence, the costs of medical services. Outcomes research will
allow development of practice guidelines, which in turn will help produce a
leaner, trimmer health care economy (Figure 1).

Assessment of high volume, high cost medical activities such as CABG
surgery, for example, must include measures of several distinct aspects of qual-
ity: necessity, appropriateness, effectiveness, satisfaction and efficiency. We can
measure the impact of anesthesia and critical care of CABG patients on at least
three of these characteristics. Most techniques currently employed to anes-
thetize patients for CABG surgery are "effective” in producing the basic
elements of general anesthesia: unconsciousness, muscular relaxation, and
attenuation of reflex responses to noxious surgical stimuli. Although choice of
anesthetic agent per se has not been demonstrated to critically influence cardiac
or noncardiac outcome after CABG surgery, anesthesiologists can anticipate that
in the future they will be asked to make decisions about choice of anesthetic
based in part upon evaluation of patient satisfaction and the overall efficiency of



90

Research on P Demand for ' Rising Health Costs
Practice Variations/ | — pm Proof of Value ® Direct costs
Inappropriate Care ¢ Indirect costs

'

Development of
Outcome Measures

Improved Outcomes ‘ T

Reduced Variation
Lower Costs Measurement of

Greater Efficiency Outcomes I

Education of Providers

Development of Practice —
Guidelines and Revision —|<——m——— Exammatlfon of
of Practice Pattern Process of Care

Figure 1. Use of outcome data to improve efficiency and reduce costs.

patient care during and after operations such as CABG. Outcomes research is
necessary for successful development of practice guidelines to streamline peri-
operative management and make the recovery process as efficient as possible.
Medical managers and efficiency experts are suggesting that we can
shorten ICU stays if ventilator time is reduced and extubation is performed
within a few hours after CABG surgery in awake, stable patients who have
acceptable cardiopulmonary status and minimal chest tube drainage. While
potentially reducing ICU costs significantly , this approach is not universally
accepted. The issue is further clouded by recent data suggesting that "intensive
postoperative analgesia” with an extended period of opioid infusion after CABG
may result in much less postoperative myocardial ischemia than routine
intermittent opioid administration (30). Until well-conducted studies validate
well-defined differences in outcome (incidence of myocardial infarction, heart
failure, life-threatening arrhythmias, length of ICU stay, 30-day mortality and
total cost), clinicians actually have little data to help them decide on the actual
benefits versus the risks of "fast track" protocols compared to conventional
management or more prolonged intubation with extended periods of sedation
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and analgesia after CABG surgery. In the absence of such validation, timing of
extubation after CABG surgery still remains an important question and more
information is needed to characterize the cost-benefit aspects of early extubation.
Without such data, we have little objective basis to evaluate the suggestions of
medical efficiency consultants who might suggest that using lower opioid doses
or opioids with shorter duration of action may help reduce ventilatory time,
ICU stay, and costs for some patients. These types of suggestions are currently
being offered by national consulting firms with the intent of reducing overall
costs and improving efficiency of recovery after CABG surgery. If no difference
in ultimate outcome can be demonstrated among a variety of anesthetic or
postoperative sedation techniques, it may be unacceptable to choose an anes-
thetic technique which results in prolonged ventilatory depression and elimi-
nates the cost savings associated with early patient discharge from an ICU to a
"step-down" unit. If similar degrees of intraoperative hemodynamic stability
can be achieved with lower as well as higher doses of opioid, administration of
large doses of fentanyl may be inefficient from a cost-benefit perspective. In con-
trast, the use of so-called "balanced anesthesia” with titration of dose-to-effect
and the use of short acting drugs, which may have greater acquisition costs, may
reduce the likelihood (and overall costs) of prolonged recovery after anesthesia
for cardiac surgery (31).

As competition for contracted health care becomes progressively more
intense and focused, not only on comparisons of the performance of doctors,
hospitals, and other health care providers, but also on overall costs, anesthesi-
ologists will be confronted with the responsibility of defining the impact (if any)
of anesthetic management on the efficiency of the operating room and the
overall cost of recovery after surgery and anesthesia. It is imperative for our
specialty to gain a better understanding of whether certain types of anesthetic
techniques (such as postoperative epidural analgesia in high risk patients
undergoing major vascular, thoracic or abdominal procedures) can shorten ven-
tilator time, decrease ICU stay or reduce the postoperative morbidity which pro-
longs hospitalization or otherwise increases both direct and indirect costs. This
is not an easy or quick process but such an approach can help develop practice
guidelines and protocols, and ultimately reduce costs (Figure 1). In the future, if
we do not quantitate indirect cost savings when direct cost analysis indicates
that a given alternative to patient care is more expensive than another, the gov-
ernment and third-party payers will likely not fund that alternative unless we
can demonstrate an outcome benefit compared to a "cheaper" alternative.
Without explicit evidence of benefit, anesthesiologists will be at a competitive
disadvantage when attempting to introduce costly new technology in an
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environment where limited resources must be frugally allocated. Viewed
another way, if funds are spent on technology which provides minimal benefit
in enhancing patient outcome, those funds are not available to purchase more
useful technology. Outcome research should not, however, be vigorously pur-
sued primarily because we feel compelled to provide economic justification for
our practices, but because it may lead to improvements in the quality of
anesthetic care.

Outside of the operating room, anesthesiologists who practice critical care
often contribute to escalating health care expenditures. It is estimated that
nearly 1/6 of hospital costs (1/12 of the total U.S. health care budget or greater
than 1% of the Gross Domestic Product) are generated in the ICU. ICU patients
constitute the minority of all surgical patients but consume almost 1/2 of all
surgical resources. Costs in the ICU can be reduced by application of three
methods: limiting admissions to the critical care area, diminishing charges
generated in the ICU, and hastening discharge. The first method of restricting
ICU admissions is difficult to apply since in most cases we are still unable to
accurately predict nonsurvivors from survivors upon admission to the ICU,
despite the development of many severity of illness scoring systems.
Diminishing charges in the ICU is currently an easier endeavor.  Selective and
not routine ordering of so-called "screening" tests is one means of reducing
costs. Deletion of standing orders for some tests can make a large impact on cost
reduction. For example, in the patient without cardiopulmonary instability, we
should discourage the use of standing orders for arterial blood gas analysis
(beginning of nursing shifts, after every ventilator change, etc.). Even though
the actual cost of a blood gas analysis in a busy laboratory is about $4, charges
may vary from $30 to over $100. If even two less blood gas analyses were
ordered postoperatively on each patient after CABG surgery, this could reduce
annual expenditures in the U.S. by approximately $30 million (about $3 million
in actual costs for just two blood samples per CABG patient). The utility of
eliminating "small ticket items" can be great when the cumulative number of
these items is large.

Just as we have learned that "routine" preoperative testing is inefficient
and wasteful of costly resources, we must avoid the routine ordering of post-
operative tests, especially when this behavior results from the perceived need to
have test results be part of a potential medical-legal "record" rather than of prac-
tical patient value. Similar principles should guide the postoperative use of
diagnostic technology such as echocardiography, electroencephalography and
pulmonary artery catheterization. Such diagnostic technology should be used
only if it might change a diagnostic or treatment strategy. Tests with high sensi-
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tivity work best for confirming a suspected diagnosis, and those with high speci-
ficity are best for excluding a diagnosis. When two technologies have equal
diagnostic accuracy we should consider using the one with the lower cost if
patient risks are the same. All of this requires familiarity with the cost, sensitiv-
ity, and specificity of the various diagnostic and monitoring technologies which
we utilize. Published estimates of sensitivity and specificity must not be trusted
blindly, since a given test or monitor may be very sensitive and moderately
specific in one hospital but moderately sensitive and very specific in another
depending on the patient population and how the test or monitor is used.
Implementation of practice guidelines based upon these considerations should
help achieve substantial and significant reductions in diagnostic testing of
hospitalized patients without any demonstrable adverse effect on quality of care
as measured by clinical outcome.

By comparison, the most difficult issue in containing ICU costs is not
centered on reducing expenditures on diagnostic testing or monitoring, but
involves identification of nonsurvivors as early as possible after ICU entry.
This requires a dynamic evaluative process which may take 5 days or 5 weeks,
but after it is accomplished, there is tremendous potential for cost containment
without any change in outcome. All too often we create a state of prolonged
dying in the ICU by ordering more and more tests and performing more and
more procedures in attempts to "fix something" without changing the outcome
of patients who are destined to be nonsurvivors. Physicians as a group, includ-
ing anesthesiologists who practice critical care, need to change their perspective
from contemplating (with patients, families and colleagues) the termination of
life support and discontinuation of life-sustaining therapy to considering
termination of dying and accepting death as the natural end to human exis-
tence. When nonsurvivors are identified we need to avoid the often senseless
but expensive prolongation of dying which currently exists in our ICU's.
Inappropriate expectations of medical care currently motivate much of the
excessive use of diagnostic and therapeutic modalities, especially in the ICU.
The course of action dictated by comparing costs with benefits inevitably
involves compromise and in the future we must be prepared to adjust our own
expectations as well as those of patients and those who fund health care. This
can be accomplished only with the education of patients and their families so
that inappropriate expectations of medical care can be changed. When this is
accomplished, we will likely enter a new era in patient management: intensive
home care which will bring hospital level intervention to patients in their
homes or as outpatients. Provision of intravenous nutrition, ventilator sup-
port, dialysis and management of heart failure (e.g., chronic infusions of
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inotropes such as dobutamine) at home with avoidance of long-term hospital-
ization may allow not only greater patient comfort but also potentially con-
tribute to large cost savings, especially in patients who require prolonged
support but have irreversible disease processes.

CONCLUSIONS

Intelligent cost containment measures will require greater selectivity in
perioperative testing, drug choices, and monitoring (Table 2). This can be done
only when we have data to define and then provide only the necessary amount
of testing and monitoring for effective patient care and eliminate excessive use
of lab testing and high cost drugs and technology unless there is compelling
evidence that these more expensive alternatives will be of greater patient
benefit. Outcome research is critical to establish what matters and what really
works for our patients. Application of disciplined logic must replace the use of
standardized protocols. Practice parameters must be used to make informed
medical decisions rather than enforce medical decisions and codify the practice
of anesthesia. We must not forget the indirect costs or benefits of certain
pharmacologic or monitoring paradigms and we must begin to examine the
substantial indirect costs of delay in the resumption of normal activities after
anesthesia and surgery. In addition, we will need to improve (both allocative as

Table 2. Approaches to achieve value-based anesthesia management.

e focus on costs, not charges

e consider all costs (direct and indirect) for all clinical alternatives
¢ identify all potential benefits and risks for all clinical alternatives
¢ evaluate allocative efficiency as well as operational efficiency

¢ adopt clinical strategies which eliminate ineffective diagnostic and therapeutic
procedures (e.g., apply selective discipline in ordering tests and consultations)

¢ reduce use of high cost strategies whose advantage over lower cost strategies is
debatable

¢ apply available "cost-effectiveness" data to define value of anesthesia services
and clinical strategies

* develop clinician generated practice guidelines with an emphasis on real
outcomes

e assume a proactive role in operating room, ICU, and facility management
e eliminate administrative waste

e reduce the risk of malpractice litigation that results in excessive use of tests and
prophylaxis
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well as operational) efficiency of our medical care: reducing length of stay in the
ambulatory care unit after hernia surgery will be just as important as reducing
the length of stay after CABG surgery. Eliminating administrative waste and
increasing flexibility in the administrative aspects of our medical care will be
required. Replacing rigid protocols, such as the requirement of a minimal
designated time in a phase one recovery area (with protocols that apply physio-
logic endpoints for discharge criteria), may be the only way to definitively
demonstrate the potential impact of drugs such as propofol on overall costs in
the ambulatory surgical environment. Anesthesiologists must learn to apply
cost-effectiveness analysis to the management of individual patients whenever
possible and pursue more outcome research to answer key questions such as
whether or when to order preoperative thallium scans or when to use trans-
esophageal echocardiography or a pulmonary artery catheter.

While we want to avoid the uncritical acceptance of new medical tech-
nology, we must also accept the fact that advances in medical care are often not
possible without introduction of new technologies before they have undergone
widespread, vigorous examination. At issue is not the development of new
high cost drugs and technologies, but acknowledgment that such cutting-edge
developments should not undergo widespread use until we have guidelines on
which patients will benefit from their use. Anesthesiologists must, however,
resist the temptation to use new technology based upon anecdotal reports of
successful patient management, mishap detection, or avoidance of potential
morbidity. Use of larger scale clinical evaluations of new anesthetic drugs or
monitors before introduction into general practice is only one method which
could reduce the widespread use of new, expensive drugs and technology before
utility is demonstrated "in the field." The use of continuous ECG monitoring
for perioperative ischemia in high risk surgical patients is one example of a
dilemma which we will soon face. Data from small numbers of patients suggest
that perioperative ischemia is common and serves as a marker of adverse
outcome, particularly after major peripheral vascular surgery. Verification of
the association of postoperative ischemia with adverse cardiac outcome in
larger numbers of patients is mandated and testing the hypothesis that extended
postoperative monitoring and aggressive treatment of ischemia reduces actual
morbidity will be required. This will likely necessitate large randomized trials
to determine whether such endeavors will be clinically useful and cost-effective.

Even if anesthesiologists or other physicians are able to control costs by
selectively using expensive drugs and technologies, they will have to be excep-
tionally proactive to influence health care facility costs and charges which not
only impact the health care delivery system but also affect the economic viabil-
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ity of the institutions in which our specialty is practiced. For example, while
eliminating the indiscriminate use of expensive drugs and technology, we must
also be actively involved in improving the turnaround time between surgical
cases and reducing duration of recovery room stay because these interventions
will help control direct costs as well as lessen overhead costs. Such improve-
ments in efficiency with institutional cost savings could subsequently be applied
not only to indirectly reduce the charges for some technology with high acquisi-
tion costs, but have the secondary benefit of making the health care institution
where we practice more competitive in today's medical marketplace. Although
the government and insurance companies supply the funds to pay for health
care, we still currently make the choices of how that money is spent. These
choices will be increasingly more important as cost constraints upon every
aspect of health care delivery become more stringently imposed. The time has
come for our specialty to control escalating costs while fulfilling our classic
responsibility to patients and improving the quality of our care in a fiscally
responsible way. In doing so, we will establish and validate a value-based prac-
tice of anesthesia.
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TRANSESOPHAGEAL ECHOCARDIOGRAPHY:
JUST ANOTHER EXPENSIVE TOY ?

Norbert P. de Bruijn, MD, FACC

INTRODUCTION

Transesophageal echocardiography (TEE) represents one of the more
exciting developments in diagnostic cardiology and hemodynamic monitoring
of the last decade. Anesthesiologists in the United States were early to recognize
its potential use in the perioperative phase and have been instrumental in its
development.

The first attempts to assess the heart through this new "window" were
made by Frazin et al., who in 1976 described their experience with a single crystal
transducer lowered into the esophagus on a coaxial cable. The device was
impractical, but a major advance was made in the early 1980s when a phased-
array transducer was mounted on a modified gastroscope. This made TEE a
practical, high quality cardiac imaging modality. Another advance which
contributed to the widespread use of intraoperative TEE was the development
of Doppler color flow imaging in the mid 1980s, which opened a whole new
array of diagnostic possibilities. Currently, in our practice, it is difficult to
imagine cardiac surgery without the application of TEE.

This brief review will touch upon some of the uses of TEE relevant to the
(cardiac) anesthesiologist, and make an effort, in this era of managed care, to put
its application into perspective with relation to cost.

PERFORMANCE AND SAFETY OF TEE

There is general agreement that TEE should not be used for routine
screening and that it should be used only by specially trained physicians (1). The
use of TEE by anesthesiologists is generally, but not always, restricted to the use
in the operating room and the intensive care unit.
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Whether or not antibiotic prophylaxis against bacterial endocarditis
should be administered, is usually not an issue in the operating room, because
most patients are treated with one or more antibiotics. The question may be of
interest in certain cases where TEE is applied in the intensive care setting.
Recent evidence suggests that bacteremia rarely occurs during TEE (2); however,
in our institution, we generally administered appropriate antibiotic prophylaxis
if the risk for endocarditis is present.

When TEE is employed by anesthesiologists who are not well versed in
its use for diagnostic purposes, a risk is that a complete examination will not be
performed, and that significant cardiac pathology may be overlooked. It is
recommended that a complete examination be performed before focusing on
the reason for which the study was indicated.

In experienced hands, TEE has been proven to be quite safe. Daniel and
coworkers (3) analyzed 10,419 cases in a European multicenter study and found
the incidence of unsuccessful probe insertion to be 1.9%. In addition, 0.9% of
patients could not tolerate TEE examinations after the probe had been
successfully inserted. The mortality rate was 0.01% (one patient died whose
esophagus was perforated after TEE insertion due to infiltration of the
esophagus by a malignant lung tumor).

Relative contraindications to TEE are the presence of a Zenker's
diverticulum, esophageal tumors or stenoses, esophageal perforation and
esophageal varices.

INDICATIONS

The main indications for the use of TEE in the operating room are
surgery for primary and ischemic valvular disease, surgery for congenital
cardiac anomalies and surgery for type I aortic dissections. In addition, there are
some evolving indications in which the use of TEE is probably useful but not of
proven benefit. The most important of these are its use in cardiac and lung
transplantation, and the use of either TEE or pericardial echocardiography for
the detection of atheromatous disease in the ascending aorta prior to
cannulating the aorta in the hope of preventing plaque rupture and cerebral
embolization of atheromatous material.

Other potential indications include are its use in patients with cardiac or
extracardiac tumors and to detect sources of embolism in patients with TIAs or
CVAs. All patients coming to the operating room with a history of bacteremia
should be screened for endocarditis.
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TEE can be quite useful as a monitor of ventricular contractility and
filling, as well as assist in the detection of regional wall motion abnormalities
and myocardial ischemia.

In the intensive setting, TEE is frequently useful in patients with injuries
or surgical incisions which limit the application of transthoracic transducers.
Important indications include unexplained hypotension or hemodynamic
instability, suspicion of endocarditis or aortic disease, disease of native or
prosthetic valves, possible tamponade, right-to-left shunting in patients with
unexplained hypoxemia and detection of a cardiac source of embolization.

HOW EFFECTIVE IS THE USE OF TEE INTRAOPERATIVELY ?

There is an ongoing discussion in the literature about the effectiveness of
TEE in the operating room.

There is at this moment in time little doubt about its use in valve surgery
(4). The literature consistently documents that in 8 to 10% of patients
undergoing valve surgery (or congenital cardiac surgery) TEE is instrumental in
diagnosing a major event which changes the course of surgery and significantly
influences patient outcome. Sheikh et al. found that of 123 patients whose
valve function was judged to be adequate after cardiopulmonary bypass, 15%
had a major postoperative complication and 5% died. In contrast, of 7 patients
with moderate residual valve dysfunction, 86% had a major postoperative
complication and 43% died. In another prospective study of 246 patients with
ischemic mitral regurgitation, the same group found that residual mitral
regurgitation at the completion of surgery was a more important predictor of
survival than patient age or left ventricular ejection fraction.

In a prospective study of 1000 patients by the Duke pediatric cardiac
anesthesia group, length of hospital stay increased 10-fold when surgical
outcome was judged unsatisfactory by TEE in the operating room.

There is still a difference of opinion among various authors about the
effectiveness of "monitoring” with TEE in the operating room. While several
groups have supported its use (5,6) others have questioned its value (7). In our
practice we employ TEE solely for monitoring purposes only in very high risk
surgical candidates. Capitated care raises considerable concern about the cost-
effectiveness of TEE. While there is not much valid data available, it is not
difficult to come up with reasonable estimates. In our practice and presuming
that TEE is only justified in patients undergoing valve surgery, of which we
perform approximately 300 cases a year, the average cost per patient is about $350
(based on 5 year depreciation of the system plus two upgrades, maintenance
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contracts for echocardiograph and omniplane probe, and administrative
expenses). Assuming a considerably longer ICU/hospital stay for patients with
major complications, as well as the possibility for reoperation within a short
period of time, and using cost numbers available from our pediatric population,
we estimate that the additional cost for a major complication is about $125,000.
With a major complication rate of 10% for valve surgery, the cost of such
complications would be $ 3,750,000 per year. The total additional cost for TEE
performed in all valve surgery patients is $105,000, and results in a considerable
financial savings. This analysis does not take into account the use of TEE in
high risk coronary and other surgical procedures, or its use in the ICU, which
would result in at least some significant diagnoses that would reduce costs.
Also, not included in this analysis is the cost in terms of patient suffering and
mortality or the cost to society in lost working days.

In conclusion, we feel that perioperative transesophageal echocar-
diography, in spite of its high cost in the form of equipment and training of
manpower, results in a major contribution to optimal patient care, not only
from an isolated academic standpoint, but also in terms of medical economics.
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PITFALLS IN PULMONARY ARTERY CATHETER
DATA INTERPRETATION

Kenneth ]. Tuman, MD

MISINTERPRETATION PULMONARY ARTERY
CATHETER OF PRESSURE MEASUREMENTS

Estimation of left-sided vascular pressures via catheterization of the right
heart requires a static uninterrupted column of blood to be present from the tip
of the PA catheter (PAC) to the aortic valve. At the end of diastole, there is no
net flow in this common chamber, and if the pulmonary vascular bed distal to
the PAC tip is patent, no pressure gradients should exist and the pulmonary
wedge pressure (WP) should approximate the mean pulmonary venous (PVP),
left atrial (LAP) and left ventricular end diastolic pressures (LVEDP) (Figure 1).
Alterations in intrathoracic pressure may markedly affect measurement of the
pulmonary wedge pressure. Accurate reflection of pressures in the left side of
the heart by the PAC depends upon its placement in a West zone IIl (PAP and
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RA RV
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(INITIAL FIBER
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Figure 1. Common chamber from tip of PAC to aortic valve; typical pressure tracings
found at these sites are shown.
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PVP both exceed alveolar pressure), so that the pulmonary capillaries remain
open and allow a patent conduit between the tip of the PAC and the left atrium
(LA). If the tip of the PAC is in zone I or zone II, the WP reflects airway pressure
rather than mean LAP (Figure 2). Correct zone III placement requires a phasic

I: PA>Pa >Pv

PAG Il: Pa> PA >Pvy

....... : Pa>Pv>PA

Figure 2. Effect of PAC position on measurement of PAOP in three zones of the
lung.

WP tracing with A and V waves which convert to a pulmonary arterial trace
with balloon deflation and reappear with inflation. Blood should be easy to
aspirate from the distal port of the PAC to exclude lodgment in a vessel without
adequate blood flow and the mean WP should be less than the mean PAP
(unless large V-waves are present). Finally, in the wedge position arterialized
blood can be aspirated, or an increase in mixed venous O saturation to systemic
arterial levels or above can be seen if using an oximetric pulmonary artery
catheter. However, incomplete arterialization of a wedge position sample may
occur if the tip of the PAC is in a low ventilation-perfusion segment of the lung
despite being in zone III

Patients breathing spontaneously without CPAP may change from zone
I to zone II during the expiratory phase of ventilation if airway obstruction or
bronchospasm causes airway pressure to become markedly positive, whereas
mechanically ventilated patients without PEEP may change zone III during
exhalation to zone II during inspiration. Because intrathoracic and intraperi-
cardial pressure is closest to atmospheric pressure at the end of exhalation,
regardless of the mode of ventilation, intravascular pressures should be
measured at this point to minimize the influence of intrathoracic pressure
swings. Most time-based electronic sampling of pressure data is nonselective
and incorporates respiratory artifact on a digital readout.
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Transmural pressure the difference between the pressure inside and that
around the blood vessel and must be differentiated from the commonly
measured intraluminal pressure usually recorded during clinical care. Increases
in mean intrathoracic pressure are generally reflected as increases in intraperi-
cardial pressure and may decrease the effective transmural pressure if the
increase in vascular intraluminal pressure is less than the increase in surround-
ing pleural pressure. When this occurs, intraluminal pressure no longer
reflects true filling pressure and this is commonly seen when an increased right
atrial pressure (RAP) and WP occur with diminished venous return to the heart
during PEEP therapy or with pericardial tamponade. Extravascular pressure may
be approximated by measuring intrapleural pressure directly or with an
esophageal balloon, although neither method is widely applied clinically. Many
formulas have been developed to estimate the effect of PEEP on WP measure-
ment, but these are minimally useful because of wide interpatient variability in
pulmonary compliance and the effects of PEEP. Clinical evaluation is more
important than absolute intravascular WP in assessing preload in patients
when PEEP is applied.

In addition to positive pressure ventilation, PEEP, increased intrathoracic
pressure and a non-zone III PAC tip, other conditions result in discrepancies
between the WP and LVEDP. When heart rate is increased sufficiently, the LA
contracts against a partially closed mitral valve and a small gradient exists
between the WP and the LVEDP. The WP may also exceed LVEDP if increases
of pulmonary vascular resistance occur, because there may be a functional dis-
continuity in the common chamber between the PAC tip and the LA at the level
of the pulmonary veins. Increases in resistance of the pulmonary venous
system to blood flow may cause the WP to exceed the LAP and may occur as a
result of sepsis, pulmonary venous occlusive disease, and other conditions.

Obstruction to pulmonary venous drainage may cause WP (and PVP) to
exceed LVEDP. Mitral valve obstruction by stenosis, an artificial valve or a LA
mass (clot or myxoma) may cause both the LAP and WP to exceed LVEDP. If the
pulmonary veins are compressed by a mediastinal neoplastic or fibrotic process,
or pulmonary vein thrombosis occurs, PVP and WP will exceed LAP and
LVEDP. Compression of the pulmonary venous system may also occur in low-
flow states or secondary to increased intrathoracic pressure.

Clinical conditions producing large V-waves in the WP trace also create
problems in data interpretation (Figure 3). When V-waves are present in the
WP trace, the pressure preceding the large V-wave (after the "a" wave) is a close
approximation of LVEDP, and use of the electronic digital mean WP will
markedly overestimate LVEDP when a large V-wave is present. Although large
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Figure 3. Relationship between electrocardiographic and pulmonary artery
(occlusion pressure waveform events. Dashed lines represent LV pressure
waveform.

V-waves are typically associated with mitral regurgitation, they also occur with
mitral stenosis when there is poor LA compliance, when there is pulmonary
venous volume overload as in acute L-to-R shunting, or whenever
LA/pulmonary vein compliance decreases with increased WP (such as during
myocardial ischemia associated with increased preload).

In contrast to conditions that increase WP relative to LVEDP (Table 1), the
WP may underestimate the baseline LVEDP in patients with markedly reduced
pulmonary vascular beds, such as after pneumonectomy or significant pul-
monary thromboembolism because inflation of the PAC balloon may occlude so
much cross-sectional area of the remaining vascular bed that the venous return
to the left side of the heart is reduced during the measurement period.
Although a noncompliant LA will cause overestimation of the LVEDP when
using mean WP, a noncompliant LV may cause the opposite type of discrepancy
unless the WP is recorded just after the peak of atrial contraction designated by
the A-wave (near the junction of the A and C waves). The discrepancy is largest
when the LV is noncompliant, the heart is in slow sinus rhythm, and there is
no associated valvular heart disease. In addition, when acute aortic insuffi-
ciency exists, regurgitant flow into the LV during diastole causes premature
closure of the mitral valve with LAP and WP underestimating the elevated
LVEDP.

Although the WP may accurately reflect LVEDP, LAP and PVP, it may be
misinterpreted as the hydrostatic pressure determining the rate of fluid filtra-
tion from the pulmonary capillaries into the interstitium and air spaces of the
lung. However, the WP (or PAOP, pulmonary artery occlusion pressure) is an
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Table 1. Conditions Resulting in Discrepancy Between PAOP and LVEDP.

Mean PAOP > LVEDP

Positive-pressure ventilation
PEEP
Increased intrathoracic pressure
Non-zone Il PAC placement
Chronic obstructive lung disease
Tachycardia
Increased pulmonary vascular resistance
Mitral valve obstruction (stenosis, myxoma, clot)
Pulmonary venous compression (tumor, fibrosis)
Mitral regurgitation
Left-to-right intracardiac shunt
Mean PAOP < LVEDP

Noncompliant left ventricle

Reduced pulmonary arterial tree (pneumonectomy,
pulmonary embolus)

indicator of LAP, not pulmonary capillary pressure (PCP). For blood to flow
forward through the lungs, PCP must be higher than WP. Under normal condi-
tions, the vascular gradient across the pulmonary circulation is so small that the
WP is very close to PCP. However, when PVR increases, and the majority of the
increase in PVR is occurring in the post-capillary vascular bed, then PCP may be
much greater than WP. Thus, the WP may underestimate PCP whenever levels
of exogenous or endogenous pulmonary vasoconstrictors such as cate-
cholamines, histamine, serotonin or prostaglandins are increased. A method
has been described that uses the PAP profile after balloon occlusion of the large
pulmonary vessels (precapillary resistance) changing to a slower decline as
blood spreads through the cross sectional area of the pulmonary capillaries to
the pulmonary veins and the LA (post-capillary resistance). However, respira-
tory artifact makes it very difficult to estimate PCP with certainty in most criti-
cally ill patients.

Although a variety of pathophysiological conditions and ventilatory
maneuvers can upset the balance between WP and LVEDP measurements, as
well as between intravascular and transmural pressures, even when the WP
accurately reflects the LVEDP, there may not be direct correlation of the latter
pressure with end-diastolic fiber length which is a more direct measure of
preload (the distending force or stretch of the fibers of the LV at end-diastole).
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Normally, the relationship between end-diastolic pressure (EDP) and end-
diastolic volume (EDV) of the LV is curvilinear. Two variables, ventricular dis-
tensibility (compliance) and the transmural distending pressure (LVEDP minus
juxtacardiac pressure) determine the EDV (preload). Changes in compliance
may result from moving along a single diastolic pressure-volume (P-V) curve
or from changes of the inherent stiffness properties of the myocardium, repre-
sented by a shift of the P-V curve to the left (lower compliance) or to the right
(higher compliance). Thus, an elevated LVEDP or WP may reflect high volume
and preload for a ventricle with normal or increased compliance or a low EDV
and preload in a ventricle with decreased compliance. An increase in LVEDP
may indicate an increase in preload or may reflect a change in the modulus of
chamber stiffness with decreased compliance and no change in preload. These
phenomena have been shown in both animals and humans to produce signifi-
cant discrepancies between the WP and LVEDV. Several studies have demon-
strated that changes in WP after cardiac surgery do not necessarily correlate with
simultaneous changes in LV diastolic cavity size in the same direction. Because
the usual Frank-Starling relation is not valid when myocardial compliance
changes, the WP may not be an accurate monitor of LV performance. Clinical
assessment of patient response to therapy is essential to optimize treatment
because the effects of volume infusion, vasodilating agents, ventilatory changes
and disease states on LV preload are not entirely predictable when WP alone is
measured. However, the net effect can usually be surmised from resultant
changes in the measured stroke volume.

PITFALLS IN DETERMINATION OF STROKE VOLUME

The ability to rapidly obtain accurate measurements of cardiac output
(CO) in critically ill patients is one of the principle benefits of the PAC. The
thermodilution (TD) method is the most widely used means of measuring CO
and relies upon the Stewart-Hamilton equation, incorporating the area under
the TD curve obtained by plotting the decline in pulmonary artery temperature
versus time. A large number of important practical considerations must be
satisfied for the appropriate application of the TD method. Thermal stability is a
basic requirement for accurate estimation of CO when using either room tem-
perature or cold injectate. Rapid intravenous administration of cold fluids can
create large errors in TD-CO measurements unless these determinations are
delayed for at least 30 seconds after stopping the rapid volume infusion. In
addition, temperature "afterdrop,” which can occur after separation from car-
diopulmonary bypass with a period of rapid rewarming, can also create signifi-
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cant errors in TD-CO, which may not be recognized unless careful observation is
made for baseline temperature stability during and after TD injection.

PITFALLS IN INTERPRETATION OF SYSTEMIC VASCULAR RESISTANCE

The physiologic parameter known as systemic vascular resistance (SVR)
is commonly calculated from the relationship: SVR = [MAP-RAP] x 79.9/CO
dyne-s:cm->. The logical basis for this expression arises by analogy from
Poiseuille's law for fluid flow within rigid pipes, which states that flow is pro-
portional to the difference between the upstream and downstream pressures.
Although CO, stroke volume (SV) and stroke work (SW) are usually indexed to
body size, it is not yet common practice to do so for SVR. Because the peripheral
arterial tree branches in parallel and is proportional to body size, larger individ-
uals have lower resistance (more vessels in parallel) than smaller individuals
although the vascular tone is similarly matched to the CO in individuals with
the same MAP, RAP and CO. In addition, most clinicians use RAP as the down-
stream pressure in SVR calculations, even though there may be a "vascular
waterfall” or a critical venous closing pressure producing a venular pressure 22
to 30 mm Hg above RAP. When the RAP is much less than the effective down-
stream pressure, the simplistic assumption of the equation listed above
produces inaccurate estimations of arterial resistance and obscures the assess-
ment of changes of that resistance at different pressures. Because there is no
convenient way for clinicians to estimate the effective downstream pressure
except under special conditions, the comparison of SVR at widely different pres-
sures should be made with caution.

SUMMARY

If careful attention is paid to the mechanics of pressure measurements,
the PAC reliably and reproducibly measures intraluminal vascular pressures.
However, considerable clinical judgment is necessary to extrapolate these pres-
sure measurements to estimate preload and to recognize the many artifacts that
may negate the relationship between WP, LVEDP and LVEDV. The clinician
must also be wary of the pitfalls of interpretation of calculated hemodynamic
indices. With careful attention to the above details, the PAC can provide the
clinician with extremely useful measures of cardiovascular performance.
However, unless clinicians give due consideration to the technical and physio-
logical factors that affect interpretation of PAC data, it will be extremely difficult
to demonstrate improved outcome with the use of the PAC even if defined
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therapeutic hemodynamic regimens can be established. The purpose of this
review was to disseminate knowledge of those pitfalls which can prevent such
successful application of the PAC.
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THE INTERACTION OF COAGULATION AND INFLAMMATION

Bruce D. Spiess, MD

INTRODUCTION

Coagulation function has often been viewed by clinicians as a protein
mediated process cascading from one reaction to the next with an eventual
outcome of solid clot. This view has been fostered by medical school teaching
that has focused upon the coagulation cascades. The effects of platelet numbers
and platelet function may be less well understood and monitored. The com-
plexity of coagulation and its many nuances can be daunting.

All too often, a work-up for a coagulopathy consists of several screening
tests for the intrinsic cascade (activated partial thromboplastin time—aPTT), the
extrinsic cascade (partial thromboplastin time—PT) and a platelet count. Is it
any wonder that these few tests have little predictive value for perioperative
hemorrhage, particularly in cardiopulmonary bypass? (1)

A different way to conceptualize coagulation may be more appropriate.
Coagulation occurs at the interface of blood and endothelium. Blood is actively
maintained in a liquid state (2-4). This is accomplished by endothelial cells,
neutrophils and circulating plasma protein inhibitors (antithrombin III and 2
antitrypsin). Endothelial cells are coated with proteoglycan that forms a non-
wettable or replant surface for plasma proteins. Hepar in is incorporated into the
proteoglycan and it can interact with circulating antithrombin III. Endothelial
cells mediate vascular tone by synthesis of nitric oxide. Nitric oxide (endothelial
relaxant factor—EDRF) is not only a vasodilator, but also a potent localized
platelet inhibitor and neutrophil inhibitor (6). Prostaglandins produced by the
endothelial cells inhibit platelet aggregation. Also, the endothelial cells possess
the protein S, C thrombomodulin system which acts as a potent antithrombin
(4). When endothelial damage occurs, a very localized reaction occurs that may
lead to eventual thrombus formation.

The entire coagulation process should be viewed as a four-step sinusoidal
wave (Figure 1) (5). Endothelial cell dysfunction or tissue damage exposes or
decreases the barrier of anticoagulation. Sub-endothelial collagen may be
exposed and/or von Willebrand's factor is released from nearby endothelial
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Figure1: The sine wave of coagulation occurs at the microenvironment of vascular
injury. It represents a continuum of reactions from initiation to eventual clot
lysis. From Spiess (5) with permission.

cells as well as from damaged cells. von Willebrand's factor forms the glue by
which platelets adhere to the site of injury. The release of von Willebrand's
factor and the binding of the first few platelets forms what can be termed the
initiation phase of coagulation. Once a small number of platelets are bound to
the site of injury, they are further activated by a number of mechanisms includ-
ing: changes in eicosanoid concentration, collagen activation, von Willebrand's
factor activation and tissue thromboplastin release. The acceleration phase
occurs as platelets release the contents of their alpha and dense granules
(serotonin, epinephrine, thrombin, fibrinogen, ADP, thromboxane). These con-
tain vasoactive compounds and agents that activate and attract other platelets,
further fueling the speed and extent of the acceleration phase. The coagulation
cascades interact at this point and the serine proteases sequentially act. Enzymes
probably come on and off platelet surfaces flowing in from the plasma, being
activated and transferring their products to the next enzyme. The macromolec-
ular complex of factor X, calcium, factor V and factor VIII must be attached to
the surface of a platelet for coagulation to behave normally in vivo. Once this
macromolecular complex has formed, then prothrombin is cleaved into
thrombin.

Thrombin is a key element in all of coagulation and probably inflamma-
tion. Once formed, it further accelerates the growing platelet plug as well as
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triggers the formation of solid fibrin from fibrinogen. Fibrin has six binding
sites of a specific amino acid sequence for platelets and, therefore, each molecule
can link a number of platelets into a cement-like structure which we know as
solid clot. Once acceleration has been triggered, control is also well underway.
Thrombin and other activation products trigger the local formation and activa-
tion of thrombomodulin (4). Protein S and C in turn are activated and protein C
acts as a potent inhibitor of further thrombin formation (4). Thrombin, and also
activated factors XI and XII, trigger a series of events that leads to plasmin for-
mation. Plasmin further controls the runaway reaction of clot acceleration by
degrading fibrinogen and fibrin. Eventually it prevails to create clot lysis and
platelet disaggregation. The sine wave of coagulation activity (initialization,
acceleration, control and lysis) occurs at a local site of tissue injury or at larger
regions if systemic toxic effects occur (sepsis, shock, chemotherapy, etc.).

A contemporary view of coagulation should, therefore, not only include
the sine wave of activity at the site of endothelial dysfunction but realize that
coagulation is only one part of a triangular interaction between itself the
endothelial lining and the inflammatory response (Figure 2). It is this paper's
intention to examine some of the relationships that occur within the coagula-
tion system that both activate and inhibit the inflammatory response. Also
movement occurs in the reciprocal direction such that inflammation can up-
and downregulate a number of coagulation reactions. No longer should we
conceptualize coagulation as a limited event whose purpose is to halt bleeding.
Rather, a more encompassing approach to coagulation as a mediator, amplifier
and controller of the inflammatory response appears correct.

PROTEIN CASCADE INTERACTIONS

Activation of the protein cascades appears to have a modest or secondary
link to the inflammatory response. Contact activation of the intrinsic cascade
leads to immediate production of factor XIla, which proceeds rapidly to change
factor XI to Xla. Both XIla and Xla then activate a host of reactions.
Prekallikrein is converted to the vasoactive agents kallikrein and bradykinin (7).
These in turn secondarily can activate the classic complement pathway with its
ultimate output being Cza. Kallikrein and factor XIla as well as other mediators
are activators of single chain urokinase plasminogen activator (scu-PA) (8).
This plasma fibrinolytic protein is less effective than other fibrinolytic proteins
but it does have importance. It, in turn, can further activate the more active
compound tissue plasminogen activator (t-PA). Scu-PA may be more important
outside of the vascular compartment in promoting proteolysis and enhancing
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cell migration and inflammation (8). Factor Xla enhances the release of plas-
minogen activator inhibitor-1 (PAI-1) (9). PAI-1 is contained in platelets and
endothelial cells. When released it directly binds to t-PA and inhibits plasmin
formation. The interaction between the fibrinolytic system and the inflamma-
tory system is extensive and will be reviewed shortly.

Once the inflammatory system is induced there may be release of
cytokines (10). These proteins act as messengers or binding sites which defi-
nitely up-regulate a number of inflammatory responses (11-14). Tissue throm-
boplastin release is enhanced when endothelium is challenged with
interleukin-1 (IL-1) or tumor necrosis factor (TNF) (15). Tissue thromboplastin
activates the extrinsic cascade and of course proceeds to the solid clot formation
through the common pathway. However, there are some cross reactions which
can activate the intrinsic cascade, predominately factor IX. The presence of these
cytokines also decreases the activity of thrombomodulin. Therefore, the activa-
tion of protein coagulation activates inflammation and, once activated,
inflammation may provide further feedback to stimulate more coagulation.
PAI-1 activity is increased and t-PA activity is decreased by cytokines (16). This
might appear to be a self-perpetuating feedback loop; however, the fibrinolytic
system also has input.

FIBRINOLYSIS AND INFLAMMATION

Fibrinolysis is a fascinating subsystem of coagulation that has extensive
interactions with the inflammatory system. It is now being widely investigated
with many implications. Tissue plasminogen activator is a much more power-
ful activator of plasmin than is scu-PA. Plasmin hydrolyses both fibrinogen and
fibrin. It is, therefore, responsible for the dissolution of formed clots. Also, if
platelets are aggregating and clot is forming, an early excessive response of t-PA
will lead to the disaggregation of platelet aggregates. Plasmin may be a platelet
inhibitor at normothermia (17). This may be caused by secondary breakdown
products of fibrin. However, it is interesting that with hypothermia, plasmin
may be a platelet aggregator (18).

Endothelial cells have the highest concentration of t-PA, although it is
contained in many cell types (19). If endothelial cells are exposed to thrombin in
tissue culture they empty themselves of their t-PA contents (20). T-PA is cleared
from the blood by the liver and by the active binding to t-PA's inhibitor PAI-1.
For t-PA to have its effects it must overcome circulating levels of PAI-1. PAI-1 is
also produced in endothelial cells and hepatocytes but over 80% of the blood
levels are released from platelets (21,22). PAI-1 is pro-thrombotic, causing those
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effects by stopping the early disaggregation effects of t-PA. If platelets are allowed
to interact and the platelet plug matures, thrombogenic effects will be enhanced.
Increased PAI-1 levels are seen in pregnancy, eclampsia/pre-eclampsia, deep
venous thrombosis, pulmonary embolism, unstable angina, and acute myocar-
dial infarction (23-27). PAI-1 levels increase after routine surgery and trauma.

Thrombin stimulated release of t-PA from endothelium is lost with
endothelial cell dysfunction or death (28,29). Ischemia, blood stasis, distention
of the vasculature or direct trauma from a missile (i.e., bullet) all cause decreases
in the production of t-PA (28). There are influences in the diurnal rhythm
upon the fibrinolytic cycle (30). PAI-1 is increased through the night and is
highest early in the morning. The reverse effect occurs in the afternoon and
early evening as t-PA increases during the afternoon. In surgery, minor opera-
tions and major operations cause an increase in t-PA, although the magnitude
is greater in more extensive operations. Fibrinolysis is almost universally stim-
ulated during cardiopulmonary bypass (CPB) with the highest levels of t-PA
activity occurring within 10 minutes after going onto cardiopulmonary bypass
(31). The cause of the sudden rise in t-PA on CPB is still not known. Is it medi-
ated by thrombin, histamine, or inflammatory mediators? It is very important
to discern total t-PA activity from t-PA antigen. Antigen may be highest after
the infusion of protamine but by that time PAI-1 is rising and therefore the
activity of t-PA is waning. Although a number of studies have focused upon
mean changes in this enzyme it is important to note that there is a very large
variability within the population that undergoes CPB. Some patients appear to
be non-responders and have little or no response of t-PA to CPB (32). Another
group, in contrast, are profound releasors of t-PA. PAI-1 response does not seem
to be related to t-PA response and some are small or normal responders whereas
a small number of patients have very high releases of PAI-1. To date it is not
known whether those patients who have the highest response in t-PA are at
risk for excessive coagulopathy and if those with profound release of PAI-1 have
increased thrombotic risks such as early postoperative ischemia or graft
thrombosis.

Although t-PA and PAI-1 have their greatest effects in the area of their
greatest concentration, the site of endothelial or platelet release, they are carried
throughout the blood and are also found in lymphatic drainage as well (33).
What effects these enzymes have within the lymph system is unclear. The
inflammatory system has effects upon the release of both t-PA and PAI-1.
Histamine and heparin both can cause the release of t-PA from endothelium
(34). Heparin is utilized as the anticoagulant for almost all CPB cases. It does
cause some element of histamine release. Interleukin-1 and TNF decrease the
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overall fibrinolytic function by increasing the release of PAI-1 from endothe-
lium. It is less clear whether these cytokines increase the release of PAI-1 from
platelets. Endotoxin also increases the release of PAI-1 and increases the release
of platelet aggregating factor from endothelial tissue.

PLATELET AND INFLAMMATORY CELLULAR INTERACTIONS

Platelets are of key importance in the cellular coagulation process. Their
activation and aggregation causes the primary plug formation that creates initial
control of bleeding. Platelets interact with each other by releasing ADP, throm-
boxane, and other compounds. They undergo a change. They form pseudopods
and a change in the makeup of receptor sites on their surfaces enhance the
intracellular communications. The platelet aggregate and early clot has cell
types other than just platelets involved. These cell lines are sometimes pas-
sively and others actively involved. As fibrin is formed, erythrocytes are
enmeshed in the clot. Erythrocytes, although not actively attracted to the clot,
are not just passive members in the clot process. Indeed, when entrapped they
do release large amounts of adenosine diphosphate which further feeds the
acceleration phase of coagulation (36). Nitric oxide is absorbed and deactivated
by hemoglobin. Therefore, it is conceivable that in areas of growing clot the
erythrocytes function in the destruction of the platelet and neutrophil inhibit-
ing compound, nitric oxide. In patients with moderate anemia, the bleeding
time may be mildly prolonged and this is thought to be due to decreased
erythrocyte release of ADP

Intracellular metabolism is a unique process that involves production of
a compound in one cell type. That first compound has no effect or diluted effect
in the first cell type. However, when that compound is exported from the first
cell it may be further processed in a second cell wherein it either has an action
or can be exported for further changes. Erythrocytes participate in intracellular
metabolism. Erythrocytes enhance eicosanoid transformation from platelet
exported phospholipids. Platelet released arachidonic acid may be further hydro-
lyzed in erythrocytes and exported to activated neutrophils. Activated neutro-
phils in turn use the partially changed arachidonate to generate leukotriene B4.

Platelets and neutrophils have a number of interactions. When platelet
and neutrophil suspensions combined together are activated with thrombin or
collagen, relatively small amounts of serotonin are released from the platelets
(35). This is in contrast to the effect of the same activation on platelet suspen-
sions alone. It could therefore be concluded that neutrophils, in contrast to
erythrocytes, depress the activation of platelets. The mechanism by which this
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inhibition occurs is not completely elucidated. There may be effects of neu-
trophil produced endothelial relaxant factor/nitric oxide as well as other possi-
ble mechanisms. The neutrophils used in these studies were nonactivated.
However, other research laboratories have shown that neutrophils can actually
increase platelet reactivity (37). Perhaps these neutrophils were treated in a dif-
ferent manner and were activated or up-regulated with production of cytokines.

Platelets, when activated, release the contents of their alpha granules.
This causes the externalization of an alpha granule protein known as glycopro-
tein 140 (GMP-140) (38). GMP-140 creates an active site for binding of platelets to
monocytes and neutrophils (39,40). Platelet monocyte and neutrophil platelet
interactions occur fairly rapidly after CPB is begun. The monocytes appear to
have a greater affinity for platelets as compared to the neutrophils. Lympho-
cytes and platelets decrease their binding during CPB. CD11b (known as com-
plement receptor 3) is increased on the surface of monocytes and neutrophils
during cardiopulmonary bypass. Monocyte CD11b increases quickly whereas
neutrophil CD11b increase requires considerably longer time (39,40).

What are the effects of these platelet leukocyte interactions? Pulmonary
sequestration of platelet leukocyte combinations may produce localized vascu-
lar reactivity and inflammation. It is unclear what intra-cellular communica-
tions the platelets and leukocytes are undergoing. It would seem that not only
do these events occur in the blood stream at large but also within the matrix of a
more solid clot. Neutrophils are enmeshed in the clot early; however, mono-
cytes actively move into a solid clot later.

CD11b has been investigated as an important mediator of reperfusion
injury. Blockage of CD11b in a number of animal studies has shown improve-
ment or prevention of such injury (41,42). Since CD11b also binds complement
its link with the inflammatory response seems certain. However this one
surface receptor may have multiple roles. CD11b is a receptor also for factor X
and fibrinogen (43). Does it perform similar functions to the glycoprotein
IIb/1lla site on platelets? Much work is yet to be done but the presence of this
cell surface receptor that binds platelets, complement and coagulation proteins
strengthens a hypothesis that reperfusion injury not only has inflammatory
mediators but also involves coagulation events.

SUMMARY

There are clear interactions on all levels between coagulation and the
inflammatory system. Proteins when activated both enhance and inhibit each
system. The cellular components form direct intercellular linkages when acti-
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vated. Cellular communicators by compounds may effect both platelets and
inflammatory cells. The complexity of activators and inhibitors within coagula-
tion makes it quite difficult to reach conclusions about the overall effect of any
single event. What is important is that there are unique checks and balances
within the systems of inflammation and coagulation. Importantly these checks
and balances extend between systems such that cross activation and inhibition
exists. As research continues into coagulopathy generation, inflammatory
response, reperfusion injury, myocardial dysfunction, transient ischemia, and
thrombosis, it should be remembered that coagulation and inflammation are
not distinct separate entities but are seamless continuums of a total homeostatic
system.
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NEW CONCEPTS IN ANTICOAGULATION
AND REVERSAL

Jerrold H. Levy, MD
NEW CONCEPTS IN ANTICOAGULATION AND REVERSAL
Introduction

One of our most unusual clinical practices is to anticoagulate patients
with heparin, an extract from bovine lung or porcine intestine, and reverse the
heparin with protamine, a histone and a arginine rich polypeptide extracted
from salmon sperm. Perhaps our practice of medicine is more medieval than
we wish to realize. Furthermore, most clinicians managing patients during
cardiac surgery have minimal understanding of the problems associated with
anticoagulation and its reversal. Although cardiologists are evaluating different
thrombin and platelet inhibitors to prevent graft reocclusion during angio-
plasty, there are few advances in the field of anticoagulation and reversal for
cardiac surgical patients that are available for clinicians. This review will dis-
cuss the perspectives in anticoagulation and reversal, and novel agents on the
horizon for heparin reversal.

Heparin

Heparin represents the only available intravenous anticoagulant avail-
able to prevent clotting during cardiac or vascular surgery (1). Although the
Malaysian pit viper derivative, Ancrod, has been used to facilitate cardiopul-
monary bypass (CPB), it prevents clotting by defibrinogenating the patient and
creating a coagulopathic state (2). Heparin is isolated from either porcine intes-
tine or from beef lung where it is bound to histamine and stored in mast cell
granules. When heparin is isolated, the purification leads to a heterogeneous
mixture of molecules often referred to as unfractionated heparin. Heparin is an
acidic polysaccharide with side groups, either sulfates or N-acetyl groups,
attached to individual sugar groups. The sulfate groups are extremely impor-
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tant for the anticoagulant activity of heparin. Several other steps in the
coagulation cascade, including clotting factor X, are also inhibited to a lesser
degree by antithrombin III, and then also by heparin (AT III) (1).

Anticoagulation with heparin depends on the presence of adequate
amounts of circulating AT IIl. The advantage of this is that heparin anticoagu-
lation can be reversed immediately by removing heparin from AT III with
protamine. AT III levels decrease in patients who receive preoperative heparin,
but also fall significantly during cardiopulmonary bypass (3,4). There are now
purified concentrates of AT III available for patients with altered heparin dose
responses or with known AT III deficiency states. These concentrates have been
heat treated to remove potential viral contaminants.

Heparin also binds to a number of other blood and endothelial proteins
including high molecular weight kininogen, von Willebrand factor, plasmino-
gen, fibronectin, lipoproteins and platelet and endothelial receptors (1). Each of
these may potentially influence the ability of heparin to act as an anticoagulant,
and may, along with AT III levels, affect heparin dose requirements in patients.

Heparin can also produce platelet dysfunction following acute and/or
constant administration, especially with high dose administration during car-
diac surgery. One of the most important considerations in patients receiving
heparin for 7-10 days is that thrombocytopenia can occur (5).

Low Molecular Weight Heparin

Standard heparin fractions (unfractionated heparin) used in clinical prac-
tice consist of multiple negatively charged, glycosaminoglycans that range from
3,000 to 30,000 daltons with an average molecular weight of approximately
15,000. Low molecular weight heparins (LMWH) are components of unfrac-
tionated heparin with an average size of 5000 daltons. LMWH's major mecha-
nism of antithrombotic action is inhibition of factor Xa inhibition, with less
adverse effects on platelets. In addition, LMWH has a higher and more pre-
dictable bioavailability (100% compared to 30% for unfractionated heparin) and
a longer biologic half life (4-7 hr). The plasma clearance is mainly by renal filtra-
tion. Monitoring the effects of LMWH use requires anti-Xa activity tests because
coagulation tests that examine the intrinsic clotting cascade, including the
activated clotting time (ACT) and activated partial thromboplastin time, are
relatively insensitive to LMWH, and protamine may not consistently reverse
the anticoagulant activity. LMWH preparations have not been widely used for
extracorporeal circulation (6).
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Heparin Reversal

Unfractionated heparin has a relatively short half life and is not routinely
reversed in patients following cardiac catheterization. However, anticoagula-
tion is routinely reversed following cardiac surgery to reestablish hemostatic
mechanisms in patients who have bleeding defects due to multiple hemostatic
abnormalities. Protamine can immediately reverse the anticoagulation effect of
unfractionated heparin by nonspecific polyionic-polycationic (acid-base) interac-
tions. There are different methods to determine the amount of protamine to be
administered, but using 1.3 mg protamine for every 100 units of unfractionated
heparin administered is effective. Although protamine has the potential to
function as an anticoagulant, this effect is only seen when large excessive doses
have been administered (7). More importantly, protamine, a polypeptide
isolated from fish sperm, does have the potential to produce anaphylactic
reactions, and therefore must be administered slowly. The incidence of anaphy-
laxis appears to be higher in certain patient groups, including diabetics who
have received protamine containing insulin preparations like NPH. We have
reported the incidence of anaphylaxis to protamine in NPH insulin dependent
diabetics to be 0.6-2% compared to 0.06% in most other patients (9-11). Other
patient groups may be at an increased risk for adverse reactions to protamine,
including patients with a prior vasectomy or previous fish allergy, however,
our data does not support this contention (11).

Monitoring Anticoagulation

Partial thromboplastin times are used to monitor low levels of
heparinization preoperatively, but are inaccurate measures of anticoagulation
when higher heparin concentrations are used (i.e., cardiac surgery). The gold
standard for monitoring anticoagulation during CPB is the activated clotting
time (ACT) (12). The ACT provides a direct measure of anticoagulation. When
blood is allowed to encounter a negatively charged surface, such as kaolin
(Hemotec) or diatomaceous earth (Hemochrom), platelets provide the tissue
thromboplastin and the intrinsic pathway of blood coagulation is activated. The
ACT measures the functional ability of heparin to inhibit the intrinsic pathway.
Although clinicians routinely use the ACT to assess the degree of anticoagula-
tion during cardiopulmonary bypass, there is no correlation between plasma
heparin levels and the ACT (13). ACT levels assumed adequate for cardiopul-
monary bypass do not completely inhibit thrombin formation (14).
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More recently, additional monitors have been developed to measure
heparin levels during cardiopulmonary bypass. Heparin-protamine titrations
can determine the amount of circulating heparin in the presence of anticoagula-
tion. Although the data supporting the use of these systems during CPB is still
forthcoming, many clinicians use heparin-protamine titrations to guide
additional heparin administration and reversal, or as an adjunct to ACT
monitoring. In addition, the heparin-protamine titration can be used to
determine the exact amount of protamine required to reverse heparin.

However, when patients are heparinized in the presence of circulating
aprotinin, the ACT is greatly prolonged, making ACT-determinations, as
measurements of circulating heparin levels, inaccurate (12), Heparin-
protamine titrations to measure heparin levels can be used to determine
anticoagulation levels in the presence of circulating aprotinin. Alternately,
fixed dose heparin administration with the use of kaolin based ACT systems
represent another method of monitoring patients during aprotinin therapy,
administering doses of 100 U/kg every hour during CPB.

Novel Methods For Reversing
Anticoagulation

New methods for reversing anticoagulation are under current investiga-
tion that are based on different principals and offer unique mechanisms for
reversing systemic heparinization. Heparin binding filters, recombinant
platelet factor 4, and heparinase are the new methods under current investiga-
tion as potential protamine replacements (15-22) (Table 1).

Table 1. Potential alternatives for heparin neutralization.

Hexadimethrine

Heparin binding filters
Heparinase

Recombinant platelet factor 4

Recombinant Platelet Factor 4

Platelet factor 4 (PF4) is a basic protein with a molecular weight of approx-
imately 7,800 daltons that is normally stored in the alpha granules of platelets.
PF4 can neutralize the anticoagulant effects of vascular heparins. A recom-
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binant form of PF4 (rPF4) has been synthesized and studied in vitro, in animals,
and in humans for heparin reversal.

We have studied the ability of rPF4 to neutralize anticoagulated blood in
cardiac surgical patients with heparin levels ranging from 2.7-4.1 units/ml. We
found that an rPF4 reversal ratio of 3.0:1 was the minimum dose required for
heparin reversal, which is different than the ratio of 2.0:1 previously reported
(7,16). However, when thromboelastography was attempted with ratios less
than 3.0:1, coagulation did not occur. Our current clinical studies have
supported this dose. Recombinant PF4 did not interfere with platelet-fibrinogen
interaction or differences in clot lysis compared to protamine when reversing
heparin as determined by thromboelastography.

The advantage of recombinant PF4 is its lack of adverse hemodynamic
effects in both experimental models and preliminary human studies (17,19).
Although preliminary reports in the sheep model have suggested PF4 produces
pulmonary hypertension (18), data from human studies of heparin reversal
with PF4 following cardiac catheterization have not supported this finding (19).
Sheep have different inflammatory cell populations that may predispose them
to acute pulmonary vasoconstriction.

Heparinase

Heparinase, an enzyme isolated from Flavobacterium heparinum,
metabolizes heparin-like carbohydrates by cleaving alpha-glycosidic linkages to
produce fragments without anticoagulant activity (20). Heparinase is currently
under development and has been successfully used for in vitro studies and in in
vitro preparations (20-22). Animal investigations currently in progress will
determine its effectiveness as an injectable heparin neutralizing agent and its
side effects. We reported the concentration-response relationship between
heparinase I concentrations and heparin neutralization in residual blood
obtained from the extracorporeal circuit immediately after cardiac surgery in
patients (21). Heparinase I at concentrations >0.054 IU/ml successfully decreased
heparin concentrations of 3.3 + 0.3 (mean+SEM) U/ml (n=12), and maximally
reduced the ACT. However, in vitro data suggests neutralization takes 5
minutes as compared to an ionic neutralizing agent that produces immediate
reversal.

In canine studies, heparinase neutralized heparin as effectively as did
protamine (21). Both heparinase I, at all doses, and protamine neutralized
heparin-induced increases in ACT within 5 to 10 minutes. In this animal
model, Heparinase I at all doses did not affect hemodynamics when compared
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to its vehicle alone. However, protamine caused severe systemic hypotension
and pulmonary hypertension. Because heparinase comes from bacteria, injec-
tion into humans may produce potential sensitization for repeat exposure.
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PERFLUOROCARBON EMULSIONS: ONE APPROACH
TO INTRAVENOUS ARTIFICIAL RESPIRATORY
GAS TRANSPORT

Bruce D. Spiess, MD

INTRODUCTION

The viral infectious risks of allogeneic transfusion have recently been
reduced (1). This is due to changes in viral marker testing along with surrogate
risk testing using a number of biochemical tests. These data have been widely
heralded with comments that the blood supply is now the safest it has ever
been. This may be true; however, these data are reported from one study only
and a wide range of risks associated with blood transfusion exist that will not be
changed by reducing viral transmission. These risks include ABO and Rh
incompatibility, graft versus host disease, volume overload, and
immunosuppression leading to increased secondary infection or solid tumor
recurrence. Therefore, even though viral transmission is less troublesome
today than it was 5 years ago, allogeneic blood transfusion carries significant
risks. For many years physicians have searched for ways to circumvent those
risks. The development of safe, more efficacious, and cost effective oxygen
transport medias are being investigated.

Two principal approaches to the production of a "blood substitute" are
being pursued: hemoglobin preparations and perfluorocarbon chemicals.
Hemoglobin preparations have evolved from simple free hemoglobin,
removed from erythrocytes, to polymerized hemoglobin preparations.
Attempts have also been made to repackage hemoglobin in artificial lipid
matrices, so that ABO-Rh typing is unnecessary. Today, a number of companies
are investigating multiple different formulations in both animal models and
human. This chapter will not discuss these "blood substitutes."

The lay press has coined the term "artificial blood" in reference to a group
of chemicals that have enhanced solubility for oxygen. Blood, as a complex
living fluid organ has thousands of functions and the transport of oxygen is
only one very vital function. Therefore, "artificial blood" is a misnomer, but
one that has stuck. Perfluorocarbon compounds (PFC) differ from hemoglobin
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preparations in a number of ways. PFC acts as effective plasma expanders with
limited gas transport capabilities. In a number of gas transport aspects, PFC does
out perform human blood.

EARLY DEVELOPMENT

Carbon fluoride chemistry was an area of intense research in the 1950's
and 1960's. The development of non-stick cooking pan coatings is an event
known to most of us. During experimentation in developing these compounds
it was noted that liquid PFC dissolves far greater quantities of some non-polar
gases than do aqueous liquids at equal temperatures and pressures (2).

The effects of fluorination of an organic compound can be seen with the
simple benzene ring. If it has six fluorides substituted for hydrogens,
hexafluorobenzene is formed. Hexafluorobenzene has powerful anesthetic
properties and little, if any, increased respiratory gas solubility. The addition of
six more fluorides to saturate all the double bonds leads to the formation of
perfluorocyclohexane. Anesthetic properties are lost and oxygen is at least twice
as soluble as it is in benzene alone (3).

The carbon fluoride bond is a high energy bond (120 kcal/mole). It is
difficult for biologic systems to break that bond, especially if all carbon atoms are
completely occupied by fluorides. Therefore, once completely substituted with
fluorides most compounds loose biologic activity, and therefore, the release of
fluoride is negligible.

PFC liquids are passive gas transporters. This is in contrast to
hemoglobin which actively binds oxygen to the iron in the heme moiety (Figure
1). The sigmoidal curve of the oxy-hemoglobin dissociation curve is very well
understood by clinicians. The effects of pH, temperature and the concentration
of 2,3-diphosphoglycerate influence the relative binding and release of oxygen
from hemoglobin. Gas transport by PFC is based on enhanced solubility. That
enhanced solubility is related to the physics of the molecules involved, making
them less polar. The physical forces governing the uptake and release of oxygen
(nitrogen or carbon dioxide) from a PFC, are the partial pressure gradients for
that gas. Many PFCs in their pure liquid form can dissolve (carry) and
completely release up to 50-60 volume percent of oxygen (Table 1) (4). Plasma or
crystalloid solutions can carry a maximum of three volume percent if
equilibrated with 100%
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Figure1l.  Oxygen content and release from hemoglobin versus Fluosol-DA(20%).
Reprinted with permission from Suyama T, Yokoyama K, Naito R (10).

Table 1. Oxygen solubility of various perfluorochemicals. Reprinted with permis-

sion from Geyer RP (4).
Compound O; solubility:ml O»/100 ml of
compound
Perfluorodihexyl ether 55.42
Perfluorodibutyl sulfur tertrafluroide 48.02
Perfluorotriisobutylamine 44.37
Perfluoro-(N-ethylmorpholine) 50.10
Perfluroro-N,N-dipropylmethylamine 52.60
Perfluorotriethylamine 53.86
Perfluoro-N-methylpiperidine 41.33
Perfluoro-N-methylmorpholine 37.57
Perfluoro-N,N-dimethyl-N-hexylamine 51.51
Perfluoro-N-butylmorpholine 59.59
Perfluoro-4(N,N -dimethyl-2-aminoethyl)- 45.07
morpholine

Perfluoropentyl ether 49.67
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oxygen at atmospheric pressure and 37°C (5). Whole blood, in contrast, with a
normal hemoglobin and hematocrit, can carry up to 21 volume percent. The O,

carrying capacity of any PFC emulsion is determined by fluorocrit, PaO; and the
solubility of O, in the PFC.

(Oy) PEC = solubility O, PFC x PO, X fluorocrit

Fluorocrit can be determined utilizing a routine centrifuge for doing spin
hematocrits. The fluorocarbon emulsion will separate out at the bottom of the
capillary tube as a white layer.

In 1966 it was first demonstrated that a PFC liquid could be utilized to
supply oxygen in organ perfusion models (6). L.C. Clark, at the University of
Alabama, created an uproar in the lay press when he published his work on the
survival of mice actually breathing oxygenated perfluorochemicals (7).
Goldfish, mice, rats and several cats were submerged in different liquid
environments. Mice were placed in silicone oils (polymethylsiloxanes) having
oxygen solubilities approximately 1.5 times the oxygen content in whole blood.
Mice were able to survive in these low viscosity oils but only at reduced
temperatures (18°C). All mice succumbed within 10 minutes after being taken
out of the silicone oil. Goldfish could survive for weeks under silicone oil
bubbled with oxygen. Immersion in perfluorocarbons
(perfluorobutyltetrahydrofurans) was much more satisfactory. An oxygen
electrode affixed to a mouse's brain prior to immersion showed the same level
of oxygenation following immersion as when the animal was breathing room
air. After removal from the PFC, the mice survived for weeks (7). Cats
breathing PFC upon return to room air breathing all succumbed to massive
pulmonary edema.

Vapor pressure of PFC is a key important criteria for making a particular
compound biocompatible. = Rats injected intraperitoneally with per-
fluorotetrahydrofuran died with massive abdominal distention as liquid PFC
vaporized (8). The same phenomenon has occurred with multiple PFCs. It
appears that there is a critical value for vapor pressure of approximately 40 mm
Hg (3). Vapor pressures of 50 mm Hg or greater cause death in mammals with
massive gas emboli.

Elimination of PFC is probably dependent upon vapor pressure. It is
thought that PFCs are not soluble at all in water and, therefore, there is no renal
filtration. Vaporization through the lungs and the skin may form the major
route of egress. Low vapor pressure compounds are not cleared and have
prolonged half-lives. A very low vapor pressure PFC may stay in an
experimental animal for the animal's entire life-span (3). Perfluorodecalin is
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rapidly eliminated through the skin and lungs. Its half-life for circulation is 24
hours and whole body is 8.9 days (8).

Perfluorocarbons that meet the correct vapor pressure criteria do not
form stable emulsions and are immiscible with plasma. Therefore, emulsions
of the PFCs must be created to allow them to be mixed with plasma. A
commercially available emulsifying agent, polyoxyethelene, is readily available
and has been laboratory tested (9). Perfluorotripropylamine forms a stable
emulsion with polyoxyethelene but because of vapor pressure it has a slow
elimination time. In combination with perfluorodecalin the elimination
becomes quite reasonable (10). This formulation is now commercially produced
by The Green Cross Corporation, Osaka, Japan, under the name Fluosol-
DA(20%).

FLUOSOL-DA(20%)

The composition of Fluosol-DA(20%) is shown in Table 2. It is a 20%
weight-to-volume emulsion and actually a 10% volume-to-volume PFC to
inactive agent solution. The PFC emulsion has seven parts perfluorodecalin to
three parts perfluorotripropylamine with both pluronic F-68 and egg yolk
phospholipids as stabilizers/emulsifiers. The emulsion is not stable at room
temperature for transport but must be frozen, thawed and sonicated to get it in
the correct emulsion state for infusion (11). It has 410 milliosmoles for
osmolarity and 390 mm HO for oncotic pressure. In the final emulsion the
particle size is considerably smaller than an erythrocyte (0.1 micron) (12). The

Table 2. The composition of Fluosol-DA(20%). Modified from Mitsuno T, et al.

(19).
Perfluorodecalin 14.0 gm /100 ml
Perfluorotripropylamine 6.0 gm/100 ml
Pluronic F-68 2.7 gm /100 ml
Yolk phospholipids 400.0 gm /100 ml
Glycerol 800.0 gm /100 ml
Sodium chloride 600.0 gm /100 ml
Potassium chloride 34.0 gm/100 ml
Magnesium chloride 20.0 gm/100 ml
Calcium chloride 28.0 gm /100 ml
Sodium bicarbonate 210.0 gm/100 ml
Glucose 180.0 gm /100 ml
Hydroxyethyl starch 3.0 gm/100 ml
pH 7.4
Osmolality 410.0 mOsm

Oncotic pressure 380-395 mm HpO
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difference in particle size may have striking importance in the eventual clinical
utilization and side effects of these PFC emulsions. Surface area for gas
exchange is massively increased by the size differential.

The oxygen dissociation curve for Fluosol-DA(20%) as compared to
whole blood and plasma at different oxygen tensions is similar to that shown in
Figure 1 (10). Oxygen dissolved in this and all other PFCs changes linearly in
accordance with Henry's law. Uptake and release is completely reversible and as
stated earlier, there is no oxygen hemoglobin dissociation curve. The
maximum amount of oxygen dissolved in Fluosol-DA(20%) at 760 Torr at 37°C
is approximately 7 volume percent. That is about 33% of that carried by fully
oxygenated whole blood. Pure PFC may carry up to 60 volume percent but the
emulsion is only 10% v/v. Clearly, all the oxygen carried by whole blood is not
available for metabolic needs. The usual metabolic oxygen demand is
approximately 5 volume percent and therefore it is theoretically conceivable
with full exchange transfusion that Fluosol-DA(20%) could meet the body
oxygen requirements (10). Patients cannot oxygenate their blood with 760 mm
Hg because of intrapulmonary shunt, carbon dioxide transfer in the alveolus
and water pressure; therefore, the best that could be reasonably expected is an
equilibration with 550 Torr of oxygen.

Animal studies with exchange transfusion of Fluosol-DA(20%) have
shown excellent tissue oxygen delivery and organ function. Animals given
PFCs could survive for days with up to 90% of their residual hemoglobin
poisoned with carbon monoxide (11). In other studies animals have been
exchange transfused to as low as 1% hematocrit and had adequate respiratory gas
exchange to sustain life (12-14). In animal models of acute myocardial and
cerebral ischemia, Fluosol has demonstrated significant capability in preventing
tissue damage (15,16). One report of intraluminal instillation of oxygenated PFC
in gut ischemia has shown preservation of the mucosa (17). Also reports of
improved efficacy of a cardioplegia solution containing PFC in an isolated heart
model have been published (18).

Early human work from Japan included a series of 186 patients given PFC
for oxygen transport. The majority of the patients were experiencing surgical
hemorrhage and for one reason or another had refused blood products. No
major cardiovascular biochemical or anatomical abnormalities occurred in this
early study (19). Total oxygen supplied by the PFC was thought to be
approximately 1.2 to 1.3 volume percent. In an early study with seven patients
in the United States who had ongoing hemorrhage, Fluosol did demonstrate
some contribution to total oxygen supply (20). The patients were required to
have high inspired concentrations of oxygen and the total fluorocrit got as high
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as 3%. With those two factors the total oxygen content contributed by the PFC
was only .8%. That may seem to be a rather small percentage of total oxygen
carrying capacity but the authors point out that in critically ill patients, of those
who have end-organs at risk for ischemia it is conceivable that that level of
oxygenation may make some survival difference. One case report notes the suc-
cessful use of Fluosol-DA(20%) in a Jehovah's Witness patient who required a
Whipple pancreatoduodenectomy. Such a procedure is expected to result in
significant blood loss. The patient began the procedure with only 5 gm/dl of
hemoglobin and did quite well after the infusion of the PFC (21). These reports
of success with PFC have been overshadowed by concern regarding the potential
side effects from the emulsifying agent. Complement release, hypotension and
white cell depression have been implicated (22-23). Also, uptake by the
reticuloendothelial system with hepatic sequestration of the PFC coupled with
marginal oxygen carrying contributions stalled the development of these early
PFC emulsions. At the present time Fluosol-DA(20%) has won FDA approval
for only one indication. That is, its use as a distal perfusate in coronary
angioplasty interventions to prevent or treat distal myocardial ischemia (24,25).
The preparation of the emulsion has also proven cumbersome with it requiring
frozen storage, thawing, sonication and equilibration with an oxygen carbon
dioxide mixture. Therefore, that indication has not led to widescale utilization.

SECOND GENERATION PFEC

Two companies are now producing and testing second generation PFC
emulsions: HemaGen PFC, St. Louis, Missouri; and Alliance, San Diego,
California. Both are using proprietary formulations of PFCs that are different
than those in Fluosol-DA(20%) and the total concentration of the new
formulations includes the usage of different emulsifying agents. The total
available PFC is up to 40% v/v in these new formulations. Therefore, the
second generation emulsions can carry up to 4 times as much oxygen as that
seen with Fluosol. In the PFC equilibrated with 100% oxygen, prior to infusion
this translates into 17 to 25 volume percent of oxygen available (26). In animal
experiments with intravenous infusions of up to 20 cc/kg this may provide
levels of oxygen far in excess of the 0.8 volume percent found in humans with
Fluosol.

Both second generation emulsions are now undergoing early FDA drug
testing. The utilization of one of the PFCs in volunteers undergoing small
amounts of blood loss for elective surgery has shown it to be well tolerated (27).
From the abstracts available to date it is difficult to judge the effectiveness of
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oxygen delivery. However, one study reported PFC usage in seven patients
losing more than 1000 cc blood (28). These patients were monitored with
pulmonary artery catheters and arterial lines. During progressive hemorrhage
hemoglobin concentration dropped yet mixed venous oxygen saturation was
stable or slightly (statistically significant) increased. Unfortunately, this early
report did not permit calculation of the total oxygen carried by PFC.

OTHER GAS TRANSPORT USAGES

PFC, unlike whole blood or plasma, has enhanced capacity for transport
of gases other than oxygen. All non-polar gases are soluble in PFC. Of particular
interest is nitrogen. In pure PFC, nitrogen may be up to 10,000 times as soluble
as it is in plasma. Nitrogen, being the major constituent gas of air, can cause
problems in a number of surgeries. These include micro-air embolic events in
cardiopulmonary bypass, and larger air emboli in neurosurgery, orthopedics and
some gynecological procedures (29-33).

A number of animal studies have been performed demonstrating that
PFC, if given as a pretreatment, can prevent the harmful sequelae of venous air
embolism (34). Data from studies of the formulations of PFC show that
nitrogen absorption is one of the possible mechanisms by which protection may
be afforded (35). Protection from intracoronary air embolism has been suggested
in one canine model and cerebral protection has been demonstrated in rabbits
and other animal models (36-38). Decompression sickness is caused by insoluble
gas embolism within either central nervous tissue or the blood stream. Several
small rodent studies have shown that PFC can treat decompression sickness if
the animals also breathe 100% oxygen (39,40).

Further work with new PFC emulsions that are 40% v/v also are
producing positive data. In dogs ventilated with xenon and subsequently given
PFC, it was noted that the muscle clearance of xenon, an insoluble gas, was
increased by a factor of greater than 2 (41). Accelerated wash out of nitrogen
from tissue would be expected to be many-fold that of xenon due to its solubility
ratios (41). In swine models of massive cerebral air embolism during
cardiopulmonary bypass there have been demonstrations of major brain
preservation in animals where PFC has been added to the bypass machine (42).

UNIQUE APPLICATIONS

The carbon fluoride bonds make PFC emulsions unique. By proper
tuning of the radio frequency of a nuclear magnetic resonance scanner, certain
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PFC emulsions can be utilized as NMR dyes. Indeed, they may first reach FDA
approval for use as intravenous contrast agents (43,44). Also, the installation of
PFC into the respiratory bronchial tree has again become an experimental
activity. Historically, this was where PFCs had their first dramatic public
enthusiasm. Recent work with liquid PFC ventilation in neonatal sheep and
some models of adult respiratory distress are at least promising (45). There is a
suggestion that filling of the tracheobronchial tree with a newly constructed
piston liquid ventilator may not be necessary. Merely filling the functional
residual capacity with PFC may be enough to enhance gas transport across lungs
that would otherwise have extensive physiologic shunt (46). Other areas of
research are in the use of PFCs to enhance the delivery or efficacy of certain
chemotherapeutic agents. An elevated oxygen tension may increase the killing
capacity of chemotherapeutic agents and simultaneous administration of a PFC
and chemotherapy agent may result in a synergistic effect (47). One group has
also reported on the construction of a new type of oxygenator for extracorporeal
oxygenation that utilizes a blood PFC interface to transmit oxygen (47).

SUMMARY

The PFC emulsions have had a developmental history of promise that is
as yet unfulfilled. Today, second generation PFC emulsions are poised with the
right gas carrying capabilities to be able to make significant contributions to
oxygen transport and delivery. The vision of a stable, safe, easily transportable
intravenous fluid, with universal rapid application, is not yet at hand.
However, we appear to be a great deal closer than in the mid 1980's. If these 40%
v/v emulsions prove safe then an entirely new realm of therapeutic options
will become available. Not only will uses for trauma and acute blood loss
replacement become a reality, but extremes of euvolemic hemodilution may
become possible. The use of these compounds for prevention of stroke,
ischemic organ salvage and prevention of air embolism or decompression
sickness are particularly exciting. It is clear from the recent developments in
PFC technology that some product will come to market in the not-to-distant
future. How such a PFC will be utilized, as compared to hemoglobin
preparations, is yet to be determined, but the two concepts are quite different.
Each will have its own specific indications.
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PRINCIPLES OF HEMODYNAMIC MANAGEMENT"

Robert N. Sladen, MB, MRCP(UK), FRCP(C)

CARDIAC FUNCTION AND FAILURE

Measurement of cardiac output provides a global index of oxygen deliv-
ery, if arterial oxygen content is optimal. However, one or two caveats apply.
Abnormal distribution of peripheral blood flow, such as occurs in sepsis
(distributive shock), leads to inadequate oxygen supply to affected tissues despite
a quantitatively normal cardiac output. Regional blood flow alterations that
may occur in shock are not reflected in the simple mathematical calculation of
DO». Nevertheless, a decrease in total cardiac output leads to a decrease in DOy,
so a consideration of factors that affect cardiac output are germane to any discus-
sion of shock.

Cardiac output is the product of stroke volume (SV) and heart rate (HR).
The most important clinical determinants of cardiac function are heart rate and
rhythm, preload, afterload, and contractility. Contractility and heart rate are
intrinsic myocardial properties; preload and afterload depend on both myocar-
dial and peripheral vascular function. Indeed, cardiac function is coupled inti-
mately to the vascular system: the heart pumps blood into the circulation,
which determines the quantity of blood returned and the impedance to flow.
Clearly, both intrinsic myocardial performance and the vascular status
determine cardiac output, and both may be altered in the vascular surgery
patient.

Preload

The Frank-Starling hypothesis evolved in separate laboratories to support
the concept that increased diastolic ventricular distention (preload) causes a cor-

*Extracted, with permission, from: Sladen RN, Doherty D. Low Output States in the
Postoperative Period. In: Kaplan ] (ed.). Vascular Anesthesia. Churchill Livingstone, New
York, pp 603-642, 1991.
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responding increase in ventricular output (1,2). The relationship between a
given index of preload (e.g., left ventricular end-diastolic volume) and output
(e.g., stroke volume index) is described by a left ventricular function curve.
Alterations in left ventricular contractility, compliance, or afterload shift the
curve to the left or the right and alter the output response to a given preload.
Myocardial depression and failure shifts the curve rightwards and downwards,
so that for a given preload, output is decreased. In the failing heart, the curve
becomes flattened, so that increases in preload result in pulmonary congestion
and edema rather than increases in output.

Traditional clinical correlates of preload derived by invasive hemody-
namic monitoring use pressure indices such as central venous pressure (CVP),
left atrial pressure (LAP), and pulmonary artery occlusion pressure (PAOP). The
usefulness of pressure indices of preload depends on the ventricular diastolic
pressure-volume relationship, i.e., ventricular diastolic compliance. With
increased ventricular compliance (e.g., in mitral regurgitation), large changes in
end-diastolic volume are associated with small changes in end-diastolic pres-
sure. Thus, LAP or PAOP provide unreliable correlates with ventricular
preload. With decreased ventricular compliance (e.g., ventricular hypertrophy),
small changes in end-diastolic volume are associated with large changes in end-
diastolic pressure. LAP or PAOP provide sensitive indicators of preload alter-
ation. Instantaneous increases in compliance (e.g., acute myocardial ischemia)
reflect increases in ventricular stiffness rather than increased preload per se. The
smaller, thinner right ventricle is substantially more compliant than the left
ventricles, so that even in normal patients the CVP is an insensitive index of
left ventricular filling; this disparity is exacerbated by left ventricular stiffness
and failure. The introduction of two-dimensional transesophageal echocardiog-
raphy (TEE) affords direct estimation of left ventricular end-diastolic volume in
the OR and ICU. This, correlated with simultaneously measured pressures, has
increased our understanding of dynamic pressure-volume relationships in low
cardiac output syndromes.

During hypovolemia, left ventricular filling pressures are maintained by
increased vasomotor tone and enhanced blood return to the heart—a passive
response to altered vascular function. Indeed, this is an important compen-
satory mechanism in low cardiac output states. Intense venoconstriction may
actually elevate venous pressures despite hypovolemia, giving a false impres-
sion of intravascular volume—with dramatic consequences when venocon-
striction is abolished by sedation or anesthesia. With myocardial depression, left
ventricular filling pressures increase despite normovolemia—an active
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response to altered myocardial function. Both scenarios demonstrate the
coupling of vascular and myocardial function.

Afterload

Ventricular afterload is generally defined as the intramyocardial systolic
wall tension, or “wall stress”. It is directly related to the impedance to ventricu-
lar outflow, and a very important determinant of the pressure work of the
ventricle. The La Place relationship, which is used to describe surface tension in
a sphere, relates the components of afterload, as follows:

Walltension = Pr /2t

where P = pressure generated in the myocardium during systole (especially dur-
ing isovolumic contraction), r = intracavitory radius, and t = ventricular wall
thickness.

The response to an acute increase in afterload (systolic pressure work) is
an acute increase in preload (diastolic filling), which maintains cardiac output.
After several beats, ventricular performance tends to improve, perhaps reflect-
ing recovery from subendocardial ischemia (Anrep effect) (3). Further increases
in afterload cause compensation until the limit of preload reserve is reached,
after which cardiac failure and pulmonary edema occur. Chronic increases in
myocardial afterload (e.g., in aortic stenosis) results in concentric hypertrophy of
the left ventricle. That this is an appropriate compensatory mechanism is
understood by again examining the La Place relationship: the decrease in intra-
cavitory radius and increase in ventricular wall thickness modify the increases
in wall tension caused by increased intramyocardial systolic wall pressure.

An ischemic or scarred left ventricle (and a normal right ventricle)
operates close to its limit of preload reserve, and is exquisitely sensitive to
increases in afterload. The more impaired the left ventricle, the less it responds
to inotropic stimulation and the more dependent it becomes on the therapeutic
reduction of afterload by vasodilator therapy.

Systolic wall tension may be calculated by analyzing the area under a ven-
tricular pressure tracing (systolic pressure-time index, SPTI), and approximated
by a peripheral arterial tracing. In the absence of mechanical outflow
obstruction, the most important determinant of ventricular afterload is
peripheral resistance (R), derived by Ohm'’s Law of the circulation:
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BP
R

CO x R
BP / CO

1

Rather artificial pressure gradients are used to derive systemic and pulmonary
vascular resistances (SVR, PVR):

SVR

I

(MAP - CVP / CO) x 80 dynesec:cm

PVR

(MPAP - PAOP / CO) x 80 dyne-sec:cm™

where MAP = mean arterial pressure, CVP = central venous pressure, MPAP =
mean pulmonary artery pressure, PAOP = pulmonary artery occlusion pressure,
and CO = cardiac output. The factor of 80 converts from Wood units to SI units.
“Normal” SVR is in the range of 800 to 1500 dyne-sec-cm-5, and “normal” PVR
is 50 to 150 dyne-sec-cm™.

A number of caveats apply to the clinical use of calculated vascular resis-
tance. Thermodilution cardiac output estimation carries an inherent variability
of 10 to 15%; in the calculation of vascular resistance this error is magnified by a
factor of 80. Measured CVP probably bears little relationship to the systemic arte-
rial pressure gradient, which should ideally be represented by mean arterial
pressure minus precapillary arteriolar pressure. Small errors in PAOP
measurement cause large errors in the estimation of PVR. Although the alter-
ation in SVR with changes in blood pressure and cardiac output is relatively
linear, the pulmonary circulation is much more complex and PVR is not
inversely related to cardiac output at equal pulmonary artery pressures. The
“normal” range of vascular resistance depends on the “normal” range of cardiac
output. Since this is dependent on body size, cardiac index should be used to
derive a vascular resistance index to define normality. For example, a 100 kg
patient should have a higher resting cardiac output than a 50 kg patient. Thus,
“normal” SVR for a large patient tends toward 800, and that for a small patient
toward 1500 dyne-sec-cm™, with identical hemodynamic states. Nonetheless,
non-indexed SVR and PVR are clinically useful to examine alterations in
hemodynamic status when the patient is used as his/her own control.

Vascular resistance varies inversely with the arterial radius to the fourth
power, i.e., small decreases in radius cause large increases in resistance. How-
ever, blood viscosity (affected by blood temperature and hematocrit) is also an
important determinant of vascular resistance. Finally, in the presence of ven-
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tricular outflow tract obstruction (e.g., aortic stenosis, idiopathic subaortic steno-
sis) systemic vascular resistance is completely dissociated from intramyocardial
systolic pressure and is a meaningless indicator of myocardial afterload.

Contractility

Contractility may be described as the intrinsic myocardial force of contrac-
tion developed at a given resting myocardial fiber length. It is usually expressed
in terms of change in fiber length per unit time (velocity of fiber shortening,
dl/dt) or change in ventricular pressure per unit time (dp/dt). The contractile
state can be theoretically defined by the velocity of fiber shortening at zero after-
load, i.e., where velocity would be maximal (Vmax)-

Cardiac output generated at a given contractile state depends on loading
conditions, i.e., preload and afterload effects—but changes in preload and after-
load do not alter the intrinsic contractile state: Viax is unchanged. A decrease
in cardiac output under the same loading conditions represents a decrease in the
contractile state (negative inotropic effect), and vice versa (positive inotropic
effect). Clinical measurement of contractility requires elaborate and invasive
monitoring (e.g., a left ventricular catheter to measure dp/dt). Instead, the con-
tractile state is inferred by ventricular function curves.

Heart Rate

Heart rate determines cardiac output at any given stroke volume. It is
also the most important clinical determinant of myocardial oxygen balance.
Increase in heart rate occurs at the expense of diastolic time, i.e., during maxi-
mal coronary perfusion to the left ventricle. If heart rate is too slow, cardiac
output may be inadequate despite maximal increases in stroke volume and
enhanced coronary perfusion time. If heart rate is too fast, the shortened
diastolic time prevents adequate ventricular filling and coronary perfusion, so
that cardiac output decreases and myocardial oxygen imbalance results. The
latter effect is enhanced by the increase in myocardial oxygen consumption
caused by tachycardia, because of increased systolic work per minute. In addi-
tion, contractile force increases with increased contractile frequency; this is
known as the staircase or Treppe phenomenon, or Bowditch effect, and is
calcium dependent (4.5). (This effect is actually more apparent in the anes-
thetized animal or depressed heart than in an intact, conscious individual).

Increased heart rate is an essential compensatory mechanism (and impor-
tant clinical sign) when stroke volume is decreased by hypovolemia or myocar-
dial ischemia. Bradycardia induced by sinus node disease or negatively
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chronotropic drugs exacerbates low cardiac output. However, compared with
other mechanisms of increasing cardiac output (preload augmentation, after-
load reduction, positive inotropism), increased heart rate is the most expensive
in terms of myocardial oxygen balance. In the presence of myocardial ischemia
and low cardiac output, it remains a clinical dilemma as to what increase in
heart rate will take advantage of the Treppe phenomenon without exacerbating
ischemia.

PRINCIPLES OF HEMODYNAMIC MANAGEMENT

Regardless of the etiology of the low cardiac output syndrome, an effec-
tive approach to hemodynamic management must follow a logical, orderly
sequence based on accurate clinical and hemodynamic data.

1. Stabilize Heart Rhythm And Rate

Disturbances of heart rhythm and rate are very often secondary to hypo-
volemia, myocardial ischemia, or metabolic derangements, and may be refrac-
tory to therapy until the underlying disorder is corrected. Indeed, tachycardia
and tachyarrhythmias are important clinical markers of the severity of illness.
Spontaneous resolution or a sustained response to therapy generally indicates
that the patient’s overall condition is improving, and vice versa. On the other
hand, bradycardia and bradyarrhythmias more commonly reflect underlying
conduction system disease or drug toxicity. As long as the heart rhythm and rate
are unstable, it will be very difficult to achieve a meaningful hemodynamic
assessment and optimize the other determinants of cardiac function.

Sinus Tachycardia

Sinus tachycardia is an appropriate reflex physiologic response to low
stroke volume, whether it is due to hypovolemia or cardiac failure. Excessive
tachycardia (>120 beats/min) may be due to pain, acute myocardial ischemia,
hypoxemia, or hypercarbia, which should be identified and aggressively treated.
In compensated low output states, attempts to slow sinus tachycardia with beta
blockers are likely to cause acute hemodynamic decompensation. Instead, the
underlying cause of shock must be treated.

The most immediate indicator of an improvement in stroke volume in
response to fluid, inotropic, or vasodilator therapy is a decrease in the rate of
sinus tachycardia. For example, two serial measurements of cardiac output may
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both be 5.0 1/min; and a superficial assessment might suggest no change in
hemodynamic status. However, if the heart rate with the first is 120 beats/min
and with the second 90 beats/min, the implication is a substantial improvement
in myocardial function (calculated stroke volume increases by 33%, i.e., from 42
ml/beat to 56 ml/beat).

Heart rates of >160 beats/min are more likely to be due to supraventricu-
lar tachyarrhythmias.

Supraventricular Tachyarrhythmias

These include atrial tachycardia, atrial flutter and atrial fibrillation.

The etiology of supraventricular tachyarrhythmias is multifactorial.
Amongst the most important is high circulating endogenous catecholamines,
which is an implicit component of the low cardiac output state. Other factors
which increase catecholamines include pain, acidosis, hypoxemia and hypercar-
bia. Arrhythmia threshold is decreased by hypokalemia, hypomagnesemia or
hypercalcemia. In this milieu supraventricular tachyarrhythmias are more
likely to occur as a dose-related side effect of any inotropic agent. Direct mechan-
ical stimulation of the right atrium by the tip of a deeply placed central venous
catheter is obvious in retrospect, but may be missed unless sought.

Therapeutic interventions may be transiently successful, but are unlikely
to cause sustained resolution until most if not all of the above factors are cor-
rected.

Patients with chronic atrial fibrillation represent a special challenge. First,
there is usually some form of underlying heart disease (valvular, ischemic or
hypertensive). Second, their cardiovascular reserve is compromised by the lack
of an atrial kick, and they will develop a low cardiac output syndrome with a
lesser insult. Conversion to sinus rhythm is usually impossible. Although
increases in ventricular response rate occur with hypovolemia or other causes
of increased sympathetic tone, they are irregular and unpredictable, and may
further compromise ventricular filling in a diseased heart. On the other hand,
increased endogenous and exogenous catecholamines may render it impossible
to slow fast ventricular response rates; attempts at pushing digoxin invariably
result in toxicity.

In patients with severe obstructive lung disease undergoing major vascu-
lar surgery, multifocal atrial tachycardia (MAT) is an important and often poorly
treatable contributor to hemodynamic instability in the perioperative period. It
is a rapid, chaotic atrial arrhythmia often difficult to distinguish from atrial fib-
rillation. It is usually refractory to digoxin and responds best to verapamil or
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esmolol, whose negative inotropic effects to all intents and purpose contraindi-
cate their use in low cardiac output states.

Sinus Bradycardia and Conduction Problems

Although sinus bradycardia is usually defined as a heart rate less than 60
beats/min, in the presence of the other manifestations of a low cardiac output
syndrome, a heart rate less than 90 beats/min is quite inappropriate and suggests
some underlying conduction disease. This is particularly likely if a slow heart
rate has been noted both before and during surgery. The most common cause is
sinus node fibrosis due to aging or ischemic heart disease. A previous history of
palpitations or syncope is suggestive of a sick sinus syndrome; this diagnosis is
likely if there are intermittent supraventricular tachyarrhythmias, either spon-
taneously or with chronotropic therapy. Preoperative therapy with long-acting
beta blockers, notably nadolol, but also occasionally atenolol, can cause sinus
bradycardia extending into the postoperative period. Sinus bradycardia also
occurs with severe hypothermia (central temperature less than 33°C) which can
occur with massive blood transfusion.

Acute onset of bradycardia or bradyarrhythmias may occur with digitalis
toxicity or acute inferior myocardial ischemia or infarction. Digitalis-induced
conduction problems are enhanced by acute hyperkalemia and metabolic
acidosis, which are common in low output shock, and include wandering atrial
pacemaker, junctional rhythm, second-degree heart block (Mobitz type I,
Wenckebach phenomenon) and complete heart block. However, conduction
block may coexist with tachyarrhythmias (e.g., paroxysmal atrial tachycardia
with block).

For brief episodes of bradycardia or heart block, intravenous anticholiner-
gic agents such as atropine 0.5 mg or glycopyrrolate 0.2 mg may be sufficient to
overcome vagal tone. However, repeated doses may result in a central anti-
cholinergic syndrome. “Pharmacological pacing” with isoproterenol (2 mg in
250 ml D5W, start at 0.01 pg/kg/min) can be useful for sinus bradycardia because
its chronotropic effect is so potent; the heart rate can be carefully titrated to a
more physiologic rate. However, if the sinus node is resistant to isoproterenol,
increasing dosage results in increasing peripheral vasodilation. In patients with
a true sick sinus syndrome, isoproterenol can precipitate tachyarrhythmias.

Electrical pacing is the safest, most reliable method of treating brad-
yarrhythmias. In particular, if a combination of conduction disease and irritabil-
ity exists (digitalis toxicity, sick sinus syndrome), it allows treatment of the
tachyarrhythmias while supporting the possibility of complete heart block. A



151

transvenous pacemaker can usually be placed via the right internal jugular
approach without difficulty, and capture achieved by monitoring the P wave on
an electrocardiogram attached to the pacing wire, with or without the help of
fluoroscopy. There is always a concern that a pacing wire may entangle a
pulmonary artery catheter already in place, but in the authors’ experience, this
has not represented a problem.

An alternative approach is to utilize a pulmonary artery catheter with
integrated pacing capability. A number of products are now available that allow
the passage of a pacing wire via a right ventricular port. Ventricular capture is
usually obtained and maintained reliably. A new catheter which also provides
an atrial pacing wire has recently been introduced. This has the distinct advan-
tage of allowing atrial and/or atrioventricular sequential pacing, which is a great
advantage in low cardiac output states because provision of an atrial kick can
increase cardiac output by up to 40%. An earlier type, the so-called multipurpose
catheter, which has the atrial and ventricular wires fused to the catheter itself,
does not provide reliable pacing. A drawback of all these pulmonary artery
catheters is that it may be impossible to achieve balloon occlusion of the
pulmonary artery and pace simultaneously. They also preclude the use of
continuous monitoring of mixed venous oxygen saturation, which may be
extremely helpful in managing low cardiac output states.

Finally, if access for transvenous pacing is difficult or impossible, an
external pacemaker (usually integrated with a defibrillator unit) can provide
life-saving temporary ventricular pacing (6). Because there is a tendency to pace
large muscle groups (“pace the entire patient”), the patient should be kept
sedated, if possible.

Ventricular Arrhythmias

Ventricular ectopy and tachycardia share the same etiologic factors as
supraventricular tachyarrhythmias. However, one the most important and
ominous signs of acute myocardial ischemia is the onset of increasing ventricu-
lar irritability. In cardiogenic shock, recurrent ventricular arrhythmias may
become increasingly refractory to therapy and are often the cause of death. Signs
that suggest “malignant” ventricular ectopic activity (i.e., likely to progress to
ventricular tachycardia) include multifocal ectopics, ventricular bigeminy or
trigeminy, or “R on T” phenomenon (ectopic beat starts during preceding
T wave).
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2. Optimize Preload

Identify Optimal Preload

Optimal preload is not that filling pressure which happens to fall within
the normal range (4 to 12 mmHg), but that which provides the most effective
cardiac function under prevailing conditions of contractility and afterload.

In hypovolemic shock, optimal preload is obtained when cardiac function
is sufficiently enhanced to restore vital organ perfusion. This includes
improvement in mental status and cutaneous perfusion; a cardiac index greater
than 2.2 1/min/m? and mixed venous oxygen saturation (SvO3) greater than
65%; adequate stroke volume (i.e., heart rate less than 120 beats/min); stable
blood pressure, and urine flow greater than 1.0 ml/kg/hr.

In cardiogenic shock, optimal preload is obtained when cardiac function
is sufficiently enhanced to maintain the above indices but with a lessening of
pulmonary congestion and edema, at least to a level that is readily managed by
relatively low levels of inspired oxygen fraction (FIO2) and positive end-expira-
tory pressure (PEEP).

Restore Deficient Preload

In hypovolemic shock the most fundamental step in management is to
restore deficient cardiac preload. Optimal filling pressure is achieved by a series
of fluid challenges (see below), each followed by a careful hemodynamic profile
to assess the effect on heart rate, blood pressure, filling pressures, cardiac output,
stroke volume, calculated SVR, and urine flow. An effective response is indi-
cated by an improvement in these parameters as the filling pressure is
increased. Aggressive fluid administration should be continued until either
hemodynamic stability is achieved, cardiac output no longer increases with each
challenge (i.e., the "flat part” of the Starling curve has been reached) or there is
evidence of pulmonary dysfunction caused by increasing extravascular lung
water, suggested by new onset of rales, lung stiffness, and worsening intrapul-
monary shunt. At this point if the patient is still unstable, inotropic support
should be added to enhance contractility and decrease the filling pressure
required for a given stroke volume.

Blood transfusion

The hematocrit is an extremely misleading index of red cell volume with
acute hemorrhage; indeed, with severe fluid sequestration and hemoconcentra-
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tion, the hematocrit may be increased despite major blood loss. Packed RBCs
should be given on the basis of estimated blood losses even if the hematocrit
appears normal, particularly if it starts to decrease with infusion of nonblood
fluids. There is no clear agreement as to the ideal hematocrit. However, it seems
reasonable to achieve an hematocrit of at least 30% to obtain adequate oxygen
delivery without compromising capillary perfusion; in patients with active
myocardial ischemia or severe pulmonary dysfunction it would not be
unreasonable to achieve 34%.

Crystalloid versus colloid

Controversy has existed for decades regarding the relative advantages and
drawbacks of crystalloid versus colloid solutions in the treatment of shock. No
one has been able to show a significant difference in outcome. In this authors’
opinion, as long as continued and aggressive efforts are made to restore and
expand the intravascular volume, it doesn’t really matter which fluid is used!

Advantages attributed to colloid solutions (e.g., 25% or 5% human
albumin, 5% purified plasma derivative, 6% hetastarch, 10% pentastarch) which
justify their increased cost are based on their ability to rapidly expand the
intravascular volume to a greater degree than their actual volume by their
osmotic effect on drawing extravascular fluid into the plasma space (7). Human
blood derivatives (albumin, plasma protein fraction) are heat treated to remove
any possibility of disease transmission. However, colloid solutions do not
rehydrate the extracellular volume, which may be depleted. If they did diffuse
out of the plasma in the presence of a capillary leak syndrome, they could draw
fluid with them and exacerbate interstitial (especially pulmonary) edema. Large
volumes of plasma expanders hasten the onset of dilutional coagulopathy; in
addition, hetastarch coats platelets and impairs their aggregation. In the mid-
1970’s there were several reports of paradoxic hypotension associated with the
rapid administration of plasma protein fraction, attributed to the presence of
Hageman-factor fragments (prekallikrein activator) and the formation of
bradykinin (8), although this does not appear to have been a problem in recent
years.

Crystalloids (0.9% saline, lactated Ringer’s solution) have the advantage
of being cheap, readily available, and associated with a virtually zero possibility
of adverse reaction. They readily diffuse into the interstitial space so that plasma
expansion and preload augmentation is not as rapid nor as striking as that
achieved by colloids; however, in the longer term their ability to rehydrate the
extracellular fluid may offset this. In a capillary leak syndrome they do not
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increase interstitial osmotic pressure and are more readily removed by diffusion
back into the intravascular space than colloids when the Starling equilibrium is
restored. The main disadvantage of crystalloids is that in hemorrhagic shock
much larger volumes of fluid (up to four times) are required for an equivalent
increase in preload, leading to at times extraordinarily large increases in total
body water and weight gain( 9). Large amounts of normal saline (154 mEq chlo-
ride per liter) may lead to a hyperchloremic metabolic acidosis; lactated Ringer’s
contains 28 mEq/liter of lactate (which can buffer hydrogen ion but later mani-
fest as a metabolic alkalosis) and 3 mEq/liter calcium (which could cause clot
formation if mixed with citrated blood).

There is evidence that the judicious use of hypertonic (3% to 7.5%) saline
(“hot saline”) can provide greater hemodynamic response and improved
outcome in experimental hemorrhagic shock with less increase in total body
water, extravascular lung water and intracranial pressure than standard crystal-
loid solutions (10,11). However, its use in an uncontrolled hemorrhage model
actually resulted in increased bleeding (perhaps due to rapid volume expansion)
and mortality (12). Clinical studies in humans are required before its use can be
advocated for hemorrhagic shock after aortic aneurysm surgery.

Decrease Excessive Preload

In states of severe myocardial depression with flattening of the Frank-
Starling left ventricular function curve, the administration of fluid to maintain
blood pressure readily results in excessive preload. This has a number of
adverse effects. High cardiac filling pressures are transmitted through the
pulmonary circulation, causing pulmonary congestion and edema, increased
intrapulmonary shunt and hypoxemia, and predisposing to atelectasis and
pneumonia. Acute respiratory failure occurs quickly. Excessive preload directly
increases end-diastolic intracavitory radius, and thereby intramyocardial systolic
wall stress, afterload, and myocardial oxygen consumption. Elevated left ven-
tricular diastolic pressure compresses the subendocardium and worsens its per-
fusion. A vicious cycle of myocardial ischemia, hypoxemia and acute cardiac
failure develops.

Diuretic therapy

Loop diuretics. Attempts to increase urine flow with loop diuretics (e.g.,
furosemide, ethacrynic acid) are unlikely to be successful as long as hemody-
namic instability persists. This is because renal venoconstriction is intense and
renal blood flow diminished in low cardiac output states. In animal studies the
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administration of furosemide increases renal cortical blood flow, and when
given with low-dose dopamine, protects against ischemic renal injury; how-
ever, the diuretic effect needs to be in place before the onset of ischemia to be
beneficial (13). Rapid intravenous administration of loop diuretics is associated
with venodilation, which may cause abrupt hypotension. Lucas et al. in
attempting to convert oliguric to nonoliguric acute renal failure with
furosemide, found that it increased urine flow and osmolar and sodium clear-
ance, but produced no change in glomerular filtration rate, renal blood flow, or
distribution of intrarenal perfusion. In addition, 20% of the critically ill patients
in whom furosemide was used had a dramatic decrease in blood pressure two to
ten hours later (14).

In sum, loop diuretic response is difficult to predict, and a short-lived but
brisk increase in urine flow may decrease intravascular volume excessively,
requiring additional fluid administration and defeating the object of therapy.
Instead, lung function should be supported by mechanical ventilation and PEEP,
and diuretic therapy should be reserved for the stage of hemodynamic recovery,
when dramatic fluid mobilization may be very well tolerated. Continuous
infusion of furosemide (2.5-15 mg/hr) may be very useful in providing a
smooth, rather than intermittent, diuresis which can be fairly precisely con-
trolled by adjusting the infusion rate; it is also likely to be more effective than
bolus furosemide in patients with diminished glomerular filtration rate
(15,16,17).

Dopamine. Dopamine in the “low-dose” range (0.5-2.0 ug/kg/min) has a
predominant action on dopaminergic (DAj1) receptors located on vascular
smooth muscle cells in the renal and splanchnic vasculature and on renal tubu-
lar cells, causing vasodilation, increased renal blood flow and glomerular filtra-
tion rate, and saluresis (18,19). Additional vasodilation is caused by activation of
DAj receptors on sympathetic nerve terminals, by inhibiting adenylate cyclase
and norepinephrine release.

Low-dose dopamine is much more likely to cause a sustained increase in
urinary flow than the loop diuretics, while conferring some renal protection
(indeed, it may also have a salutary effect in modifying splanchnic ischemia
induced by low cardiac output). In addition, there is some animal evidence that
low-dose dopamine maintains renal blood flow in the face of norepinephrine-
induced vasoconstriction (20). For this reason, it is our practice to use a continu-
ous infusion of 1-2 pg/kg/min dopamine whenever more potent inotropic or
vasopressor agents are administered (see below). Even low-dose dopamine may
have a substantial chronotropic or arrhythmogenic effect in some patients,
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which may limit its use (21). Rarely, its vasodilator effect exacerbates hypoten-
sion.

Venodilator therapy

Nitroglycerin (NTG). NTG is a rapidly acting vasodilator agent with a
predominant effect on the venous side of the circulation. However, it must be
carefully titrated through its low-dose range (0.5-1.5 pg/kg/min), because with
increasing dosage it causes arteriolar dilation and systemic hypotension. Its pri-
mary benefit is to improve myocardial oxygen balance, which it does by several
mechanisms: direct coronary artery vasodilation, preferential dilation of epicar-
dial (conductance) arterioles, and (at low dosage) decrease in left ventricular
end-diastolic pressure without a decrease in aortic diastolic pressure. The net
effect is to decrease heart size, improve the transmyocardial gradient of coronary
perfusion, and increase blood flow into areas of ischemic myocardium. Exces-
sive reduction in preload may result in decreased cardiac output (22).

The major limitation to the use of NTG is systemic hypotension and
reflex tachycardia, which negates its benefit on myocardial oxygen balance. In
the presence of acute myocardial ischemia without cardiac failure, coronary per-
fusion pressure may be maintained and reflex tachycardia avoided by the simul-
taneous infusion of phenylephrine. However, the adverse effects of o-
adrenergic systemic vasoconstriction on cardiac afterload negates the beneficial
effect of NTG when PAOP exceeds 15 mmHg (23,24).. In addition, although NTG
may decrease pulmonary congestion by reducing left ventricular filling pres-
sures, oxygenation may actually worsen as hypoxic pulmonary vasoconstriction
is overcome and intrapulmonary shunting increases (this is a potentially
adverse effect of all vasodilator agents).

Inotropic support

Inotropic support can decrease excessive preload by shifting the left ven-
tricular Frank-Starling function curve upwards and to the left, i.e., a given
stroke volume is achieved at a lower filling pressure. Required preload is
further decreased if inotropic support is combined with arterial vasodilation
and afterload reduction (“inodilation”). However, increased myocardial oxygen
consumption caused by increased contractility and heart rate may negate the
benefit provided by preload reduction. These approaches are discussed below.
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3. Enhance Contractility
Normalize pH and Electrolyte Milieu

An important early step in improving the inotropic state of the
myocardium is to correct metabolic acidosis. When pH is less than 7.25, myocar-
dial response to catecholamines is depressed, and with prolonged duration of
shock, the left ventricular function curve becomes progressively shifted down
and to the right. Mechanical minute ventilation (Vg) should be increased to
provide respiratory compensation as long as it does not embarrass the circula-
tion. Sodium bicarbonate, usually given in 50 mEq aliquots (50 ml of 8%
NaHCO3) should be administered not by any preassigned formula but guided by
repeated estimation of arterial blood gases (ABGs), with the goal of achieving a
pH of equal or greater than 7.25. In states of severe lactic acidosis, it may be
necessary to provide a continuous NaHCOj3 infusion, but this should be discon-
tinued as soon as the pH is consistently above 7.25. Serial estimation of serum
lactate levels (normal, less than 2.0 mEq/liter) may be helpful in assessing the
response to therapy and improvement or deterioration at the microcirculatory
level.

Calcium ion is essential for normal contractility of cardiac and smooth
muscle (see below). Ionized hypocalcemia (normal, 1-1.25 mM/1 or 4.1-5.1
mg/dl) occurs during very rapid administration of citrated blood, i.e., during
resuscitation in hemorrhagic shock. If hypocalcemia is suspected or measured,
10% calcium chloride (which provides 13.4 mEq Ca2+* per gram) can be given
slowly LV., up to 10-20 mg/kg. This may have the effect of markedly enhancing
the response to catecholamines; blood pressure increases because of increased
contractility and peripheral vasoconstriction. Administration of calcium exacer-
bates the arrhythmogenic effect of hypokalemia, and both the therapeutic and
toxic effects of digoxin.

Hyperkalemia may be caused by muscle ischemia, acute renal insuffi-
ciency, excessive administration of potassium supplements, or use of o-
adrenergic agents (phenylephrine). Not only does potassium in excess threaten
cardiac conduction (asystolic arrest being the primary fear), but it also exerts a
negative inotropic effect. A serum potassium level greater than 6.0 mEq/1
should be aggressively treated with calcium chloride, hyperventilation, sodium
bicarbonate or insulin and glucose.
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Select Appropriate Inotropic Agent
Mechanisms of cardiac inotropy

The contractile state of cardiac muscle depends on the number of cross
bridges formed between actin and myosin. Tropomyosin inhibits this interac-
tion. Calcium ion associates with troponin, and the complex formed alters
tropomyosin, allowing actin and myosin to interact. The more calcium avail-
able, the greater the force of contraction. Dissociation of calcium from troponin-
C reverses the process and relaxation occurs.

Membrane depolarization is caused by sodium influx through fast
sodium channels, followed by calcium influx through slow calcium channels.
The influx of calcium stimulates further release of calcium from the sarcoplas-
mic reticulum (25). The ubiquitous intracellular second messenger, cyclic
adenosine monophosphate (cAMP), is formed from ATP by membrane-bound
adenylate cyclase, and controls intracellular calcium concentration. Adenylate
cyclase activity and cAMP production is stimulated by catecholamine activation
of B-adrenergic receptors. Cyclic AMP activates cAMP-dependent protein
kinases that facilitate calcium influx by phosphorylating slow calcium channels
(26). Degradation of cAMP is accomplished specifically by phosphodiesterase IIL

Inotropic agents act at any point in the above processes to increase free
intracellular calcium, enhance the sensitivity of contractile elements to calcium,
or both. [o-adrenergic receptors, coupled to the polyphosphoinositide second
messenger system, also mediate increased myocardial contraction—slower and
more sustained—when stimulated (27).]

Sympathomimetic amines (catecholamines)

B-phenylethylamine, a benzene ring with an ethylamine side chain, con-
stitutes the structural basis for all sympathomimetic amines. Substitutions of
hydroxyl groups at the 3 and 4 positions of the benzene ring (catecholamines), or
the alpha and beta carbons of the ethylamine side chain distinguish the com-
pounds.

Inotropic effect depends on cardiac B adrenergic stimulation. However,
this is inevitably accompanied by greater or lesser chronotropic, dromotropic
and bathmotropic effects, resulting in (unwanted) tachycardia, accelerated
cardiac conduction and/or tachyarrhythmias. Although a few sympathomimetic
agents have pure B-adrenergic activity, most agents have mixed effects. Periph-
eral action may be predominantly vasodilator (i.e., B2 adrenergic effect: isopro-
terenol, dobutamine) or vasoconstrictor (i.e., o adrenergic effect: nor-
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epinephrine, high-dose dopamine). Salutary effects of the latter may occur not
simply by increased myocardial contractility, but rather as a result of potent
venoconstrictor effects and enhanced preload (an effect that could be achieved
by less dramatic interventions) (28). The catecholamines listed below are pre-
sented in order of frequency of use at our institutions.

Dopamine hydrochloride. Dopamine, the metabolic precursor of
norepinephrine and epinephrine, acts directly on a-, B- and dopaminergic
receptors, but about 50% of its action is indirect, mediated through the release of
norepinephrine from nerve terminals (29). It is therefore less effective when
norepinephrine stores are depleted, as in chronic cardiomyopathy or severe
myocardial dysfunction.

Dopamine’s major advantage is that in the low-dose range (0.5-2.0
pg/kg/min) it selectively acts on dopaminergic receptors in the renal and
splanchnic beds (see above). Low-dose dopamine infusion may be used as a
diuretic, or to protect the kidneys from renal vasoconstrictor effects of more
potent vasopressor drugs. In the dose range of 3 to 10 pg/kg/min dopamine has
a predominantly B; adrenergic action on cardiac contractility, but some
dopaminergic action remains. For this reason it has remained the first-line
agent to provide moderate inotropic support for the last two decades. In this
range there is a low incidence of tachyarrhythmias or myocardial ischemia.

Dopamine maintains blood pressure through peripheral o adrenergic
vasoconstrictor activity even in the presence of moderate hypovolemia, and
allows independent titration of SVR (and thereby afterload) by vasodilators such
as sodium nitroprusside. Above a dosage of 10 ug/kg/minute, its a-adrenergic
and chronotropic effects become increasingly prominent, resulting in cutaneous
and splanchnic vasoconstriction, oliguria and tachyarrhythmias, and it offers
little advantage over the potent a-adrenergic effects of norepinephrine [in fact,
plasma norepinephrine levels increase progressively as dopamine dose is
increased]. Dopamine has also been shown to increase diaphragmatic blood
flow and strength in patients with chronic obstructive lung disease, which may
be of additional benefit in this population of patients being treated for low
cardiac output (30).

Epinephrine. Epinephrine infusion is usually indicated when the
inotropic effect of dopamine is inadequate despite a dose of 7 to 10 pg/kg/min.
Epinephrine is a direct-acting catecholamine, with very potent cardiac 1 adren-
ergic activity. Its peripheral receptor effects are mixed, with By mediated vasodi-
lation on muscular arterioles, and an o] vasoconstrictor effect on the cutaneous
and splanchnic beds. As the dose of epinephrine is increased, receptor effects
range from predominantly B- (25-50 ng/kg/min), combined o- and B-, and



160

ultimately predominant o-adrenergic (75-100 ng/kg/min) (31). The net effect on
SVR therefore depends on the dose.

Low doses of epinephrine may result in decreased blood pressure because
of B2 mediated vasodilation and increased muscle blood flow. Epinephrine’s
predominant effect, however, is both positive inotropic and chronotropic action
on the heart, resulting in increased cardiac output, cardiac automaticity, and
systolic blood pressure. At the higher dose range it causes profound venocon-
striction and increased preload, and decreases flow through the vessels of the
skin, mucosa, and kidney. Tachycardia, tachyarrhythmias and splanchnic and
peripheral vasoconstriction (oliguria, metabolic acidosis, limb ischemia) become
prominent. Stimulation of glycogenolysis not infrequently results in hyper-
glycemia; lactic acidosis may be worsened by the excessive formation of
pyruvate.

Epinephrine is extremely useful in providing inotropic support in states
of myocardial depression following CPB. The simultaneous administration of 5
mg/kg boluses of calcium chloride increases blood pressure, but does not appear
to enhance epinephrine’s inotropic effect in this situation (32). However, when
the inotropic action of epinephrine is combined with afterload reduction, pro-
vided by either a pure vasodilator such as sodium nitroprusside or a phospho-
diesterase inhibitor such as amrinone, the enhancement of stroke volume is
greater than if either agent used alone (33).

Dobutamine. Dobutamine, a synthetic derivative of isoproterenol, exists
in a 50:50 racemic mixture of two optical isomers: the (-) enantiomer
(predominantly o7 adrenergic) and the (+) enantiomer (B3 and By adrenergic);
however in the racemic mixture the B-adrenergic activity predominates (34). It
shares isoproterenol’s property of virtually pure B-adrenergic action, but lacks its
profound chronotropic activity. Dobutamine enhances myocardial performance
by combining a positive inotropic effect with afterload reduction. It also causes
pulmonary vasodilation and right ventricular afterload reduction. Unlike
dopamine, it does not depend on release of norepinephrine, act on the
dopaminergic receptor, or increase vascular tone.

It is useful in patients with longstanding congestive heart failure,
cardiomyopathy or right ventricular dysfunction with pulmonary hypertension.
In severe pulmonary hypertension, however, increase in cardiac output may be
at the expense of increased right ventricular stroke work. There is some
evidence that dobutamine may enhance coronary artery flow in ischemic
myocardium, compared with dopamine (35). For the above reasons, there are
many who advocate dobutamine as a first-line inotropic agent in place of
dopamine. However, it should be kept in mind that, unlike dopamine, any
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increase in renal or splanchnic blood flow is due only to an increase in overall
cardiac output. Its potent vasodilator activity can provoke hypotension in
hypovolemic patients. Dobutamine has a reputation of lacking chronotropic
effects, but that is in comparison with isoproterenol, not dopamine. Indeed, its
chronotropic and arrhythmogenic effects become quite prominent at the higher
dose range, and, in our experience, are certainly no less troublesome than those
associated with dopamine.

Norepinephrine. Norepinephrine is structurally similar to epinephrine
(it lacks a methyl radical; n-ohne-radikal is “n without a radical” in German). It
is also a very potent B1 agonist, but its peripheral actions differ in that it has
extremely potent a-, and relatively weak P-adrenergic activity. Consequently,
vascular resistance (and hence preload and afterload) of both the left and right
heart is increased, as is systolic and diastolic blood pressure. Therefore, despite
increased cardiac contractility, cardiac output may be little changed, or reflexly
decreased. Norepinephrine is indicated in states of severe reduction of SVR
which jeopardize coronary perfusion pressure, e.g., septic shock, or to maintain
perfusion pressure in combination with amrinone (see below). Its use in high
doses for protracted periods will induce severe renal and splanchnic ischemia
(and may result in acute renal failure or ischemic bowel syndrome).

Isoproterenol. Isoproterenol is a very potent synthetic catecholamine that
acts exclusively on the B-adrenergic receptors. Its pronounced chronotropic
effect elicits an increase in heart rate at the lowest of doses, and always precedes
demonstrable inotropic effect. Although it is a potent inotropic agent its use as
such is severely limited by its predisposition toward tachycardia and
tachyarrhythmias. Its powerful B, adrenergic activity has been taken advantage
of in its use as a bronchodilator (which has been curtailed because of its cardiac
effects); the marked reduction in SVR causes hypotension unless the cardiac
output increases accordingly. Isoproterenol has been used with some success in
the treatment of severe pulmonary hypertension, but again its usefulness is
limited by tachycardia. In recent years, isoproterenol has been confined to use in
low doses as a chronotropic agent, to provide “pharmacologic pacing” in sinus
bradycardia or other conduction defects.

Dopexamine hydrochloride. Dopexamine is an investigational synthetic
catecholamine presently undergoing extensive clinical trials in Europe. It has a
unique pharmacologic profile: sixty times the B adrenergic effect of dopamine,
one third its dopaminergic (DA1) effect, and relatively weak B1 adrenergic (i.e.,
inotropic) activity (36). Dopexamine increases cardiac output primarily by reduc-
ing afterload (and hence decreasing metabolic oxygen demand), and has been
shown to enhance renal blood flow. It exhibits less tachyphylaxis and more pro-
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found afterload reduction than dobutamine (37). Like dopamine, it is capable of
releasing norepinephrine, but appears to have much less arrhythmogenic
potential. Its place in the pharmacopoeia of catecholamines awaits further
clinical experience.

Phosphodiesterase inhibitors

Intracellular cAMP controls intracellular calcium concentration, cardiac
muscle contractility, and smooth muscle relaxation. Its levels can be directly
increased by catecholamine-induced B-adrenergic stimulation, or, alternatively,
by inhibition of its breakdown by phosphodiesterase. There are three known
types of phosphodiesterase. Phosphodiesterase I and II facilitate the breakdown
of cyclic guanine monophosphate (cGMP) and non-specific cyclic nuclear phos-
phate, respectively. Phosphodiesterase III selectively breaks down cAMP.
Theophylline and the methylxanthines are non-selective phosphodiesterase
inhibitors; their benefit in increasing contractility is outweighed by toxic side-
effects (nausea, vomiting, tachyarrhythmias, seizures). On the other hand, selec-
tive phosphodiesterase III inhibitors have clinically useful inotropic activity.

Amrinone. Amrinone, a bipyridine derivative, is a selective phosphodi-
esterase III inhibitor, and acts independently of the B-adrenergic receptor. It is a
non-adrenergic inotropic agent with potent vasodilator effects which reduce
both SVR and PVR, with marked reduction in both left and right ventricular
afterload (38). The combination of afterload reduction with a milder
chronotropic effect suggests that amrinone may have a beneficial effect on
myocardial oxygen balance compared with the catecholamines, and would be
indicated in myocardial depression associated with ischemia. However, this
benefit may be negated if amrinone’s potent vasodilator effect causes hypoten-
sion. Maintenance of adequate coronary perfusion pressure usually requires the
simultaneous administration of a vasoconstrictor agent such as norepinephrine
or phenylephrine. Amrinone appears to be particularly useful in the treatment
of right ventricular dysfunction associated with elevated pulmonary artery pres-
sures. In patients who have developed tachyphylaxis to catecholamines because
of down-regulation of beta receptors, the addition of amrinone can provide an
enhanced inotropic response. In fact, the combination of amrinone with any of
the catecholamines (dopamine, epinephrine, norepinephrine) further increases
intracellular cAMP and augments the inotropic response.

The pharmacokinetic profile of amrinone differs from that of the
catecholamines in that a loading dose is required, but is similar to many agents
used in anesthesia. Amrinone has a short redistribution half-life (t1/,-alpha) of



163

one to two minutes, and a long elimination half-life (¢1/,-beta) of 2 to 6 hours.
About 25% is excreted unchanged by the kidney. Amrinone infusion must be
prepared in normal saline (not dextrose) and protected from light to prevent
degradation. A loading dose of sufficient magnitude to sustain therapeutic
plasma levels (2-9 pg/ml) until they are achieved by the maintenance infusion
is of the order of 1.5 to 3.0 mg/kg (39,40). It should be given slowly over 15 to 20
minutes to minimize hypotension, while a maintenance infusion of 10 to 15
pg/kg/min is started. [If the risk vs. benefit of amrinone needs to be evaluated
before committing to a long-term infusion, a small loading dose (0.75-1.0
mg/kg) can be given: it will last five to fifteen minutes, after which a decision
can be made about further therapy]. After prolonged infusion is stopped, levels
fall slowly (“auto-wean”), especially in the presence of renal or hepatic dysfunc-
tion. Platelet dysfunction and ventricular arrhythmias, seen with chronic
administration, do not appear to be a problem with short-term use in the ICU.

Milrinone. Milrinone is about fifteen times as potent as amrinone, but
has a very similar pharmacologic profile. The usual loading dose is 50 pg/kg,
followed by a maintenance infusion of between 0.375 and 0.75 pg-kg-l-min-l. A
recent multicenter European study on patients with low cardiac index after CPB
(less than 2.5 L-min1-M-2) demonstrated that milrinone provided significant
and sustained inodilation, although two patients developed rapid atrial fibrilla-
tion shortly after the loading dose (41). In the oral form milrinone has less
potential to cause thrombocytopenia than amrinone.

Enoximone and piroximone. Two other phosphodiesterase III inhibitors,
enoximone and piroximone, which are imidazoline derivatives but have simi-
lar vasodilator and inotropic properties to amrinone, are presently undergoing
clinical trials in low cardiac output states (42,43).

Cardiac glycosides

The digitalis glycosides exert their inotropic effect by increasing intracellu-
lar calcium concentration. Inhibition of sodium-potassium ATPase by these
compounds results in the accumulation of intracellular sodium. As sodium
accumulates, it is replaced by calcium as a result of compensatory augmentation
of a sodium-calcium exchange.

Digoxin’s inotropic effect is relatively trivial compared with the
catecholamines, however, it is the only inotropic agent with a negative
chronotropic, dromotropic and bathmotropic effect. Prophylactic administration
for its antiarrhythmic effect is controversial because of its narrow therapeutic
window (especially in the face of rapid alterations in pH and serum potassium),



164

but it should be given at the first sign of atrial ectopy or supraventricular
irritability.

Enhancement of adenylate cyclase and other
non-adrenergic mechanisms

At present, agents acting to provide inotropic activity by stimulation of
adenylate cyclase independently of the adrenergic receptor system are of histori-
cal or investigational interest only. Compounds capable of acting distally to the
adrenergic receptor may prove useful in catecholamine insensitive patients, and
this may be a fruitful area of development in the coming decade.

Glucagon, a single chain pancreatic polypeptide with a molecular weight
of 3500 dalton, exerts its metabolic effects throughout the body by stimulating
the synthesis of cAMP. Initial interest in the inotropic potential of this com-
pound has waned because of its profound gastrointestinal side effects and lack of
potency (44). Similarly, specific Hy agonists, which have significant inotropic
effect on myocardial cell receptors, are unlikely to be of clinical use because of
widespread side effects (45). Forskolin, a plant derivative that acts on the
catalytic subunit of adenylate cyclase, has been used in humans in congestive
heart failure with significant inotropic and vasodilator effect; but its
chronotropic effect is unacceptable (46). Dibutyryl-cAMP is a phosphodiesterase-
resistant cAMP analogue which, administered intravenously to patients in con-
gestive heart failure, reduces both SVR and pulmonary artery pressures, while
significantly increasing cardiac output (47). It is unclear how much positive
inotropic effect played in this salutary effect as compared to simple afterload
reduction.

4. Normalize Systemic Vascular Resistance (SVR)

Reduce Excessive Afterload (Vasodilator Therapy)

Reduction of excessive myocardial afterload enhances cardiac function by
decreasing impedance to ventricular outflow, thereby reducing pressure work in
favor of volume work. The net effect is increased stroke volume, decreased
heart size and improved myocardial oxygen balance. The more impaired and
ischemic the ventricle, the less responsive it is to inotropic support and the
more dependent it becomes on reduction of excessive afterload for maintenance
of function. Inotropic agents with vasodilator properties (dobutamine,
amrinone) can provide effective afterload reduction (“inodilation”), but there
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are distinct advantages in titrating afterload independently with a rapidly acting
vasodilator drug such as sodium nitroprusside.

Vasodilator agents may be classified by their mode of action, but it is also
important to consider whether their effect is predominantly on the venous
system (i.e., preload reduction), arterial system (i.e., afterload reduction) or both.
Vasodilator therapy cannot provide benefit if the patient is still hypovolemic or
hypotensive—it will simply precipitate acute hypotension.

Direct Vasodilators
Sodium nitroprusside (SNP)

Sodium nitroprusside has a unique chemical structure in that acts as a
donor of nitric oxide (NO)—which has a direct, potent vasodilator action on
vascular smooth muscle—loosely bound to a ferrous ion (FeZ+) with five
cyanide molecules. The dissociation of the compound and its cyanide on entry
into the bloodstream confers its very rapid clinical onset and offset of action, but
also the potential for cyanide toxicity. Cyanide binds preferentially to ferric ion
(Fe3+), so that an important pathway for detoxification is the simultaneous
oxidation of hemoglobin (Fe2+) to methemoglobin (Fe3+), which forms
cyanmethemoglobin. The remaining cyanide is absorbed into red cells where it
binds with thiosulfate under the influence of rhodanase to form thiocyanate,
which is excreted in the urine. Excessive cyanide irreversibly binds with the
ferric ion of cytochrome oxidase, poisoning the cytoplasmic electron transport
chain and causing anoxic cellular hypoxia. Early toxicity is revealed by rapid rise
in SvO; and metabolic (lactic) acidosis. Cyanide toxicity is entirely related to the
rate of administration; fatal overdose of SNP has been reported when infusion
rates of 15 to 40 pg/kg/min were given. Limitation of dosage to less than 8
ug/kg/min avoids this danger and has allowed SNP to become established as
widely used intravenous vasodilator agent.

Afterload reduction with SNP is indicated when, despite stabilization of
heart rate, augmentation of inadequate preload, and inotropic support, there is a
persistent low cardiac output state (CI less than 2 1/min/m?) associated with an
elevated SVR (greater than 1500 dyne-sec-cm™>). Since SVR is a calculated vari-
able, the MAP is used as a continuous parameter to guide therapy. After baseline
hemodynamic data, an infusion of SNP is started slowly (e.g., 0.2 pg/kg/min)
with the goal of providing slight reduction in MAP, e.g., from 85 mmHg to 75
mmHg. SNP is easily titratable, with an onset and offset of action of less than
two minutes. The desired effect is an increase in cardiac output with a decrease
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in SVR. A sharp decrease in blood pressure caused by a very small dose of SNP
indicates intravascular hypovolemia.

The vasodilator effect of SNP is balanced between the arterial and venous
systems. Preload reduction is achieved simultaneously, i.e., PAOP will decrease
after the institution of SNP therapy. To achieve the full benefit of afterload
reduction from SNP, the PAOP should be restored to its previous level by a
fluid challenge (250-500 ml of crystalloid or the osmotic equivalent of colloid).
Afterload reduction is continued using serial increments in SNP dosage, with
fluid challenges to restore preload, until the desired cardiac output is achieved.
The main limitation is hypotension: an SNP dose of greater than 2 pg/kg/min
is seldom required or tolerated when used for afterload reduction.

The most common adverse effects of SNP therapy are abrupt hypoten-
sion, reflex tachycardia and myocardial ischemia. Arterial vasodilation decreases
aortic diastolic pressure and coronary perfusion pressure. SNP promotes intra-
coronary steal by dilating both conductance and impedance arteries, shunting
blood away from ischemic areas. Hypoxemia due to inhibition of hypoxic
pulmonary vasoconstrictor responses is a potential problem in the non-venti-
lated patient. Cyanide toxicity is a non-issue as long as infusion rates are kept
low (see above), but thiocyanate (a neurotoxin) may accumulate with prolonged
infusions in patients with renal dysfunction.

Nitroglycerin (NTG). The benefits of nitroglycerin in reduction of
preload have already been discussed. However, preload and afterload effects are
integrated into the cardiac cycle. Reduction of excessive preload by NTG can
decrease heart size and intraventricular radius at the end of diastole, which in
turn reduces afterload during the following systolic contraction. Myocardial
oxygen consumption is decreased. Because its venodilator effects predominate,
use of NTG seldom causes an increase in cardiac output, and if preload
reduction is excessive, cardiac output will decrease.

Hydralazine. Hydralazine acts predominantly on the systemic arterial
circulation, and in patients with low cardiac output, high SVR states it provides
specific afterload reduction, without reduction of preload. This allows a greater
reduction in SVR and increase in cardiac output than is achieved by a non-
specific vasodilator such as SNP, without hypotension, and without the
requirement for fluid challenges to restore the preload (48). Reflex tachycardia, a
hallmark of its use in the treatment of systemic hypertension, is not seen
because the stroke volume increases as SVR decreases. Effective dosage is much
smaller than that used in hypertension, ie., 2.5 to 7.5 mg 1V, given every 4
hours. The pharmacokinetics are unpredictable based on weight, because
patients may genetically be rapid or slow acetylators of the drug. Onset of effect is
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usually 20 min after initial injection, and serial hemodynamic measurements
are required for dose adjustment. Hydralazine is taken up into storage depots in
the arterial muscularis, and dosage requirements gradually decrease over 24 to
48 hours, to every 6 to 8 hours. Conversion from the IV to oral route requires a
5- to 10-fold increase in dosage (e.g., 25 mg po q8hr) because of first-pass clear-
ance by the liver.

Because of its slow, rather unpredictable onset and duration of action,
hydralazine is not suitable for the initial management of the low cardiac output
state, but rather provides a means of continuing afterload reduction in patients
who have demonstrated dependence on SNP for longer than 12-24 hours.
Hydralazine worsens coronary perfusion pressure by decreasing aortic diastolic
pressure without decreasing left ventricular diastolic pressure. Its use should be
avoided in the presence of myocardial ischemia.

Calcium channel blockers

Nifedipine. Nifedipine is a calcium channel blocker with predominantly
vasodilator effects on the coronary, pulmonary and systemic circulations; it has
very little negative inotropic or negative dromotropic action. As such it has
been used to reduce afterload and improve systolic function in patients with
CHF (49). However, excessive vasodilation, hypotension, reflex tachycardia and
exacerbation of myocardial ischemia have been reported with the use of
nifedipine after myocardial infarction. Hypotensive insults to other organs,
including the kidney, have also been reported (50). Nifedipine is relatively
water-insoluble and light-sensitive, and its parenteral use is restricted to sublin-
gual administration of the aspirated contents of a capsule—so that its effects are
rather unpredictable and difficult to titrate. Diltiazem and verapamil, which
have negative inotropic and dromotropic effects, are unlikely to exacerbate
myocardial ischemia, but are not indicated in low cardiac output states unless
they are associated with obstructive cardiomyopathy or supraventricular
arrhythmias.

Nicardipine. Nicardipine is an analog of nifedipine with similar actions,
but it is water-soluble and light-insensitive, allowing its administration by direct
intravenous injection or infusion (51). It has been used extensively in Japan and
will be released in the USA in the near future. Because of its relatively slow
onset and offset of action, it is unlikely to replace SNP in acutely unstable
patients, but may be of benefit in states of persistently elevated SVR (where it
might be more suitable than hydralazine).
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Alpha-adrenergic antagonists

Phentolamine. Phentolamine is of historical interest because it was one
of the first vasodilator agents used to provide afterload reduction in low cardiac
output states. However, it is a non-selective a-adrenergic antagonist, i.e., it also
blocks presynaptic o-2 receptor mediated inhibition of endogenous nor-
epinephrine release, resulting in undesirable reflex tachycardia.

Prazosin. Prazosin provides selective o1 receptor blockade, i.e., reflex
norepinephrine release is suppressed by the unblocked o; receptor, so that reflex
tachycardia is not a problem. Its action on the circulation is balanced, like SNP,
so that administration decreases both preload and afterload by combined arterial
and venous vasodilation (52). Tachyphylaxis, hypotension and lack of an intra-
venous formulation (in the USA), and limit prazosin’s use in acute low cardiac
output syndrome.

Angiotensin converting enzyme (ACE) inhibitors

Captopril and enalapril. Captopril and its analog enalapril are oral and
intravenous ACE inhibitors which dilate both the arterial and venous compo-
nents of the circulation. The effects of administration of both agents are quite
similar, eliciting increases in stroke volume and cardiac output as a result of
preload and afterload reduction. While it has been extensively used in the ther-
apy of chronic congestive heart failure, captopril administration (25 mg IV q 6
hr) affords clinical improvement in acute heart failure and cardiogenic shock as
well (53,54). ACE inhibitors have a number of additional potential benefits,
including the reduction of the norepinephrine response to submaximal
exercise, prevention of the formation of myocardial depressant factor (MDF),
reduction in ventricular arrhythmias, and enhanced free radical scavenging (55-
58).

The most important adverse effect of ACE inhibition is hypotension
(especially in the presence of hypovolemia), resulting in reduced glomerular
filtration rate and potassium excretion (59). Abrupt and dramatic deterioration
in renal function may occur because compensatory angiotensin-induced efferent
arteriolar constriction is blocked, so that glomerular filtration pressure declines
pari passu with decreased renal blood flow and perfusion pressure. Although
this effect can be attenuated by dose reduction, it frequently limits the applica-
tion of ACE inhibition in the immediate perioperative period, when renal
blood flow is borderline and renal insufficiency is so common.
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Inodilator therapy

Agents which combine the properties of inotropic activity with vasodila-
tion, i.e., inodilators, potentially simplify hemodynamic management because
they obviate titration of a vasopressor with a vasodilator such as SNP. Because
they decrease SVR and PVR, they decrease heart size, wall stress and cardiac
work, making them attractive agents in the therapy of cardiogenic shock (60).
Isoproterenol, the progenitor inodilator, has excessive chronotropic activity
which contraindicates its use in states of myocardial ischemia. Dopamine has
vasodilator activity due to its dopaminergic and B, adrenergic action in the
lower dose range only (probably less than 5 pg/kg/min); above this range, its o1
adrenergic action causes increasing vasoconstriction. Dobutamine and
amrinone are currently available inotropic agents with potent vasodilator activ-
ity which provides the advantage of simultaneous afterload reduction
(inodilation). Additional vasodilation with SNP is seldom indicated or toler-
ated, because of hypotension. In our experience, inodilation is particularly help-
ful when right ventricular dysfunction is prominent. This is because the right
ventricle is exquisitely sensitive to increases in its afterload, and these agents are
effective in decreasing elevated PVR.

Restore inadequate SVR (vasopressor therapy)

Occasionally systemic vasoconstrictor responses to hypovolemia and/or
low cardiac output are ineffectual or absent. This may be due to autonomic
neuropathy (diabetes, chronic renal failure), arteriovenous shunts (liver fail-
ure), endotoxemia (splanchnic ischemia) or drugs (long-acting vasodilators,
such as ACE inhibitors, calcium blockers). Restoration of adequate SVR is
especially important in the presence of myocardial ischemia, in order to main-
tain adequate coronary perfusion pressure. However, use of vasopressor agents
must be very carefully titrated to achieve the most effective balance between
perfusion and flow. Excessive vasoconstriction induces splanchnic, renal and
peripheral ischemia, exacerbates cellular hypoxia (with increased lactic acidosis
and DIC) and if myocardial afterload is increased too much, acute cardiac
decompensation and pulmonary edema.

Vasopressor agents should be used alone only if life-threatening
hypotension persists despite all efforts to restore blood pressure by the use of
aggressive fluid administration and inotropic support, and if calculated SVR is
inappropriately low (e.g., less than 1000 dyne-sec-cm™). The therapeutic goal
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should be to maintain a MAP of about 60 mmHg (to ensure adequate coronary
perfusion pressure), while continuing other means to restore blood pressure.

On the other hand, the combination of a vasopressor agent with a
vasodilator or inodilator drug may be an effective means of maintaining
systemic and coronary perfusion pressures while obtaining the benefits of the
vasodilation on the coronary or systemic circulations. Examples would be the
combination of phenylephrine with nitroglycerin (sustained coronary perfusion
pressure with coronary vasodilation), or the use of norepinephrine or
epinephrine with amrinone (sustained systemic pressure with pulmonary
vasodilation, as well as potentiation of inotropic effect).

Phenylephrine. Phenylephrine is a non-catecholamine o adrenergic
agonist that provides peripheral vasoconstriction without inotropy or reflex
tachycardia (in fact, reflex slowing may occur). Effective circulating blood
volume is diverted towards the heart and the brain, which lack potent o vaso-
constrictor responses. Phenylephrine is therefore indicated for temporary
therapy when hypotension and tachycardia threaten myocardial oxygen balance.
Alphaj mediated coronary vasoconstriction does occur, but appears to enhance
rather than hurt epicardial blood flow. Alphaj inotropic receptors also exist, but
this response appears clinically unimportant in the acute phase. Small bolus
doses (50-100 pg) may be given and repeated as necessary, while other steps are
being taken to restore blood pressure and cardiac output; if necessary, a continu-
ous infusion can be started.

Norepinephrine. Norepinephrine causes intense o1 mediated peripheral
vasoconstriction, but it also has considerable B1 adrenergic activity. It therefore
has the advantage of providing inotropic stimulation which may more than
compensate for increased afterload, so that cardiac output is increased. However,
tachycardia and tachyarrhythmias may occur, and the marked increase in pres-
sure work of the ventricles adversely affects myocardial oxygen balance. Nor-
epinephrine is therefore indicated in the temporary management of hypo-
volemic rather than cardiogenic shock, especially when endotoxin-mediated
splanchnic vasodilation is prominent.
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MYOCARDIAL STUNNING: AN OVERVIEW"

Dennis T. Mangano, PhD, MD

ABSTRACT Over the past two decades, we have challenged the belief
that transient ischemia is benign with little functional sequelae following reso-
lution of ischemia. The phenomenon of prolonged postischemic contractile
dysfunction, or of myocardial stunning, has been developed and is under inves-
tigation using multiple experimental and clinical models. Classifications of
myocardial stunning have been suggested and include single and multiple
reversible ischemic episodes, partially reversible episodes, and global ischemia.
More challenging is the understanding of the mechanisms of myocardial stun-
ning, including free radical protection, excitation-contraction uncoupling,
altered calcium flux, microvascular dysfunction, and impaired energy produc-
tion and use. Finally, advances have been made in the clinical arena, including
development of new more sensitive technologies to detect dysfunction, and
development of potentially important therapies, including free radical
scavengers, adenosine-regulating agents, and calcium channel blockers. In this
brief overview, we focus on myocardial stunning, including a historical perspec-
tive of coronary occlusion, and definition, classification, and clinical
implications of myocardial stunning. (J Card Surg 8[Suppl]:204-213, 1993)

EVOLVING CONCEPT OF ISCHEMIA

Research in myocardial ischemia and coronary occlusion dates nearly 300
years and has led to the development of many new concepts regarding the etiol-
ogy, pathophysiology, diagnosis, and treatment of myocardial ischemia and
infarction. Older concepts have been challenged; newer concepts have evolved.
Over the past decade, advances in research have furthered our understanding of
myocardial ischemia and the important relationship between ischemia and con-
tractile function. It now is clear from the work of Heyndrickx (1,2), Braunwald
(3,4), Bolli (5), Kloner (6), and others that myocardial ischemia is not an all-or-
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none process. No longer can it be stated that transient ischemia is benign with
little functional sequelae following resolution of ischemia. We have developed
the concepts of the stunned and hibernating myocardium. Critical to these
developments was recognition of the phenomenon of prolonged contractile
dysfunction, specifically as it related to myocardial ischemia: either a previous
ischemic event (stunned myocardium), a chronic ischemic event (hibernating
myocardium), or an irreversible ischemic event (infarcted myocardium).

We now recognize that there are a number of clinical conditions that may
be associated with stunned myocardium, including reperfusion following
thrombolytic therapy, angioplasty or myocardial revascularization, and unstable
angina. Similarly, hibernating myocardium may be associated with several clin-
ical conditions, including surgically reversible chronic myocardial asynergy fol-
lowing previous myocardial infarction and reversible asynergy associated with
ischemic cardiomyopathy. Considerable gains in the treatment of these clinical
conditions may result from our understanding of the phenomena of stunned
and hibernating myocardium.

In this brief overview, we focus on myocardial stunning, including a
historical perspective of coronary occlusion, and definition, classification,
mechanisms, and clinical implications of myocardial stunning. This overview
is provided for orientation for the articles that follow. It should be recognized
that the information contained here essentially has been abstracted from recent
works in the area, including the excellent reviews of Braunwald (3), Bolli (5),
Kloner (6), and others.

CORONARY ARTERY OCCLUSION:
HISTORICAL PERSPECTIVE

In 1982 Braunwald and Kloner (3) reviewed the history of coronary artery
occlusion. Their overview and that of others suggest three periods of develop-
ment: 1) early history (1698-1935), during which the effects of ligation or occlu-
sion of a coronary artery were first appreciated; 2) middle period (1935-1970),
during which the effects of brief occlusions on function, metabolism, and
morphological changes in the myocardium were determined; and 3) recent
history (1970-present), during which investigators focused on the relationship
between myocardial ischemia and contractile dysfunction, introducing the con-
cepts of stunned and hibernating myocardium.
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Early History (1698-1935):
Coronary Ligation Effects

In 1698 Chirac (7) ligated a coronary artery in a dog and found that the
heart ceased to beat following ligation. As reported by Braunwald and Kloner
(3), this was the earliest recorded investigation of the effects of coronary artery
ligation, demonstrating the importance of this phenomenon. The effects of
coronary ligation on intraventricular hemodynamics were first noted approxi-
mately 200 years later, in 1895, when Porters ligated the coronary artery and
found that the systolic ventricular pressure decreased whereas diastolic ventric-
ular pressure increased. Seventeen years later, the relationship between perma-
nent occlusion of the coronary artery and myocardial infarction was established
by Herrick (9).

Middle Period (1935-1970):
Brief Occlusion Effects

The early experiments essentially involved complete ligation of a coro-
nary artery and investigation of subsequent phenomena. However, it was not
until a classical work of Tennant and Wiggers (10) that the effects of brief peri-
ods of coronary artery occlusion were studied. This pivotal work established that
within 60 seconds of coronary occlusion, significant decreases in active systolic
shortening occur and lead to passive systolic lengthening. Thus, their open
chested canine model of acute myocardial ischemia established the important
relationship between reversible ischemia and regional mechanical dysfunction.
Numerous investigations followed over the next 35 years, leading to our under-
standing of the effects of brief periods of coronary occlusion on the mechanical
(functional), metabolic (biochemical), and morphological (histologic) markers of
function. In addition, regional differences across the myocardium were
explored, allowing differentiation of subendocardial, intramyocardial, and
subepicardial physiology. From these investigations it became clear that total
coronary occlusions of 20 minutes or longer usually were associated with
irreversibly damaged subendocardial regions serviced by that coronary artery—
changes that were documented by morphological evidence of necrosis: release of
cardiac enzymes, depletion of biochemical energy stores, and irreversible histo-
logic changes. Even with reperfusion these changes persisted. The second prin-
cipal finding of investigations during this period was that with briefer periods of
coronary occlusion (<20 min), myocardial ischemia was precipitated, but such
ischemia was reversible once coronary flow was restored. These investigations
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suggested that with restoration of flow, abnormalities of function, metabolism,
and structure reverse, and the myocardium reverts to its normal (preischemic)
physiological state.

Recent History (1970-Present):
Ischemic Dysfunction

In contrast to the above thinking, investigations over the last 20 years
have demonstrated that even with a single brief occlusion of a coronary artery,
lasting as short as 5 minutes, residual myocardial injury persists, despite
restoration of flow and resolution of ischemia (2,11,15). It is clear that such
"nonlethal ischemia" is associated with prolonged structural, metabolic, and
functional changes of the myocardium, which may remain quite abnormal for
days to weeks after restoration of flow. Not only had it been established that
segment function, wall motion, and thickening remained abnormal after
reestablishment of perfusion, but metabolic and morphological changes persist
as well. For example, in the central ischemic zone, ATP concentration has been
documented to fall to 50% of its preischemic control value after 15 minutes of
coronary occlusion, and remains reduced (75% of control) after 3 days of
reperfusion (16). Morphological and ultrastructural changes in the myocardium
also persist for days after establishment of normal coronary flow and resolution
of ischemia (3,5,6,17). Impaired myocardial relaxation, depletion of glycogen
granules, modulation of nuclear chromatin, and intermyofibrillar and
mitochondrial edema persist for 3 days or longer after a 15-minute occlusion.

These studies, which were performed over the last two decades, have
supported the concept of prolonged postischemic contractile dysfunction, and
ushered in the era of stunned myocardium. Over these last two decades, exper-
imental investigations in a large number of species have laid the foundation for
our understanding of the stunned myocardium and the mechanisms responsi-
ble for postischemic contractile dysfunction. Multiple models have been exam-
ined and have expanded the scope of myocardial stunning to include single and
multiple reversible episodes, partly irreversible episodes, and global ischemia.
In addition, there even may be evidence that exercise-induced ischemia may be
a model for stunning (5,6). More challenging is the understanding of the mech-
anisms of myocardial stunning. In this last decade, substantial advances have
been made in this area as well, including investigation of a broad spectrum of
potential mechanisms such as free radical production, excitation-contraction
uncoupling, altered calcium flux, microvascular dysfunction, and impaired
energy production and use. Finally, advances have been made in the clinical
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arena, including development of new technologies that may more sensitively
detect dysfunction (transesophageal echocardiography and multiple-lead
electrocardiography), and investigation of potentially important therapies such
as free radical scavengers, adenosine-regulating agents, and calcium channel
blockers (18).

Thus, the concept of postischemic contractile dysfunction has emerged,
and its importance is under active investigation.

DEFINITION OF MYOCARDIAL STUNNING

Myocardial stunning has been defined in a number of ways, depending
on the experimental model or clinical circumstance under consideration. To
enable discussion of the mechanisms and classifications of stunning, it is neces-
sary to develop a definition that is comprehensive yet straightforward.

A DEFINITION OF MYOCARDIAL STUNNING

Certain elements are common to all applicable models of stunning,
namely: (1) the presence of contractile dysfunction; (2) the existence of preceding
state of ischemia secondary to limitation in coronary flow; (3) the reestablish-
ment of perfusion following ischemia; (4) the absence of residual ischemia; (5)
the absence of irreversible damage (viable tissue); and (6) a specific temporal
characteristic of dysfunction—prolonged but transient—lasting hours to days.

For our purposes, we propose the following working definition of stun-
ning:

Myocardial Stunning is contractile dysfunction,which:

(1) persists following reperfusion, and

(2) is not accompanied by ischemia or irreversible damage, and

(3) is prolonged, but transient (lasting hours to days).

Relationship of Stunned Myocardium to
Hibernating and Necrotic Myocardium

Differentiation of stunned myocardium from hibernating myocardium
and infarcted myocardium is confusing at times. The essential features differen-
tiating these conditions are the presence of ischemia, the reversibility of contrac-
tile dysfunction, and the time to recovery of contractile function. Table 1
summarizes these comparisons.
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Table 1. Ventricular dysfunction and ischemia.

Ischemic State ~ Ventricular Time to Recovery of
Dysfunction Ventricular Function
Myocardial infarction irreversible irreversible infinite
ischemia
Hibernating chronicischemia  reversible" months to years
myocardium
Stunned myocardium no ischemia reversible days to weeks

Stunned myocardium is not associated with active ischemia, and contrac-
tile function is restored over a period of days to weeks following establishment
of reperfusion. In contrast, hibernating myocardium is associated with chronic
ischemia, but does share the common feature of reversible contractile function;
however, the time to recovery of contractile function is usually much longer
than with stunned myocardium, taking months to years. Finally, myocardial
infarction is associated with "irreversible ischemia" (cell death), and irreversible
contractile dysfunction.

Other Characteristics of Stunned Myocardium

In addition to the above characteristics, stunned myocardium may be
associated with other functional, biochemical, and histologic abnormalities.
Both systolic and diastolic dysfunction may occur with stunning. After 15
minutes of occlusion following 3 hours of reperfusion, not only is systolic con-
traction compromised, but isovolemic relaxation is impaired as well—mani-
fested by paradoxical diastolic shortening and prolonged diastolic relaxation
time (19). Preliminary data supporting diastolic dysfunction also exist in
humans (20). The stunned myocardium also is associated with biochemical
abnormalities. Multiple studies have demonstrated immediate depression of
ATP levels, followed by a slow recovery, similar to the time course of contractile
function recovery (11,21). However, surprisingly, the phosphocreatine concen-
tration is normal or even above normal (22), suggesting that mitochondrial
phosphorylation is not affected. Additionally, recruitment of myocardium by
inotropic stimuli is a common characteristic of stunned myocardium (22,23),
suggesting that although ATP energy stores are decreased, production is not
markedly impaired and is able to match metabolic needs. Finally, the stunned
myocardium routinely exhibits a histologic picture in which the salvaged
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myocytes are normal. However, electron microscopic abnormalities have been
observed, including twisted configuration of the cristae of the mitochondria and
the presence of vacuolar structures (17).

Thus, the stunned myocardium is characterized by a complex set of func-
tional, biochemical, and histologic changes dependent on the model chosen.

CLASSIFICATION OF MYOCARDIAL STUNNING

Prolonged postischemic contractile dysfunction, or myocardial stunning,
has been demonstrated in multiple experimental and clinical settings.
Experimental models have included a number of species subjected to multiple
types of ischemic challenges. Therefore, classification of stunning is difficult
given the large number of experimental and clinical conditions in which stun-
ning may occur, and the broad spectrum of pathological findings associated with
these conditions.

Simplistically, stunning can result from decreases in coronary blood flow
(producing regional or global ischemia) or increases in oxygen demand (such as
that induced by exercise). In this regard, the classification recently suggested by
Bolli (5) is particularly applicable and is summarized below.

Stunning Secondary to Decreases in Coronary Blood
Flow Regional Ischemia

Three models have been used to produce stunning by regionally decreas-
ing coronary blood flow. In the first, the classical model, coronary occlusion is
applied for less than 20 minutes, and myocardial necrosis does not occur (canine
model), but prolonged postischemic dysfunction develops (21,24). In the second
model, the multiple occlusion model, multiple shorter (5-10 min) coronary
occlusive episodes occur, each of which produce stunning, and all of which
result in the cumulative contractile dysfunction (25). Characteristic of this
model is progressive dysfunction, with the severity of dysfunction being highest
with the first occlusion and becoming smaller with each subsequent occlusion.
Dysfunction develops gradually (vs. the single occlusion model), and results in
a greater total ischemic burden because of the repeated occlusions. In the third
model, the mixed ischemia/infarction model, occlusion lasts more than 20
minutes but less than 3 hours (26-28). As a result, the vulnerable subendo-
cardium suffers irreversible damage; however, the subepicardial region may be
salvaged by reperfusion (11,29). Thus, regional dysfunction in the subendo-
cardium is permanent—consistent with infarction; whereas, in the subepi-
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cardium, dysfunction is reversible—consistent with stunning. In this model,
the myocardial architecture is complex, exhibiting a spectrum of ischemia-
dysfunction patterns. The distribution of such patterns depends on the duration
of occlusion, the degree of blood flow reduction, and the severity of subsequent
injury.

Stunning Secondary to Decreases in Coronary
Blood Flow: Global Ischemia

Two models have been suggested (5). In the first, the isolated heart
model, isolated hearts, when reperfused after transient ischemia, do not suffer
irreversible injury but recover, and intracellular pH and phosphocreatine con-
tent return to preischemic levels (22,30). Although several experiments have
verified that conditions mimicking stunning can exist, this model is complex,
being dependent on species, temperature, duration of ischemia, and perfusate
composition. Therefore, demonstration of cell viability and recovery of contrac-
tile abnormalities is difficult. In the second model, the cardioplegic arrest model,
global ischemia during cardioplegic arrest is followed by prolonged contractile
dysfunction. The evidence for this global ischemic model is much more
substantial than the isolated heart model, and a number of reports have
demonstrated prolonged right and left contractile dysfunction after cardioplegic
arrest in vivo, lasting for 24 hours or more (18,31,32).

Stunning Secondary to Increased Oxygen Demand

Postexercise contractile dysfunction has been documented in several
experimental studies in animals given a flow limiting coronary stenosis (33),
and in humans with coronary artery disease (34,35). This is an interesting
model for it suggests prolonged contractile dysfunction in association with high
coronary flow, the primary problem being an increase in myocardial oxygen
demand rather than a decrease in myocardial oxygen supply.

Conclusion

Prolonged contractile dysfunction after restoration of coronary flow has
been demonstrated in a number of species, under a variety of experimental
circumstances and in a large spectrum of clinical circumstances. The diversity of
these models suggests that multiple mechanisms for stunning exist, and that
there is no unifying pathological model.
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MECHANISMS (POTENTIAL) OF MYOCARDIAL STUNNING

Given the diversity of models and classifications for myocardial stun-
ning, it is not surprising that multiple mechanisms have been postulated. Many
of these mechanisms apply only to specific models (such as collagen disruption
in the multiple-episode model). Therefore, identification of a fundamental set
of mechanisms applicable to all models is difficult, if not impossible. Our
understanding of these mechanisms, however, is developing rapidly due to
advances in both experimental and clinical research. The following classifica-
tion of mechanisms is derived from the work of Bolli and Kloner, as well as
other investigators in this field.

Potentially Important Mechanisms for Myocardial Stunning

There appear to be five potentially important mechanisms for myocardial
stunning: (1) free radical production; (2) altered calcium flux with calcium over-
load; (3) excitation-contraction uncoupling; (4) abnormalities of the microvascu-
lature secondary to accumulation of white blood cells; and (5) abnormalities in
high energy phosphate utilization.

(1) Free radical production. A number of studies have suggested that
cytotoxic oxygen derived free radicals may precipitate myocardial stunning.
Implicated are reactive oxygen metabolites, including the superoxide anion
(-O27), hydrogen peroxide (H202), and the hydroxyl radical (-OH). These free
radical moieties are generated during coronary occlusion and/or during
myocardial reperfusion. Evidence for the free radical hypothesis is based mainly
on therapeutic trials using scavenging enzymes, including superoxide
dismutase and catalase. This evidence is convincing. Use of both of these agents
(but neither alone) results in greater recovery of regional contractile function
following 15-minute occlusions of coronary arteries in dogs. A number of
authors including Bolli (36,37), Przyklenh (38), Myers (35), and Gross (39) have
demonstrated that free radical scavengers, antioxidants, iron chelators, and
"quenching" agents mitigate postischemic contractile dysfunction. Thus, it
appears that oxygen metabolites may play a critical role in the development of
myocardial stunning both in vitro and in vivo.

More recently, the sources of oxygen radicals in the stunned myocardium
have been investigated. Two sources have been suggested. The first source,
xanthine oxidase, has been studied indirectly using its inhibitor allopurinol.
Reversal of dysfunction of the stunned myocardium has been demonstrated
following allopurinol administration (40). The second potential source of
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oxygen radicals is neutrophils. Depletion of leukocytes in the canine model has
been shown to mitigate postischemic contractile dysfunction (41). However,
other data are less convincing (42,43), and the role of leukocytes in oxyradical
mediated dysfunction remains unresolved.

Oxygen radical generation appears to be an important mechanism for
myocardial stunning in models of single or repeated ischemic episodes, as well
as global ischemia. However, challenging questions remain regarding the
sources of free radicals and the efficacy of specific oxygen scavengers.

(2) Altered calcium flux: Calcium overload. It has been postulated that
calcium may play an important role in myocardial stunning. Investigations
have focused on three areas: a) the sensitivity of the myofilament to calcium; b)
the effect of calcium overload; and c) the effects of calcium channel blockers.
Regarding sensitivity of myofilaments to calcium, the in vitro studies do sug-
gest that stunning may be the result of reduced calcium sensitivity rather than
availability. Using a canine model, Krause et al. (44) found that the rate of
calcium uptake and calcium ATPase activity was reduced, suggesting calcium
transport impairment. Other studies using isolated Langendorff-perfused heart
models demonstrated decreased sensitivity to exogenous calcium (45). In con-
trast, the in vivo studies (46,47) suggest that calcium transient is paradoxically
increased (calcium paradox), and that the sensitivity of the stunned
myocardium to intracoronary calcium is not decreased (48). Therefore, decreased
sensitivity of myofilaments to calcium does not appear to be an important
mechanism. However, there is evidence that calcium overload, secondary to
accelerated calcium entry on reperfusion, may be an important mechanism for
myocardial stunning. In vitro studies have demonstrated that rises in intracel-
lular calcium occur during ischemia and early reperfusion, and are associated
with dysfunction (45), perhaps through damage of intracellular organelles
associated with contraction. In vivo investigations are necessary to confirm
these models.

Regarding the effect of calcium channel blockers, a number of agents
including verapamil (49), diltiazem (50), and nifedipine (6,51) have been inves-
tigated in intact animals. The data seem favorable, demonstrating a complete
recovery of dysfunction in regionally stunned myocardium. Whether the effects
are due to their direct (vs. peripheral) actions is unknown. A recent study (52)
using nifedipine suggests direct beneficial effects. However, the data are not
completely conclusive given time course of administration of nifedipine (30
min after reperfusion), since it is presumed that transient calcium overload
occurs immediately. Thus, further investigation of the role of calcium channel
blockers is necessary.
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(3) Sarcoplasmic reticulum dysfunction. Krause (53), Bolli (5), and others
have suggested that sarcoplasmic reticulum dysfunction causing excitation-con-
traction uncoupling results in decreased ability to transport calcium. As a result,
calcium release may be attenuated during systole, which could diminish con-
tractile protein activation. In support of this hypothesis are the findings that
administration of exogenous calcium restores ventricular function to the pre-
ischemic levels (48). In addition, numerous investigators have reported that
inotropic agents that increase intercellular calcium can reverse stunning
(23,48,54-57). As stated above, however, there is disparity between the in vitro
and in vivo findings (46,47); thus, this mechanism is attractive but requires
verification.

(4) Microvascular dysfunction. Several investigators have suggested that
coronary microvascular plugging by white blood cells during reperfusion
reduces coronary blood flow—the low reflow phenomenon (58,59). Others have
suggested that white blood cells are an extracellular source of oxygen derived
free radicals (60,61). It has been demonstrated in support of both these potential
mechanisms that depletion of neutrophils can enhance the recovery of post-
ischemic function (41). These findings only may be applicable to the repetitive-
episode model because of the time course of neutrophil accumulation.
Therefore, further investigation is necessary to determine the importance of
this mechanism.

(5) Impaired ATP use by myofibrils. Regarding ATP production, initially
it had been proposed that stunning may result from insufficient ATP produc-
tion because of loss of adenine nucleotide precursors. This hypothesis was
supported by evidence that in the stunned myocardium the pattern of ATP
decrement and recovery paralleled that of contractile dysfunction (11,12).
However, newer evidence suggests that energy production does not appear to be
impaired (5), and the myocardium in fact can respond to high metabolic
demands induced by inotropic stimuli (22,23,48,54-57,62).

Regarding ATP use, Greenfield and Swain (63) reported that 15-minute
occlusions in dogs reduced creatine kinase activity and adenosine diphosphate.
Thus, normal energy used by the myofibrils may be disrupted and may con-
tribute to dysfunction. Although these arguments have been challenged by the
inotropic stimulation findings (demonstrating functional reserve) (22,23,48,54-
57,62), controversy still exists regarding this potential mechanism.
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Other Potential But Less Important Mechanisms

In addition to the above mechanisms, several other mechanisms have
been suggested, including impairment of sympathetic neural responsiveness,
impairment of myocardial perfusion, and damage of the extracellular collagen
matrix (5). The in vitro and in vivo evidence for these is not as substantial, and
at present these are not considered likely mechanisms for myocardial stunning.

Conclusions

Multiple mechanisms have been proposed and are under active investi-
gation. It is clear that any one or more of these mechanisms may be appropriate
for a specific model. However, because of the diversity of models that can cause
stunning, no single set of mechanisms will apply. A unified theory, or unified
set of mechanisms, for myocardial stunning does not appear to be likely.

Further research is necessary to elucidate the differences between the in
vitro and in vivo experimental findings, and to identify effective therapies for
treatment of myocardial stunning, such as antioxidants, adenosine-regulating
agents, or calcium channel blockers.

CLINICAL IMPLICATIONS OF MYOCARDIAL STUNNING

Myocardial stunning may be an important factor precipitating left ven-
tricular failure (both systolic and diastolic) and subsequent morbidity and
mortality. There are a number of clinical scenarios in which prolonged post-
ischemic dysfunction may occur. Among these are: a) unstable angina; b) acute
myocardial infarction with early reperfusion (spontaneous or therapeutic); c)
cardiac surgery with cardioplegic arrest; d) cardiac transplantation; e) silent
ischemia; and f) exercised-induced ischemia.

Unstable Angina

Several clinical studies have demonstrated that prolonged regional wall-
motion abnormalities occur in patients with unstable angina, even during pain-
free periods. Using echocardiography, Nixon et al. (64) demonstrated that ven-
tricular function remained abnormal several days following resolution of
angina.
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Acute Myocardial Infarction with Early Reperfusion

Therapeutic trials using streptokinase have demonstrated that regional
wall motion is impaired after recanalization, and returns to normal gradually
over a 1- to 2-week period following reperfusion. Most streptokinase trials
found that if thrombolysis was successful, ventricular function gradually
improved only days following recanalization (65-68).

Cardiac Surgery with Cardioplegia Arrest

Following cardiac surgery, both left and right ventricular dysfunction
occur in all patients during the first 4 hours following surgery. In high risk
patients, dysfunction persists beyond 24 hours, despite apparent resolution of
myocardial ischemia (18,31,69). Recent evidence also suggests that ischemia is
common following successful coronary revascularization, but resolves over the
first 12 hours (70,72), however, dysfunction can persist for several days to 1 week
following revascularization (73).

Cardiac Transplantation

Data are sparse, but anecdotal reports cite persistent ventricular dysfunc-
tion following transplantation, despite lack of evidence of ongoing ischemia
during this period.

Silent Ischemia

The early studies of silent ischemia demonstrated repeated episodes of
silent ischemia in ambulatory patients with coronary disease. Ventricular func-
tion studies demonstrate persistence of dysfunction following resolution of
ischemic episodes (74). Recent evidence also demonstrates a high incidence of
postoperative silent ischemia associated with ventricular dysfunction, with per-
sistence of dysfunction after resolution of ischemia (31).

Exercise-induced Angina
Recent evidence (34,35) has suggested that in patients with double or

triple vessel disease, regional wall-motion abnormalities persist 30 minutes
after termination of exercise and resolution of ECG markers of ischemia.
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Conclusion

Because of the complexity of the model for myocardial stunning, and the
multiple conditions under which it can be produced, it is not surprising that
multiple clinical scenarios exist in which prolonged postischemic contractile
dysfunction occurs. It is important to recognize that the phenomenon of stun-
ning exists, for the associated dysfunction may be reversible, and may be
amenable to therapeutics such as antioxidants, adenosine-regulating agents, and
calcium channel blockers.

SUMMARY

In conclusion, in vitro, in vivo, and clinical models have established pro-
longed postischemic contractile dysfunction, or myocardial stunning, as a real
entity. Because of the complexity of stunning, classification includes a number
of animal and human models. As a result, mechanisms of stunning are quite
varied, and no unified theory of stunning is apparent.

Perhaps the most important challenges are to understand differences
between the in vitro and in vivo models, and to investigate human models
using therapeutic probes addressing the potentially most important
mechanisms. Principal among these are the antioxidants, adenosine-regulating
agents, and calcium channel blockers.
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PHOSPHODIESTERASE INHIBITORS

Jerrold.H. Levy, MD
PHOSPHODIESTERASE INHIBITORS
Introduction

Phosphodiesterase, a ubiquitous enzyme in biologic systems, functions to
terminate the actions of cyclic 3',5'-nucleotides (i.e., cyclic AMP) by catalyzing its
hydrolysis (1,2). Phosphodiesterase enzymes in the cardiovascular system have
different substrate specificities, kinetic characteristics, and responses to
pharmacologic agents that inhibit phosphodiesterases (1,2). Aminophylline, the
phosphodiesterase inhibitor most clinicians are familiar with, has other effects
that include interfering with adenosine metabolism. The newer cyclic AMP
specific phosphodiesterase (PDE) inhibitors (also called Fraction III or low-Km
cyclic AMP) are nonsympathomimetic agents that can produce both positive
inotropic effects and vasodilation independent of Bj-adrenergic receptor
stimulation (1,2).

Multiple forms of these novel drugs are currently under investigation,
however, the bipyridines (milrinone and amrinone) and the imidazolones
(enoximone) are the intravenous PDE inhibitors used clinically. (1,2).
Milrinone is the most recent PDE fraction III inhibitor approved for use in the
United States to treat biventricular failure. The role and application of these
pharmacologic agents will be reviewed.

Role of Bi-Adrenergic Stimulation,
Adenylyl Cyclase, and Cyclic AMP

Inotropic agents increase contractility by increasing cyclic AMP in the
myocardial cell. Catecholamines stimulate B; adrenergic receptors that are
coupled to adenylyl cyclase by guanine nucleotide-binding (G-regulatory)
proteins (3-6). Cyclic AMP is the important "second messenger” in the heart
that modulates intracellular calcium through the activation of protein kinases
(3-6). Protein kinases phosphorylate proteins at several subcellular sites,
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including the sarcolemma, the sarcoplasmic reticulum, and the troponin-
tropomyosin regulatory complex on the myofilaments (3-6). Phosphorylation of
the voltage-dependent calcium channels of the sarcolemma increases the
intracellular influx of calcium during each depolarization and, thereby, the
amount of calcium in the cell (3-6). Subsequent binding of intracellular calcium
to troponin C leads to actin-myosin crossbridging and myocardial contraction.
The extent of intracellular calcium binding, and the subsequent force of
myocardial contraction, increase in direct proportion to the amount of
intracellular calcium available, which is regulated by availability of adenylyl
cyclase and cyclic AMP. As a result, the force of systolic contraction is increased.
Cyclic AMP also affects the diastolic relaxation of the heart through
phosphorylation of sites on the sarcoplasmic reticulum and contractile
apparatus (5).

Patients who present with chronic heart failure and/or ventricular
dysfunction have down-regulation of Bi-adrenergic receptors (i.e., a severe
reduction in receptor density). In these patients, the B1-receptor pool typically
undergoes severe receptor loss (as much as 60%-70%) while the level of B;-
receptors remains unchanged (7-9). The selective depletion of Bi-receptors in
heart failure leads to a shift in the proportion of B1- versus Ba-receptors from
approximately 80:20 (in normal myocardial tissue) to 60:40 in the failing human
myocardium (7-9). B-receptor down-regulation and density loss are thought to
be caused by chronic stimulation from activation of the renin-angiotensin
system in heart failure, changes that increases endogenous norepinephrine
release from the sympathetic nervous system to compensate for the low cardiac
output states. Because Pi-mediated activation of adenylyl cyclase is the primary
mechanism by which intracellular cAMP is produced, the progressive loss of B1-
receptor function can diminish contractility.

In experimental models, acute changes in B-adrenergic receptor function
can also occur during cardiac surgery and cardiopulmonary bypass. Schwinn
reported only 15% P-adrenergic receptor desensitization upon termination of
cardiopulmonary bypass in healthy dogs with normal hearts (11). However,
patients undergoing cardiac surgery and cardiopulmonary bypass usually have
varying degrees of myocardial dysfunction. A 15% decrease in B-adrenergic
receptors in patients with pre-existing low ejection fractions and ventricular
dysfunction may contribute to difficulty in weaning from cardiopulmonary
bypass. Schwinn also found a decrease in f-adrenergic receptor density in post-
cardiopulmonary bypass biopsies suggesting that receptor down-regulation
occurs in response to endogenous catecholamines released during the
perioperative period.
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Implications of f1-Down Regulation

The clinical implications in patients with congestive heart failure and
adrenergic neuroeffector abnormalities are potentially important. Patients with
chronic increases in norepinephrine levels associated with heart failure will
have neurotransmitter depletion, thus indirect acting pharmacologic agents like
dopamine will have less effects than direct-acting Pi-adrenergic agents (12).
Bristow has also suggested there is insignificant B-adrenergic receptor reserve
available. Catecholamine-induced stimulation of Bi-adrenergic receptors will
activate adenylyl cyclase, but at submaximal levels. Although there will be a
decreased response in adenylyl cyclase to administration of Bj-specific agents,
acute pharmacologic restoration of Bi-adrenergic responsiveness can potentially
be obtained by combining catecholamines with phosphodiesterase inhibitors.

Phosphodiesterase Inhibitors

Phosphodiesterase inhibitors are nonglycosidic, nonsympathomimetic
agents that can produce both positive inotropic effects and vasodilation (18,19).
The bipyridines (amrinone and milrinone), the imidazolones (enoximone), and
the methylxanthines (aminophylline) are the ones most widely available. They
have a unique mechanism of action, functioning independently of the Bi-
adrenergic receptor. Papaverine, a benzylisoquinoline derivative isolated from
opium, is a nonspecific phosphodiesterase inhibitor and vasodilator used by
cardiac surgeons for its ability to dilate the internal mammary artery.

Phosphodiesterase inhibitors bypass the Bi-adrenergic receptor to increase
cyclic AMP and increase ventricular contractility, without significantly
increasing the heart rate, by selective inhibition of phosphodiesterase fraction
I, a cyclic AMP-specific phosphodiesterase enzyme (19,20). Aminophylline, a
nonspecific phosphodiesterase inhibitor, routinely produces tachycardia due in
part to its ability to inhibit adenosine. Phosphodiesterase inhibitors increase
cyclic AMP in vascular smooth muscle and vasodilate both arterial and
capacitance beds (19). Amrinone, milrinone, and enoximone increase cardiac
output, while decreasing pulmonary capillary wedge pressure, systemic vascular
resistance, and pulmonary vascular resistance, and represent unique agents that
effectively manage biventricular dysfunction in cardiac surgical patients (20-24).

Chronic oral administration of milrinone and enoximone have
demonstrated no beneficial long-term effect, but rather an increase in mortality.
It is not surprising that long-term administration of any positive inotropic agent
will have potential adverse effects over time. Whenever we administer
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inotropic support, it is always accompanied by hemodynamic monitoring, since
tachyphylaxis or other adverse hemodynamic effects are likely to occur with
prolonged administration of any inotropic agent. There is also an important
difference between acute and chronic therapeutic interventions. Inotropic
agents in an intravenous form are used to treat acute biventricular dysfunction,
to facilitate separation from cardiopulmonary bypass, to treat acute ventricular
dysfunction following cardiac or noncardiac surgery, and to increase cardiac
output in patients awaiting cardiac transplantation. In these settings,
continuous hemodynamic monitoring is used to help guide our therapeutic
interventions. The use of phosphodiesterase inhibitors that bypass down-
regulated Bj-adrenergic receptor-mediated pathways is an important therapeutic
option. Because studies involving chronic, oral administration of
phosphodiesterase inhibitors have shown negative results, this data should not
be extrapolated to the use of any inotropic agent to treat acute biventricular
dysfunction in the perioperative period. By bypassing 1 adrenergic receptors
that are down-regulated, PDE inhibitors offer unique benefits for acute, but not
chronic, therapy.

Effects on Vascular Responses

Phosphodiesterase inhibitors lower calculated systemic vascular
resistance by relaxing both arteriolar and venous vascular smooth muscle. They
also decrease pulmonary artery occlusion pressure and increase cardiac output
in patients with biventricular dysfunction by multiple mechanisms including
arterial vasodilation, improving the inotropic state, and increasing venous
capacitance, as well as decreasing venous return to the failing heart without
increasing heart rate. The net effect is to decrease myocardial wall tension and
myocardial oxygen consumption, as has been demonstrated with amrinone in
patients with chronic heart failure (25).

Concomitant Administration with Catecholamines

Stimulation of a down-regulated heart with increasing concentrations of
Bi-adrenergic agents will produce smaller increases in cyclic AMP formation for
given levels of Bi-adrenergic receptor stimulation (10). The newer cyclic-AMP-
specific phosphodiesterase inhibitors (drugs like amrinone, milrinone, and
enoximone) bypass the Pi-adrenergic receptor and act additively with
catecholamines to increase Bi-adrenergic receptor responsiveness (13-18).
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Combination therapy with catecholamines and phosphodiesterase
inhibitors can have additive effects to restore beta adrenergic responsiveness to
the down-regulated Bj-adrenergic receptor (19-24). The concept of combination
therapy has been reported using enoximone, a phosphodiesterase inhibitor,
with catecholamines to increase cardiac output in severe heart failure (22-24).
Patients in cardiogenic shock already receiving adrenergic support, enoximone
was administered as a loading dose of 0.5 mg/kg. Pulmonary artery occlusion
pressure decreased and cardiac index increased markedly. A second study
investigated the effects of the addition of small boluses of enoximone to
adrenergic agents in low flow states associated with heart failure or
postoperative states after cardiac surgery. Each of the patients was treated with
dobutamine; 12 patients were also treated with dopamine and 4 with norepi-
nephrine. Enoximone was administered as small, but increasing intravenous
boluses. No significant change in mean arterial pressure was observed, but
cardiac index increased markedly after enoximone, 0.25 mg/kg.

For the bipyridine phosphodiesterase inhibitors, Gage reported "additive”
effects when a loading dose of amrinone (2 mg/kg) was infused in patients with
heart failure receiving dobutamine at 10.9 pg/kg per minute (19). Other reports
include beneficial therapeutic use of amrinone and enoximone with the
sympathomimetic agents epinephrine, norepinephrine, or dopamine in higher
dosage ranges (22-24). Norepinephrine, epinephrine, or dopamine can also be
used in combination with the phosphodiesterase inhibitors to support systemic
arterial pressures as indicated.

Cyclic-AMP-specific phosphodiesterase inhibitors also provide unique
mechanisms of systemic vasodilation, as well as attenuating the constrictive
effects of catecholamines (25-27). Although catecholamines are administered as
a starting infusion, all phosphodiesterase inhibitors must be administered
initially as a loading dose to obtain therapeutic levels, followed by an infusion if
levels are to be maintained in a therapeutic range (28-32).

Administration and Therapeutic Levels

With all of the PDE inhibitors, loading and infusion doses are required in
order to obtain appropriate therapeutic levels. For amrinone, a loading dose of
1.5 to 2.0 mg/kg is required to achieve a minimum therapeutic concentration of
1.7 pg/ml in cardiac surgical patients when weaning from cardiopulmonary
bypass (CPB) (29). Administering a loading dose alone will provide an initial
therapeutic concentration for 30 to 60 minutes for most of the
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phosphodiesterase inhibitors. The half life of amrinone in cardiac surgical
patients is approximately 3.5 hours.

We found milrinone has an elimination half-life of approximately 70-90
minutes in patients who receive the drug at the end of CPB (30). This is
significantly less than the 210 minutes we reported with amrinone. By loading
the patient with a 50 ug/kg dose of milrinone, followed by an infusion of 0.5
ng/kg/min, therapeutic levels of 100-300 ng/ml are obtained (30).

Table 1 lists initial loading doses and continuous infusion rates. All
phosphodiesterase inhibitors produce dose-dependent vasodilation. They
should be administered over 5 to 10 minutes, however, to attenuate the peak
plasma concentration and the associated vasodilation.

Table 1. Loading and infusion doses for the phosphodiesterase inhibitors.

Drug Loading Dose Infusion
Amrinone 1.5-2.0 mg/kg 5-20 ug/kg/min
Enoximone 0.5-1.0 mg/kg 5-10 pg/kg/min
Milrinone 50-75 pug/kg 0.375-0.75 pg/kg/min
Aminophylline 5-6 mg/kg 0.25-0.9 mg/kg/min
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